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Abstract

Protostellar outflows and jets are almost ubiquitous characteristics during the mass accretion phase and encode the
history of stellar accretion, complex organic molecule (COM) formation, and planet formation. Episodic jets are
likely connected to episodic accretion through the disk. Despite the importance, studies on episodic accretion and
ejection links have not been done yet in a systematic fashion using high-sensitivity and high-resolution
observations. To explore episodic accretion mechanisms and the chronologies of episodic events, we investigated
39 fields containing protostars with Atacama Large Millimeter/submillimeter Array observations of CO, SiO, and
1.3 mm continuum emission. We detected SiO emission in 19 fields, where 17 sources are driving molecular jets.
Jet velocities, mass-loss rates, mass accretion rates, and periods of accretion events appear to have some
dependence on the driving forces of the jet (e.g., bolometric luminosity, envelope mass). Next, velocities and mass-
loss rates appear to be somewhat correlated with the surrounding envelope mass, suggesting that the presence of
high mass around protostars increases the ejection—accretion activity. We determine mean periods of ejection
events of 20—175 yr for our sample, which could be associated with perturbation zones of ~2—25 au extent around
the protostars. In addition, mean ejection periods show an apparent anticorrelation with the envelope mass, where
high accretion rates may trigger more frequent ejection events. The observed periods of outburst/ejection are much
shorter than the freezeout timescale of the simplest COMs like CH30H, suggesting that episodic events could
affect the ice—gas balance inside and around the snowline.
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1. Introduction

Together, jets and outflows are very intriguing phenomena
that appear during the star formation process. They encode the
history of accretion onto the protostar through the disk (e.g., Arce
et al. 2007; Audard et al. 2014; Frank et al. 2014; Lee 2020;
Fischer et al. 2023) and the formation of complex organic
molecules (COMs; e.g., Jgrgensen et al. 2015; Taquet et al. 2016;

Original content from this work may be used under the terms

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

Jgrgensen et al. 2022). Low-density mass ejections are usually
referred to as “outflows,” typically exhibiting low velocities (~1 to
a few tens of kilometers per second) and wide angles, and are
commonly traced by the "*CO (2—1) emission line. In contrast,
high-density ejections along the flow axis are referred to as “jets.”
Jets typically exhibit high velocities (~30 to a few hundred
kilometers per second) and narrow-angle collimation, mostly
concentrated around the flow axis, and are commonly traced by
high-density tracers like higher transitions of SiO (e.g., J =5—4, 8
-7), ?CO (e.g., J=2—1, 3-2), or SO (e.g., J=8—7).
Protostellar jets driven by accreting protostars are often observed
as episodic (see reviews by Arce et al. 2007; Audard et al. 2014;
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Frank et al. 2014; Fischer et al. 2023). Since mass ejection
originates from the disk surface and/or inner envelope during
accretion, any changes in the accretion will arguably lead to
corresponding variability in the ejection phenomena. Indeed, dense
knots or extended bow shocks in the observed jets are often
discrete and clumpy, likely due to a discontinuous accretion
process. In this picture, the typical duration between consecutive
knots is interpreted as being due to periods between short episodes
of the ejection, possibly driven by protostellar accretion with
episodic bursts (Dunham et al. 2014b; Vorobyov et al. 2018;
Fischer et al. 2023). Observed periods of ejection events range
from one to a few hundred years (e.g., Plunkett et al. 2015; Jhan
et al. 2022). A recent study of outflows by Nony et al. (2020) with
Atacama Large Millimeter/submillimeter Array (ALMA) observa-
tions at 2600 au resolution in the CO (2-1) and SiO (54)
transitions of a high-mass proto-cluster W43-MM1 found mean
periods between ejection episodes of NSOOf%gg yr, corrected for a
uniform inclination angle of 57°6. Sometimes one object exhibits
more than one episode, potentially originating from distinct
perturbation distances in the disk (e.g., Lee 2020 and references
therein). Investigating ejection events can therefore help probe the
corresponding perturbation or accretion shock zones in the disk
and the associated increase in the central luminosity. Such research
is especially timely given the ongoing long-term monitoring of
protostar continuum variability at both submillimeter and mid-
infrared wavelengths (e.g., Lee et al. 2021; Park et al. 2021).

Episodic accretion could significantly impact the star
formation process by modulating radiative feedback. In the
case of a continuous accretion process, for example, radiative
feedback could suppress fragmentation by maintaining a warm
environment in the surrounding disk or cloud core (Offner et al.
2009; Krumholz et al. 2014; Yildiz et al. 2015). On the other
hand, episodic accretion can weaken this effect by allowing this
disk to sufficiently cool during the quiescent phase and
engendering its fragmentation (Stamatellos et al. 2012). Thus,
episodic accretion may affect the formation of binary /multiple
systems, planets, and initial mass function of protostars
(Stamatellos et al. 2011; Mercer & Stamatellos 2017; Riaz
et al. 2018). Furthermore, variations in stellar luminosity and
the corresponding changes in the surrounding temperature of
the disk and envelope can affect the chemical composition and
gas—ice balance (Jgrgensen et al. 2015; Cieza et al. 2016; Hsieh
et al. 2019; Wiebe et al. 2019; Jgrgensen et al. 2022). Taquet
et al. (2016) suggested that during the accretion phase higher-
order COMs could be formed via gas-phase reactions around
snowlines of the simpler COMs (e.g., CH;OH). Therefore,
accretion intervals may reveal the effects of radiative feedback
on the COMs and the planet formation process.

After the first discovery of the protostellar outflow by Snell
et al. (1980), several observational studies have been performed
to characterize outflows (Cabrit & Bertout 1992; Bontemps
et al. 1996; Lee et al. 2013; Dunham et al. 2014a; Yildiz et al.
2015; Kim et al. 2019). Due to the limitation of the
observations, most of the previous studies were with single-
dish telescopes with low resolution, large scale, and poor
sensitivity. Recently, Podio et al. (2021) have investigated a
sample of 30 sources (classified as 25 Class 0, 4 Class I, and 1
continuum) with IRAM-PdBI as a part of the CALYPSO
survey. Their study reveals that most of the jets are possibly
dust-free, launched from inside the dust sublimation radius, and
that the ejection rate decreases as the source evolves and
accretion fades. It is time to enlarge the statistics with higher-
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sensitivity and unbiased samples with similar environmental
effects (e.g., all sources in a single molecular cloud).

Despite being important, studies linking episodic ejection
and accretion have not been performed in a systematic fashion
at high resolution and high sensitivity. There are, however,
many recent studies of protostars that have the required
observational criteria to begin such an investigation, e.g., the
Perseus ALMA Chemistry Survey (PEACHES) searching for
COMs in Perseus-embedded protostars (Yang et al. 2021) and
the Early Planet Formation in Embedded Disks (eDisk; Ohashi
et al. 2023). Here, for the first time, we have performed a
systematic study of episodic jets in a large sample of protostars
from a relatively high sensitivity and high resolution ALMA
Survey of Orion PGCCs (ALMASOP; Dutta et al. 2020).

In this paper, we describe ALMA observations of a statically
significant sample of protostars in the Orion molecular cloud.
Their location in common puts them at a similar distance
(~400 pc) and in a similar environment, minimizing the effects
of environmental differences on the observed parameters. First,
we probe the morphology of the jet using the most efficient
tracers of molecular jets to investigate driving mechanisms
(e.g., whether the outflowing material is jet driven or wind
driven), shock structure, and chemistry. Second, we seek to
understand the origin of gas-phase SiO in the jet, following the
increasing evidence of SiO in the jet. Third, we probe accretion
mechanisms based on the distribution of ejected material,
especially the episodic knots. In a subsequent investigation
these same outflow data will be analyzed using channel maps
and position—velocity (PV) diagrams and compared with the
theoretical unified jet wind model developed by Shang
et al. (2023).

We describe the sample selection in Section 2.1 and the
ensuing observations in Section 2.2. Section 3 describes the
results of continuum and line data analyses. In Section 4, we
discuss the jet morphology and its connection to the accretion
process. Section 5 summarizes the work. In the appendices, we
discuss the properties of individual objects, including maps and
spectra of each.

2. Sample Selection and Observations
2.1. Sample

During ALMA cycle 6, we initiated a survey-type project
(ALMASOP) to investigate systematically the fragmentation of
dense cores into protostars (Dutta et al. 2020). We selected 72
extremely cold, young, dense cores from the Planck Galactic
Cold Cores (PGCC) catalog, including both candidate starless
and protostellar core candidates, therefore unbiased to any
spectral “Class” of the protostar. These PGCCs are, however,
biased to sources with cold dense material around them,
suggesting that they are potentially very young objects. From
these observations, we detected 70 substructures within 48
detected dense cores, which include five candidate prestellar
cores with centrally dense structures of roughly 2000 au scale
where the core shows substructure within the dense portion
(Sahu et al. 2021) and several hot corinos (Hsu et al.
2020, 2022). Furthermore, some sources were revealed to be
multiple systems (Luo et al. 2022). The observations also
revealed one of the oldest (G205.46-14.56S3; Dutta et al.
2022b) and one of the youngest protostars (G208.89-
20.04Walma; Dutta et al. 2022a) with a bipolar molecular jet
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in SiO emission. Interestingly, a few protostars were also found
to exhibit monopolar SiO jets (Jhan et al. 2022).

After removing the candidate prestellar cores from the
sample, we selected from Dutta et al. (2020) 66 substructures in
42 observing fields containing one or more protostars to
investigate outflow and jet characteristics. We identified 42
outflows detected in CO emission. The rest were likely not
detected owing to insufficient sensitivity, or their outflows
could not be separated from the ambient cloud emission. Out of
42 outflows, SiO emission was detected in 22. Such SiO
emission could trace various shocked regions, e.g., knots or
bow shocks, collision zones of adjacent outflows, or collision
zones of outflows on surrounding molecular clouds. We
investigate 39 outflows with CO emission in this paper, of
which 19 fields are also associated with SiO emission. The
results for the remaining three ALMASOP protostellar objects
are adopted from previously published literature, i.e., Dutta
et al. (2022b; G205.46-14.56S3 and G206.93-16.61W2) and
Dutta et al. (2022a; G208.89-20.04Walma). The 39 outflow
objects presented in this paper have bolometric luminosities
Lyoy ~ 0.4-180 L., and bolometric temperatures of Ty ~
15-180 K, though some have undetermined Ly and Ty, OWing
to a lack of infrared data. Based on the object selection criteria,
this sample is one of the youngest and coldest unbiased
protostellar samples within the Orion molecular cloud, all
located at a similar distance. These features make this sample
one of the most suitable samples for investigating variations of
the outflow/jet morphology in a consistent manner.

2.2. Observations

In this paper we make use of the ALMASOP data observed in
Band 6. Details of the observations and data reduction were
presented by Dutta et al. (2020). In brief, we generated 1.3 mm
continuum images using low-resolution ACA observations of
typical beam size 776 x 4”1 to probe large-scale envelo}Pe
emission. The data cubes of CO (2—1), SiO (5—4), and c®o
(2—1) line emission are generated using high-resolution
observations of typical beam size ~0738 x 0735 to explore
the jet/outflow structures. Here we combined data from three
configurations (TM1, TM2, and ACA) to improve the sensitivity
of the line cubes. The final maps have a primary beam (PB) size
of ~40”, smaller than the ACA PB size of ~60". Some of the
outflows/jets extend beyond the TM1 PB area, whereas the
ACA data are more suitable for sampling more extended
outflow/jet emission. We present, however, the high-sensitivity,
combined TM1+TM2+ACA cubes to characterize outflow
cavity walls and shock/knot structure within the jet more
precisely. We also compare our results with those from ACA-
only observations. The observed resolution is ~1.4 kms™'. To
achieve good signal-to-noise ratios, we binned these data to
~2 kms . We also compared these data with the data cubes of
~1.4 kms™'. There are many sources with faint SiO knots and
c®o (2—1) emission within individual channels, which stand
out better at 2 kms ™' owing to the improved sensitivity. While
for bright SiO and C'®0 (2—1) emission we could utilize the
~1.4 kms™ " velocity resolution, we binned to the same velocity
resolution of ~2 kms ™' to be consistent for all the sources.

3. Results

We utilized 1.3 mm continuum and C'®O to investigate the
dense core properties and SiO (5-4) and CO (2-1) to
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Table 1

Line Properties Targeted in This Study
Transition Frequency® Eyp" log,o(A;)" Temp® Ner

(GHz) (K) () (K) (em™)
SiO (5—4) 217.104919 31.26 —3.28 150 1.7E46
CO (2-1) 230.538000 16.60 —6.16 150 1.1E+4
CO (2-1) 230.538000 16.60 —6.16 50 1.2E+4
Cc®0 (2-1) 219560354  15.81 —6.22 20 1.9E-+4
Notes.

4 Molecular transition parameters are adopted from CDMS database (Miiller
et al. 2001).

® The critical densities are calculated for these temperatures using the
collisional rate coefficients from Balanca et al. (2018; SiO) and Yang et al.
(2010; CO, CISO). In the case of CO, a change in temperature from 50 to 150
K reduces n, by only ~8.5%.

investigate the jets and outflows. While CO (2-1) traces both
the low-density outflow shell and high-density axial knots, SiO
(5-4) more efficiently traces the shocked gas, especially the
high-density knots along the jet axis. The C'*O lines can more
efficiently trace the dense cores. For context, the critical density
for CO (J=2—1) is ngco ~ (1.0-1.2) x 10* cm™> for
temperature 7= 150 K (assuming temperature of jet gas; e.g.,
Dutta et al. 2022b) to 50 K (assuming temperature of outflow
gas; e.g., Yildiz et al. 2015; Dutta et al. 2022b; see Table 1).
The critical density of SiO (J = 5—4) at a temperature of 150 K
in the jet is 7. sio ~ 1.7 x 10° cm ™, 100 times higher than for
CO. For completeness, the critical density of C'*0O (2—1) is
er,cl80 ~ 1.9%10* ecm™ for T=20 K (assuming envelope
temperature; e.g., Lee et al. 2006; Dutta et al. 2022a).

3.1. 1.3 mm Continuum

The low-resolution ACA 1.3 mm continuum image of the
source G203.21-11.20W2 is shown in Figure 1. The remaining
images are presented in Appendices B (objects with confirmed
molecular jet), C (objects with complex SiO emission
morphology and not considered for jet parameter estimation
in this text), D (objects with no SiO emission but well-defined
CO outflow), and E (objects with no SiO emission and no well-
defined CO outflow). To determine the properties of the
continuum sources, we fit the emission above the 30 contour
using the CASA imfit task with one or more 2D Gaussians for
one or more, respectively, visually identified peaks. Integrated
fluxes were obtained from the “flux” component in the output
file of the imfit task. All deconvolved Gaussian parameters for
each source are listed in Table 2.

For an extremely young protostar, the 1.3 mm emission
could be optically thick, especially in the central core region.
Hence, this emission may represent a lower limit to the total
dust column density from the inner envelope around the
protostars. For simplicity, however, we assume that the
emission is optically thin to infer the lower limit of inner
envelope mass (Mg,,) following the equation

D’F,(v)

~ . 1
Bu(nusl) Ry

Env
The assumed dust mass opacity is k, ~ 0.00899(r/231 GHz)”
cm? g~', with a gas-to-dust mass ratio of 100 (Ossenkopf &
Henning 1994; Lee et al. 2018). We also assume a dust opacity
spectral index 8 ~ 1.5 (Lee et al. 2018). It is worth noting that
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Figure 1. Example image of ALMA 1.3 mm continuum emission detected
toward protostar G203.21-11.20W2. The typical beam size of ~7”52 x 5752
(80°7) is shown in red in the lower left corner. The contours are at 3 x (1, 2, 4,
8, 12)0, where the sensitivity o = 0.4 mJy beam™'. The cross indicates the
continuum center at high resolution, adopted from Dutta et al. (2020). The blue
dashed line indicates the outflow/jet axis, determined from the SiO emission. A
scale bar is also shown for context.

[ could be higher than this value at early protostellar stages,
due to smaller dust grains, and could be <1.0 for more evolved
Class O or Class I objects where dust grains have grown (e.g.,
Draine 2006). Following Dutta et al. (2020), we adopt slightly
different distances D for the sources in Orion A (~389 + 3 pc),
Orion B (404 £5 pc), and A Ori (404 +4 pc). F(v) is the
measured flux density. B, (Tg4.) represents the Planck black-
body function at a dust temperature of 7y,

We assume an optimal T4, ~ 15K for all the inner
envelopes, as estimated by Dutta et al. (2022a) from the
spectral energy distribution of multiwavelength observations
for one ALMASOP source. The resulting masses are also listed
in Table 2. Errors are estimated based only on uncertainties in
the flux. The value of T4y could vary from as small as 10 K in
the younger protostars to 30 K in the evolved protostars. For an
increase of +15 K in temperature, the derived mass will
decrease by 60%, and a decrease of —5 K will increase the
derived mass by 85%. The histogram of all derived masses is
shown in Figure 2, including Class0, ClassI, and some
unclassified cores detected with ACA emission. The masses
peak at ~0.1 M., where most protostars in this sample have
1.3 mm masses <1.2 M. The mean masses of Class0 and
Class I sources are 1.4 and 0.65 M., respectively. The masses
>1 M., are mostly associated with multiple systems (see the
appendices for comments on the individual objects).

3.2. Systemic Velocity from C'%0

The systemic velocities (Vyy,) of the sources were estimated
from the C'®0 emission observed at the continuum peak in
high-resolution maps, where C'®0 is most likely tracing the
disk/envelope emission around the protostars. It could,
however, also trace envelope material entrained by outflow
along the boundary wall. The left panel of Figure 3 shows an
example of such a C'®0 map at high resolution, and the
extracted spectra around the central protostar are shown in the
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Figure 2. Histogram of envelope masses estimated using 1.3 mm emission at a
resolution of ~7”6 x 471,

right panel. The C'®0 spectra of other objects are shown in
panel (b) of the figures in Appendices B, C, D, and E. In most
cases, C'®0 spread only over two to three channels (one
channel corresponding to velocity resolution ~2.0 kms™ "),
making it challenging to get a reasonable Gaussian fit.
Therefore, we chose the velocity of the peak emission as the
Vys (Figure 3), or we average the velocities of the brightest and
second-brightest velocity channels from the spectra in cases
where the peak emission spanned over more than one channel
(as in case G208.89-20.04E in Figure B7). All these determined
Vs values were checked by eye against the spectra. The
respective Viy¢ values are listed in Table 2.

3.3. Physical Structure of Outflow

To assess outflow morphologies, we analyzed the CO (2—1)
emission. We first investigated each velocity channel and
spectra along the putative flow axis to identify bipolar
emission. We found three kinds of such emission, likely due
to outflow inclination angle: (i) the blueshifted and redshifted
emissions are well separated on the sky on both sides of the
systemic velocity, (ii) there are instances where blueshifted
emission and redshifted emission partially overlap, and (iii)
blueshifted emission and redshifted emission almost entirely
overlap. To explore such different kinds of outflow features, we
estimated inclination angles i, using the low-velocity CO
emission above 3o0.

Figure 4(a) presents the integrated CO (2—1) line emission
map of the source G203.21-11.20W2. A schematic diagram
describing the possible structure of the outflow is shown in
Appendix A (Figure Al(a)). The outermost shell of the outflow
is observed to have a parabolic structure. We assume that the
molecular CO outflow shell is a radially expanding parabolic
shell of the underlying wide-angle wind and then accordingly
fit a parabolic shape to the moment 0 map of CO emission
using Equation (14) to obtain the curvature (c) at the launching
point. Using the same c values, we fit another parabola in the
PV diagram. Since CO emission may trace the outflow shell
along with jet and ambient cloud emission, the fitting depends
on the correct assumption of the outflow shell from other
components. The likely ambient material near the systemic
velocity is distinguished after visually inspecting individual
velocity channels in the data cube. Similarly, high-density axial
emission and high-velocity emission are considered as likely jet
emission. If the objects exhibit high-velocity jets blended with



Table 2
Details of Targeted Dense Cores in the Orion Complex
Object HOPS R.A. Decl. Maj Min PA Peak Flux Mass Viys
D (h:m:s) (d:m:s) (arcsec) (arcsec) (deg) (mly beam™") (mJy) M) (km sh

1) (2) 3) ) ) (6) ) ®) )] (10) 1)

A Orionis
G191.90-11.21S 05:31:31.58 +12:56:14.35 504+ 1.7 2.71 + 1.51 36.9 +37.3 66.64 + 4.83 92.58 + 10.56 0.51 0.1 742
G192.12-11.10 05:32:19.38 +12:49:40.98 417+04 29 +0.33 94.7 +15.0 168.12 +2.87 217.77 £5.99 1.21 £ 0.18 10+£2
G192.32-11.88N 05:29:54.14 +12:16:53.08 1.71 £ 0.28 1.42 +0.23 81.3 +£60.8 202.97 + 1.38 215.08 +£2.52 1.2+0.18 12+2
G192.32-11.88S 05:29:54.41 +12:16:30.37 9.07 £ 0.41 498 +0.29 58.7+3.6 26.38 + 0.58 56.5 + 1.74 0.31 +0.05 12+2
G192.32-11.88S_02 05:29:54.14 +12:16:53.52 1.67 £ 04 1.27 £ 0.44 96.5 + 834 197.46 + 1.58 207.76 + 2.88 1.15+0.17 12+2
G196.92-10.37_A 05:44:29.30 +09:08:51.48 7.324+0.93 4.57 £ 0.89 131.6 £ 15.7 68.18 £ 3.15 128.49 £+ 8.6 0.71 £0.12 11+2
G196.92-10.37_BC 05:44:29.98 +09:08:56.36 555+ 1.24 2.59 + 1.74 0.6 +42.8 18.93 + 1.33 29.17 £ 3.11 0.16 +0.03 11+2
G200.34-10.97N 05:49:03.34 +05:57:57.72 5.97 £ 0.49 426 +0.32 87.0 £ 12.1 55.11 +1.38 91.87 +3.45 0.51 +0.08 14+2

Orion B
G201.52-11.08 05:50:59.15 +04:53:49.66 2.23+0.21 0.82 +0.34 1182 +7.3 23.79 £ 0.12 25.25+0.23 0.14 +0.02 9+2
G203.21-11.20W1 05:53:42.65 +03:22:35.04 9.46 £+ 1.85 5.52+1.12 88.0 +£20.8 40.62 +3.92 97.38 + 12.86 0.54 +0.11 10+2
G203.21-11.20W2 05:53:39.48 +03:22:24.59 7.77 £ 1.31 3.16 +2.09 42.0+ 14.6 30.06 + 2.19 57.94 £+ 6.07 0.32 +0.06 10+£2
G205.46-14.56M1_A 317
G205.46-14.56M1_B 05:46:08.39 —00:10:43.32 2.5+0.56 1.3 +£0.57 62.6 +26.7 940.15 £+ 14.27 1039.1 £ 27.44 5.77 +0.88 10+£2
G205.46-14.56M2_ABCD 387,386 05:46:08.12 —00:10:00.61 1255+ 1.8 2.56 +0.65 101.7 £ 24 91.07 £+ 6.26 186.45 £ 19.1 1.04 +0.19 10+2
G205.46-14.56N1 402 05:46:10.04 —00:12:16.79 2.04 +0.28 1.09 + 0.67 170.6 £ 24.5 189.98 + 1.87 207.13 £ 3.56 1.15+0.17 10+£2
G205.46-14.56N2 401 05:46:07.72 —00:12:21.14 2.33+0.34 2.27 +0.46 5.9 +81.6 132.48 +£1.25 152.62 +2.46 0.85+0.13 10+2
G205.46-14.56S1_A 358 05:46:07.24 —00:13:30.95 441 +0.62 2.72 +1.87 36.2 + 25.1 112.92 £ 3.59 158.63 £ 7.95 0.88 +0.14 11+£2
G205.46-14.56S1_B 05:46:07.33 —00:13:43.47 2.354+0.35 0.98 + 0.86 165.6 +20.8 210.13 £ 2.67 2329 +5.12 1.29 +0.2 11+£2
G205.46-14.56S2 05:46:04.77 —00:14:16.79 452 +£0.21 2.68 +0.09 106.1 £2.9 37.98 +£0.31 49.49 + 0.66 0.28 + 0.04 10+2
G205.46-14.56S3 315 05:46:03.63 —00:14:49.73 3.1 £0.46 2.53 +0.59 141.6 £ 37.6 102.65 + 1.53 125.49 +£3.12 0.7 £0.11 10+2
G206.12-15.76 400 05:42:45.27 —01:16:13.72 0.0+ 0.0 0.0+ 0.0 0.0 +£0.0 480.34 £ 7.9 438.55 +13.69 2.44 +0.37 8+2
G206.93-16.61E2_ABCD 298 05:41:37.14 —02:17:17.16 471 +£0.51 2.52 +0.77 61.1 +10.8 281.57 £5.97 386.93 + 13.14 2.15+0.33 12+4
G206.93-16.61W2 399 05:41:24.93 —02:18:06.78 4.1 +0.46 2.51+0.77 1457 £ 147 621.15 £ 11.68 820.16 + 24.97 4.56 + 0.7 9+2

Orion A
G207.36-19.82N1_AB 05:30:51.25 —04:10:35.46 431 £0.51 2.14 + 041 82.5+9.7 55.13 £ 0.94 69.06 + 1.97 0.38 +0.06 11+2
G208.68-19.20N 1 87 05:35:23.43 —05:01:30.39 0.0 +0.0 0.0 +0.0 0.0 +0.0 1389.02 + 30.21 1487.11 + 56.35 8.26 +1.28 11+2
G208.68-19.20N3_A 05:35:18.07 —05:00:18.44 10.06 + 0.93 475 +0.52 1192 +5.6 164.65 + 6.98 3743 £+ 22.15 2.08 +0.34 12+2
G208.68-19.20N3_BC 92 05:35:18.33 —05:00:34.24 478 + 0.99 1.84 4+ 2.02 167.2 +£27.2 134.33 £7.05 191.71 £ 15.76 1.07 £ 0.18 12+2
G208.68-19.20S_AB 84 05:35:26.50 —05:03:55.61 5.63 +1.53 3.15+2.17 39.4 +44.0 171.99 + 13.82 279.37 £ 33.79 1.55+0.3 10+£2
G208.89-20.04E 05:32:48.23 —05:34:41.66 8.89 +2.48 3.04 + 1.07 98.5+11.3 28.76 + 2.88 49.69 + 7.64 0.28 +0.06 8+2
G208.89-20.04Walma 05:32:28.25 —05:34:19.51 8.77 £0.77 445 +0.34 944 +47 3447 £1.23 68.92 + 3.55 0.38 +0.06 7+2
G209.55-19.68N1_ABC 12 05:35:08.71 —05:55:54.50 9.58 +0.43 437 +0.16 972+ 1.7 171.49 4+ 3.38 357.13 £ 10.11 1.98 £ 0.3 6+2
G209.55-19.68S1 11 05:35:13.40 —05:57:57.71 4.64 + 0.65 3.11 £0.57 126.1 £ 18.0 1402 + 34 196.98 + 7.63 1.09 + 0.17 8+2
G209.55-19.68S2 10 05:35:08.96 —05:58:28.37 8.06 £ 1.85 5.61 +2.07 140.1 + 39.1 49.36 + 4.04 110.21 £ 12.5 0.61 =0.12 8+2
G210.37-19.53S 164 05:37:00.44 —06:37:10.92 3.14 +0.24 1.89 + 1.21 19.1 +20.8 78.45 +£1.27 97.1 +2.61 0.54 +0.08 6+2
G210.49-19.79W 168 05:36:18.91 —06:45:24.47 8.86 +£2.82 341 +294 469 +274 117.21 £ 16.54 252.45 + 49.88 1.4 £0.35 12+2
G210.82-19.47S 05:38:03.48 —06:58:16.61 6.02 + 1.11 4.15 £ 0.56 102.8 + 32.6 7.44 +0.38 12.32 £ 0.95 0.07 + 0.01 612
G210.82-19.47S_02 05:38:03.67 —06:58:23.80 10.02 4+ 1.37 6.86 + 1.22 66.5 +20.1 8.15+0.52 23.54 +1.97 0.13 +0.02 6+2
G210.97-19.33S2_AB 05:38:45.40 —07:01:02.38 11.75 £ 1.46 2.71 +0.88 80.8 £ 4.0 15.45 £ 0.93 32.8 +£2.86 0.18 +0.03 342
G210.97-19.33S2_02 05:38:46.21 —07:00:48.22 6.75 = 1.01 2.38 +1.28 53.3 + 12.1 9.74 +0.49 16.25 +1.23 0.09 +0.02 342
G210.97-19.33S2_03 05:38:43.78 —07:01:13.24 0.0 +0.0 0.0+ 0.0 0.0 +0.0 10.1 +0.46 7.58 +0.76 0.04 + 0.01 342
G211.01-19.54N 05:37:57.22 —07:06:57.50 12.73 £ 2.36 3.84 + 1.05 1154+ 6.4 60.94 + 5.71 146.58 £ 19.22 0.81 £ 0.16 6+2
G211.01-19.54S 05:37:58.77 —07:07:27.71 7.85 +2.19 6.43 + 3.46 36.9 +82.8 15.06 + 1.63 36.91 +£ 541 0.21 +0.04 7+2
G211.16-19.33N2 133 05:39:05.83 —07:10:40.87 7.53 +1.45 432 +2.13 34.9 +30.8 1272 £ 1.0 26.71 +£2.93 0.15+0.03 4+2
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Table 2
(Continued)

Object HOPS R.A. Decl. Maj Min PA Peak Flux Mass Viys

ID (h:m:s) (d:m:s) (arcsec) (arcsec) (deg) (mlJy beam ') (mly) M) (kms™")
()] (@) (3) (C)) 5) (6) @) ®) ) 10 an
G211.47-19.27N_AB 290 05:39:57.29 —07:29:33.01 5.51 £ 1.38 3.61 £2.41 154.6 + 35.1 53.35 +3.11 84.1 £7.53 0.47 +£0.08 4+£2
G211.47-19.27N_02 05:39:56.99 —07:29:46.65 4.62 £ 045 2.66 +1.23 165.8 £ 13.8 4.76 £0.1 6.76 = 0.22 0.04 + 0.01 4+2
G211.47-19.27S_01 288 05:39:56.01 —07:30:27.75 5.22 +£0.81 2.24 +0.79 83.6 £ 11.8 464.69 £+ 11.33 606.19 £+ 24.8 3.37+£0.52 4+£2
G212.10-19.15N2_AB 263,262 05:41:23.72 —07:53:47.02 8.56 £ 1.17 435+ 1.76 23.0 £23.7 17.77 £ 1.07 40.39 £3.34 0.22 + 0.04 4+2
G212.10-19.15N2_02 05:41:24.04 —07:53:35.62 0.0£0.0 0.0+0.0 0.0 +£0.0 7.87 £0.3 18.45 £ 0.98 0.1 £0.02 4+2
G212.10-19.15N2_03 05:41:24.80 —07:54:09.09 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 19.55 £0.38 19.94 £ 0.72 0.11 +£0.02 4+2
G212.10-19.15S 247 05:41:26.21 —07:56:51.94 3.84 +£0.95 2.81 £2.19 152.2 + 375 110.81 £ 3.48 1449 + 7.5 0.81 +£0.13 4+£2
G212.84-19.45N 224 05:41:32.04 —08:40:08.90 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 159.37 £5.93 93.74 £ 8.1 0.52 +0.09 4+2
G215.87-17.62M 05:53:32.53 —10:25:07.83 6.73 +2.37 2.58 +£3.34 46.8 £ 38.4 31.52 £3.69 53.54 £9.35 0.3 +£0.07 10£2
G215.87-17.62N 05:53:42.33 —10:23:59.22 6.56 + 1.65 4.66 £3.12 55.8 +38.7 8.46 £ 0.63 15.62 £ 1.69 0.09 +0.02 10£2
G215.87-17.62N_02 05:53:41.85 —10:24:04.77 15.1 £ 1.46 828 £1.13 65.7 +£ 8.7 5.16 £ 0.31 21.45+1.59 0.12 +£0.02 10£2

Note.

 The objects with zero values in Columns (5), (6), and (7) are likely point sources and are not resolved in deconvolved 2D Gaussian fitting in the ACA beams. Further investigation is required to confirm their candidacy.
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Figure 3. Left: high-resolution C'®0 map of G203.21-11.20W2 integrated over +8—12 km s~ . The sensitivity is 15 mJy beam ' km s'. The red contours are high-
resolution continuum contours at (3, 6, 12, 24, 36) x o, where the sensitivity o = 0.04 mJy beam™ ! , adopted from Dutta et al. (2020). The black contours are the same
as in Figure 1. The beam sizes are shown in order of C'®0, high-resolution continuum, and ACA resolution continuum. The jet axis is also shown (brown dashed line).
Right: the C'®0 spectrum of G203.21-11.20W2 extracted from high-resolution maps from the box region in the left panel. The vertical line indicates the systemic
velocity of the object determined from the spectrum at Vs = 10 km s
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Figure 4. (a) High-resolution ALMA map of G203.21-11.20W2 in CO emission integrated from —50 to +50 km s~'. The contours are overplotted at 3 x (1, 2, 3, 4,
6, 8, 12)0, where sensitivity o = 4.8 K kms~'. The synthesized beam size ~0”41 x 0734 is shown in the lower left corner. CO emission is extended in the
northwest-to-southeast direction with a position angle of ~122°. The cyan (blueshifted) and red (redshifted) parabolas are best fits assuming a proportionality constant
¢=0.5arcsec” . (b) PV diagram along the jet axis of 2co (2—1) emission. The black contours are at 3 x (1, 2, 3, 4, 5, 6)o, where sensitivity ¢ = 0.11 K. The beam
sizes are shown in the lower left (in red) emission. The red and cyan parabolas here are for inclination angle, i = 20°. Cyan and red represent the northwest and
southeast direction, respectively, in panel (a). The magenta cross in each panel is the location of the continuum peak.

the low-velocity outflow emission, we distinguish the outflow
shell by comparing the CO PV diagram with that of SiO
emission (Figure 5), assuming that SiO traces mostly jet
components. In Figure 4(a), fitting the parabola to the
outermost contour of the outflow yields ¢ = 0.5 arcsec™ ' for
both the southern and northern lobes. Using these ¢ values, we
fitted parabolas to the “outflow” emission in PV space as
shown in Figure 4(b) with Equation (16) to create a complete
3D paraboloid structure, where the fitting equations include the
inclination of the structure in the plane of the sky (see
Appendix A for details). For example, the inclination angle for

G203.21-11.20W?2 is estimated to be i ~ 2072 deg. In panels
(c) and (d) of the figures in Appendices B, C, D, and E, we
present all the fitted parabolas in integrated emission and in PV
diagrams. A total of 21 outflows are fit, and the inclinations
have been estimated from this model. Some of the outflows are
not fit owing to indistinguishable outflow shells. The inclina-
tion angles are listed in Table 3 for all the objects. Here we note
that this model is suitable only for those objects that have well-
defined outflow shells, i.e., outflow walls that are well
distinguished from the ambient material or outflows of multiple
sources.
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Figure 5. (a) High-resolution ALMA map of G203.21-11.20W2 in SiO emission integrated from —50 to +50 km s~' with sensitivity ¢ = 4.6 K km s~'. The CO
contours are overplotted from Figure 4(a). The synthesized beam size ~0”41 x 0”34 is shown in the lower left corner. The jet axis is shown with a yellow dashed
line, i.e., peak of the 1.3 mm continuum adopted from Dutta et al. (2020). (b) PV diagram along the jet axis of SiO emission with sensitivity o = 0.15 K km s~1. The
CO contours are the same as in Figure 4(b). The beam sizes are shown in the lower left corner (in red). The dashed lines at velocity = 33 km s~! are the mean jet

velocity, V; (uncorrected for inclination). The knot location is marked in B1, B2,

and R1, R2, .... in blue- and redshifted lobes, respectively. The “?”” mark indicates

that the knot positions could not be confirmed from the present observations. The magenta cross in each panel denotes the location of the continuum peak.

3.4. Outflow Force

Outflow force Fco is the mean rate of momentum P of
outflowing material, derived by estimating the outflow
momentum over the dynamical time 7Zgyn on Of the outflow,
where Tayn ou 18 the length of the jet divided by the velocity of
the outflow. Outflow force F-o was calculated from the beam-
averaged CO emission across the whole velocity range above
30 on each lobe (blue and red) separately. To avoid
contamination from ambient material, we removed a few
channels near the systemic velocity after inspecting channel
maps. First, outflow emission above 3¢ in the whole data cube
is converted into mass. For example, the kth channel has an
outflow mass of M;:

> Neoy

My = pympA-t—o,
k Hy,MH Xco

)

where the beam-averaged CO column density Ncg is summed
over outflow pixels / on the kth channel and each pixel has an
area of A. We assumed a CO-to-H, abundance ratio of Xco ~
1074 (e.g., Hirano et al. 2010) at an excitation temperature of
Tex ~ 50 K (e.g., Yildiz et al. 2015; Dutta et al. 2022b) in the
lower-density extended outflow, which could be higher by a
factor of a few in the high-density jets. In the next step, the
estimated masses are converted into momentum P ~ M,V,, for
a mass of M, on the kth channel with the central velocity of V;
= | Vobs —Visys |- Finally, for a total outflow extension of Rco
with maximum outflow velocity Vo max, Fco 1S expressed as

p VCO,maXZMka
Fo = —— = fy——+——, 3)
,Tdyn,out “ RCO

where the factor f;, is the correction factor for the inclination of
the system in the plane of the sky. The inclination-corrected
Fco values are listed in Table 3.

Here we note that we do not cover the full outflow extents
within the TM1/TM2 PB (~40"). If, however, we increase the

field of view (FOV; as for ACA maps), the outflow mass and
dynamical time may both increase, and so Fco measurements
are not expected to change drastically. We also compared the
present Fo values with those derived from ACA maps (FOV
~ 60"), and we see only changes by factors of 1-1.5 from the
smaller PB values. In addition, we could not recover the whole
outflow emission from the ACA maps owing to their relatively
poor sensitivity compared with the combined high-resolution
maps. Therefore, we present only the Fco measurements
derived from the high-sensitivity combined maps.

Errors of Fco estimation depend on the amount of missing
flux in interferometric observations, the lack of coverage of the
full length of the outflow lobe, calibration, the optical depth of
CO, the temperature variation of the outflow, and errors in the
inclination angle measurements. Since the above information
could not be recovered simultaneously from the present
observations, we assume a conservative error of 40% in all
plots in the subsequent sections.

3.5. Molecular Jet Detection and Episodes of Accretion

To assess the high-density jets associated with protostars within
the outflow cavities, we searched the CO and SiO data cubes at
velocities both blue- and redshifted from the V. Given its higher
critical density and an expected increase in SiO from dust grains
shattered in shocks, the SiO emission is more suitable for detecting
the high-density material and shocks in the jets, whereas the CO
traces both high-density jets and low-density outflow structures.
All SiO emission integrated maps are shown in Figures 6
(monopolar or likely monopolar jets), 7 (bipolar jets), and 8
(noncharacterized SiO emission). In Figures 6 and 7, SiO is clearly
observed along the flow axis, where CO is seen more widely, i.e.,
within and surrounding the SiO emission along the flow axis, and
in the CO outflow shell. In Figure 8, four sources exhibit SiO
emission along one lobe, of which G211.47-19.27S_B is clearly a
monopolar jet. Most of the jets are clumpy, discontinuous knot-like
structures. As shown in Figure 5 for G203.21-11.20W2, in the red
lobe, four knots (R1, R2, R3, and R4) are consistent in both SiO
and CO emission, and another knot (R5?) is possibly detected in



Table 3
Properties of the Sources with Jet and Outflows
ALMA HOPS  Class Lol Thol i Lobe Feo' Nsio Ncob Xsio/ Xcob ij V/',cm'u M/u Lj.kinﬂ Tperdu
D ID (Ls) (K) (deg) A0 ¥ Mo kmstyrhy 107 em™) 107 em  (107H° kms™  kmsH 107 Moy (1072 L) (yr)
€Y} 2) 3) (4) 5) (6) @) ®) &) (10) (11 (12) (13) (14) (15) (16)
SiO Monopolar or Significantly Fainter Than Other Pole
G191.90-11.218 0 0.4+02 69+17 5%  Blue 922.52 0.85 45.96 10.322 6+3 69 *30° 4.88 18.99 100 *§)
Red 2070.4 8.94 48.89 5.19 20.2
G203.21-11.20W2 0 0.5+03 15+5 2073 Blue 348.68 1.65 8.65 15.408 33+5 96 32 1.29 9.83 71 739
Red 358.98 3.01 21.59 321 24.56
G205.46-14.56M1 317 0 48421 47+12 751+ Blue 90.76 7.93 14.27 73.938 88+ 10 91 *J! 2.0 13.67 100 *39
Red 9.7 0.0 7.17 1.01 6.86
(G205.46-14.56S1 358 0 22.0 + 8.0 4 +19 1% Blue 153837.41 1.42 3435 5.873 1+4 57 1Y, 4.25 22.45 34 170
Red 11035.28 3.41 4791 5.92 31.31
(G209.55-19.6852 10 0 34+ 14 48 £11 207 Blue 50.89 0.0 0.0 46.845 50£5 146 47 0.0 0.0 22 18
Red 61.7 1.61 3.44 0.78 13.61
G192.32-11.88N 0 9%}  Blue 184.69
Red 7.89
G211.47-19.278 288 0 180 + 70 49 + 21 Blue
Red
SiO Bipolar
(G205.46-14.56S3 315 1 6.4 +24 178433 408  Blue 2150.0 3.7 9.5 30.89 80+ 10 124 ™% 2.9 36.83 54 130
Red 1100.0 22 9.6 3.0 38.1
G206.12-15.76 400 0 30+ 14 3549  15*°  Blue 57.77 2.41 9.86 14.128 4015 155773 2.35 46.09 30 73
Red 105.4 2.58 25.51 6.08 119.21
G206.93-16.61W2 399 0 6.3 +3.0 31410 10+ Blue 9500.0 13.0 15.0 88.38 504+ 10 288 +280 28.8 1957.97 17 13
Red 28840.0 12.1 13.4 26.6 1808.4
G208.68-19.20N1 87 0 36.73 + 145 38+13 2571 Blue 113.0 5.81 81.95 7.398 43+6 102 7% 12.85 109.29 19 3
Red 141.05 5.98 77.43 12.15 103.27
G208.68-19.20N3 0 35113 Blue 96.75 21.25 69.9 26.131 35+15 61} 6.58 20.11 81 35
Red 73.51 15.28 69.9 6.58 20.11
G208.89-20.04E 1 22+1.0 108+25 113  Blue 1562.03 0.92 12.0 7.572 242 115 79, 2.12 22.86 52 gt
Red 1680.27 0.73 9.73 1.72 18.55
G208.89- 0 0.8+04 31410 57  Blue 2.0 0.27 23 10.417 4+2 46 183 2.02 1.9 176 =178
20.04Walma
Red 12 0.18 2.02 1.9 1.8
(209.55-19.68S1 11 0 9.1436 50 + 15 Blue 3.28 11.74 19.79 27 + 4
Red 42 26.03
G210.37-19.53S 164 0 0.6+03 39410 25+ Blue 10.31 221 5.01 38.474 36+5 85 33 0.66 3.92 23 18
Red 5.76 1.54 4.74 0.62 3.71
G210.49-19.79W 168 0 60.0+240 51+20 5%  Blue 5030.76 0.72 21.31 5.255 544 57 +32 1.89 5.1 78 118
Red 11410.83 0.8 7.56 0.67 1.81
G215.87-17.62M 0 30 115 Blue 36.01 1.46 17.22 7.152 30£10 60 13 1.59 471 66 139
Red 79.06 0.92 15.94 1.47 436
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Table 3
(Continued)
ALMA HOPS  Class Lior Tool i Lobe Fco' Nsio Neo® Xsio/Xco" VP Vot M} Lixin® Tperd®
ID ID (Ls) (K) (deg) A0 ¥ Mokms ' yr )y 107 ™ em™) 1070 em™® 074 Gkms™)  kms™) 10T Moyr) (1072 Ly) (yr)
(€Y] 2 3) (C)] 5) 6) ()] ) (O] (10) (11) (12) (13) (14) (15) (16)
Complicated SiO Morphology

G200.34-10.97N 0 15406 43410 127 Blue 102.38

Red 83.76
G205.46- 0 Blue

14.56M2N

Red

G205.46- 0 Blue
14.56N2N
Red
No SiO Emission, Only CO Outflows

G192.12-11.10 0 9.5+40 4+15 157 Blue 435.86

Red 610.18
G196.92-10.37 0 70 £19 Blue 25.52

Red 12.52
G203.21-11.20W1 0 20 ¥ Blue 222

Red 11.71
(G209.55-19.68N1 12 0 9.0 +3.7 47+13 2713 Blue 187.43

Red 18.87
G208.68-19.20S 84 1 49.0+180 96+25 10 f1 Blue 37.74

Red 2.97
G211.01-19.54N 153 0 45+1.8 39412 507} Blue 2.14

Red 8.72
G211.01-19.54S 152 0 0.9+ 04 52+38 Blue

Red
G212.84-19.45N 224 0 30+£12 50+13 2575 Blue 8.03

Red 14.88

Notes.

 Corrected for inclination angle i.

Not corrected for inclination angle i.
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Figure 6. High-resolution integrated over whole SiO emission velocity range of monopolar or likely monopolar SiO jets of protostars. The contours and symbols are
the same as in Figure 5(a). The SiO and CO velocity information and sensitivity are added in the associated figures in the appendices.

CO emission but not detected in SiO emission. In the blue lobe,
two knots (B1 and B5) are detected in both SiO and CO emission,
whereas the CO peaks at B2?, B3?, and B4? are not detected with
SiO emission. For the other outflows, the CO and SiO integrated

11

maps and their respective PV diagrams are presented in
Appendices B (objects with confirmed molecular jet) and C
(objects with complex SiO emission morphology and not
considered for jet parameter estimation in this text).
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Figure 7. Bipolar jets in SiO emission. All the symbols are the same as in Figure 6. The “??” mark for T}, and Ly, indicates that these values are yet to be determined
and not available in the literature.

We observed 19 fields with SiO emission in Figures 68, out shocks of jets or collision zones between outflow and ambient
of which 14 have confirmed protostellar jets. Three (G200.34- material. SiO in one field within G209.55-19.68N1 is clearly a
10.97N, G205.46-14.56M2, and G205.46-14.56N2 in Figure 8) collision zone between two outflows. In the case of G205.46-
exhibit SiO emission along the jet axis, which could be the bow 14.56M2, the driving source of SiO is not clearly identified,
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Figure 7. (Continued.)

and it could be emission from other molecules in this line-rich
source (e.g., a hot corino) that mimics SiO emission. It is
difficult to conclude the existence of a jet in this particular
source from the present observations. All the SiO emission
integrated maps and PV diagrams are shown in
Figures BI1-B12 and CI-C6. Six of the sources exhibit
monopolar or nearly monopolar SiO jets (G203.21-11.20W2,
G191.90-11.20S,  G205.46-14.56M1,  G205.46-14.56S1,
G209.55-19.68S2, G211.47-19.27S_B). In some cases, CO
traces both sides of the jet but SiO is monopolar, such as the
blueshifted component of G203.21-11.20W2. In some mono-
polar cases, like the source G209.55-19.68S2 (Figues 6 and
B.9), there is no jet emission detected in the blueshifted lobe
with SiO or in the CO.

The mean of the velocity of the brightest peak knot emission
is considered to be the observed jet velocity V;, and these are
listed in Table 3. While measuring jet velocities from the peak
of the knot emission, we visually checked the extended knot
emission and considered larger error bars to account for the
visual knot extension and the uncertainty in V. We note that
the uncertainty in Vy is not significant compared to the
extended emission of the knots. A histogram of measured mean
jet velocity corrected for inclination angle, i.e., V cor (:%), is
shown in Figure 9. Jet velocities are distributed over a large
range from ~50 to 290 kms~', where most (~60%) are less
than 100 kms~'. Proper-motion studies of jet knots of the
object HH 212 also reveal that the jet velocity could be as small
as ~50 kms ! (Lee et al. 2022). The mean of all corrected jet
velocities is estimated to be Vj corye,, = 112 km s~'. We note
that a few of the outflows have very small inclination angles
(close to edge-on), but some inclinations could not be derived
accurately from present observations of outflow shells. In those
cases, the jet velocities could change significantly with only a
few degrees of change in inclination angle given the error bars
in the measured inclination angles, as shown in Figure 9
(see also Table 3). For sources G205.46-14.56S1_A (Vjcor =
80.22 kms ') and G208.89-20.04E (Vjcor = 114.60 km s ')in
particular, the inclination angles could be <1° and so a
significant change in velocity could be expected given
improved inclination measurements.
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The mean timescales between knots are measured as
6R . . .
Tinot = Vtan(l), where 6R is the mean distance between two

consecutive knots. The values are listed in Table 3. The derived
Tnot Values range from ~20 to 175 yr for different jet knot
pairs.

3.6. Jet Mass-loss Rate and Kinetic Luminosity

The jet mass-loss rates M; were derived from the CO
integrated emission. First, we disentangled the most likely jet
emission from the outflow shell by considering SiO emission
as being representative for the jet. Figure 5(b) shows the SiO
emission of G203.21-11.20W2 in the PV diagram, where SiO
emission is also found at high velocity (>15 kms™').
Therefore, we consider the jet velocity range to extend from
the minimum SiO velocity to the maximum available CO (or
SiO) velocity. This particular object is moderately inclined
(i ~ 20°). For a highly inclined object like G191.90-11.20S
(close to edge-on; Figures 10(a)-(b) and B1), however,
the SiO emission does not extend to the high velocity range,
so here we consider the whole velocity range of SiO
emission as jet emission, independent of higher-velocity
consideration.

Next, nearest to the continuum we choose the peak
emission from the knots in CO maps integrated over likely
jet velocities. These knots are expected to be less distorted by
flow into the ambient medium than knots that are farther
away. The peak emission is converted into beam-averaged CO
column density Nco assuming a specific excitation temper-
ature of Ty ~ 150 K within the jet (e.g., Dutta et al. 2022b).
Nco is utilized to obtain the H, column density Ny, for a CO
abundance ratio, Xco=Nco/Ng, (~4 X 1074 Glassgold
et al. 1991). Here higher values of temperature and density
are assumed in the compressed shocked gas within the jet than
those of an extended less dense outflow gas or wind
component (Section 3.4). We consider the molecular jet to
be flowing through a uniform cylinder at a constant density at
constant speed along the transverse beam direction. Typical
jet widths are <20 au, as measured for the HH 212 object by
Lee et al. (2017a). Our observed spatial resolution is ~140 au;
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Figure 8. SiO emission along the outflow /jet axis. The SiO emission is not well characterized as jet emission in this study. All the symbols are the same as in Figure 6.
Faint SiO emission locations are marked in some of the panels. The “??”” mark for T, and L, indicates that these values are yet to be determined and not available in
the literature. The “?” mark indicates that the structures could not be confirmed from the present observations.

therefore, our data could not spatially resolve the exact jet Thus, M] can be expressed as
width even at the high spatial resolution achieved in this
study. Hence, the beam size b,, is taken to be the higher limit M = lqumH Nco Vicor b 4)

3 Xco

of the jet width.
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Figure 9. Inclination-corrected mean jet velocities Vcor = % are shown as a
function of sini, where i is the measured inclination angle. The mean value of
Vicor = 112 km s is also shown. Monopolar and bipolar jets are shown as
circles and squares, respectively.

where 1 = 2.8 is the mean molecular weight and my is the
mass of a hydrogen atom. Vicor is the mean deprojected jet
velocity (i.e., V;/sin(i)). The knots observed in this spatial
resolution likely delineate the internal bow shocks or gas that
has been highly compressed by shocks. Since the knots are not
resolved, we assume a compression factor of 1/3 following Lee
et al. (2007a, 2007b). The jet kinetic luminosity is defined as
Livin = (1 / 2) X A}[jVﬁcor. The inclination-corrected M, and
L;yin values are listed in Table 3.

Given that CO abundances could be as small as Xco ~ 10~
instead of the present assumption (e.g., Hirano et al. 2010), the
tabulated Mj and L;yi, values could be higher. Therefore, we
consider our measured values to be lower limits to the mass-
loss rates. The error bars of these measurements also depend on
various factors in flux measurements, as discussed above in
Section 3.4. With these complications, we assumed a
conservative error of 40% for the measured M; values.

4. Discussion
4.1. Which Emission Traces Which Component?

Figure 10 shows a zoomed-in view of the jet of G191.90-
11.21S for an example. The schematic diagram in Figure 10
(right panel), drawn based on the observations, describes
various components of protostars traced by the 1.3 mm
continuum and the C'®0 (2-1), CO (2-1), and SiO (5-4)
lines. Different structures of one knot (middle panel) are
elaborated in the schematic diagram (right panel), where the
corresponding PV diagram is shown in the left panel. The large
extended knot (~1600 au) is most likely a single knot in the
formation stage, where the inner layer (CO peak) is still
pushing the material outward (i.e., toward the SiO layer or
beyond it), and it is possibly formed recently and still at the
initial stage of shock formation yet to form one more compact
shock structure. The continuum maps at 140 and 2200 au
resolution delineate the thermal dust emission from the disk
and inner envelope and the inner-to-moderate-scale envelope
emission, respectively (Figures 1 and 3, left panel). At 140 au
resolution, C'®0 emission likely traces the disk and inner
envelope. In a few cases, we may have resolved the larger
disks, but the velocity resolution of our observations is not
sufficient to probe their kinematics and geometry.
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As shown in Table 1, the SiO emission has a higher
critical density (e, ~ 1.66 x 10° cm™>) than that of CO (s, ~
1.06 x 10* cm ®). The optical depth can be derived as
7=—In(F/F), where F is the observed flux density and Fj is
the flux density for blackbody radiation at temperature 7T, at a
particular frequency. We estimated optical depths for SiO
(Tsio) and CO (7co) emission from the peak emission within
the knots, assuming a temperature T, ~ 150 K within the jet
(see Section 3.6), and find that the SiO emission is optically
thicker than that of CO (75,0 >7Tco) Within the knots. Hence,
CO emission arises from deeper layers within the knots than
does the SiO emission. In the ALMASOP sample, we observe
that CO emission is tracing the low-density outflow shell. The
shock regions or knots of higher density along the jet axis are
detected in both SiO and CO emission, and we expect the latter
to trace more interior parts of the knots owing to its lower
optical depths. We also see CO emission forward and in front
of the SiO+CO emission boundary in some knots, which could
consist of relatively lower density and cooler material than the
SiO+CO shock regions. Another layer of CO emission in the
back was also seen in a few knots, which could be the slower-
moving material of the shock (see G191.90-11.20S in
Figure 10, as well as Figures B1(d) and (f) in Appendix B).
In a bow shock type of knot, we indeed usually see an angular
offset in CO and SiO emission (e.g., G191.90-11.20S in
Figure BI1(f), G208.89-20.04E in Figure B7(f), G209.55-
19.68S1 in Figure B8(f)). Such bow shocks exhibit succes-
sively a CO forward front, SiO peak emission, and then CO
peak emission (see also Figure 11). The backward shock
detected in CO could be due to either optical depth effects or
slower-moving material (discussed later).

4.1.1. Monopolar Molecular Jet

Some SiO jets are observed to be only monopolar, or have
bright redshifted knots but faint blueshifted knots. Examples of
such asymmetric jets include G203.21-11.20W2, G191.90-
11.20S, G205.46-14.56M1, G205.46-14.56S1, and G209.55-
19.68S2 in Figure 6 and G211.47-19.27S_B in Figure 8 (last
panel). In these cases, the redshifted SiO emission can be
observed prominently and the blueshifted emission is fainter, is
missing, or has fewer knots. As an example, in G203.21-
11.20W2 (Figure 5) the blueshifted CO jet is visible and SiO is
not detected in most of the CO knot locations (only fainter B1
and B5). In the case of G209.55-19.68S2, however, the
blueshifted jet is completely missing in both CO and SiO
emission (Figures 6 (last panel) and B9).

Following the previous shock model by Lee et al. (2001),
Santiago-Garcia et al. (2009), Tafalla et al. (2017), and Jhan &
Lee (2021), and based on our observation of the ALMASOP
sample, a possible scenario for the monopolar jet is illustrated
in Figure 11. In most knots, we observe an SiO forward peak
and a CO backward peak, and additionally all the SiO+CO
peaks are surrounded by a less bright CO front in both space
and velocity. Therefore, we have divided the observed emission
in the knots into three sublayers: layer i, a forward CO front (in
red), which is possibly slow-moving, dense, cooler material;
layer iii, a middle SiO+CO front (in green), which could be the
faster-moving, denser, and warmer part of the knots; and layer
iv, a backward CO front (in blue) that is relatively slow, less
dense, and cooler than the middle front. Now, following
simulation results by Lee et al. (2001), we introduce another
sublayer, layer ii: a compressed layer (black and white lines)
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Figure 10. Left: a zoomed-in view of the jet of G191.90-11.21S compared with a schematic diagram. Middle: the SiO integrated map (same as in Figure 6). CO
emission is integrated over —4 to +8 km s~ ! with sensitivity o ~ 6.48 K km s~ ! with contour levels at (24, 27, 30, 33, 36) x o. The location of the central core is at
(0, 0). The left panel is the SiO PV diagram with sensitivity 0.16 K, and CO contours are overplotted at 3 x (1, 2, 3, 4, 5, 6)c in red. More details on SiO and CO
images are included in Appendix B.1 and Figure B1. Right: the schematic diagram based on observations that illustrate general morphologies of the 1.3 mm
continuum and the C'%0, CO, and SiO line emission. The 1.3 mm continuum and C'®0 emission trace the disk and envelope (comparing with Figure 3(a)). CO
emission delineates the outflow shell and whole knot structure, including a CO emission forward front, a SiO+CO emission middle shock front, and a CO emission
backward front.
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Figure 11. A schematic diagram illustrating a mechanism whereby a bipolar jet can appear to be a monopolar jet. (a) Each knot consists of three observed layers: a
forward CO emission front (in red), a middle SiO+CO front (in green), and a backward CO emission front (in blue). (b) Close-up view of a knot in the redshifted lobe.
The colors are the same as in panel (a). An additional compressed layer is highlighted between the forward CO front and middle SiO+CO front. (c) The possible
temperature distribution of the knot of panel (b) is plotted, following the simulation results by Lee et al. (2001). Layers iii and iv have the highest temperature, and
layer i is cooler than layers iii and iv. Layer ii, however, exhibits a temperature discontinuity or is much cooler than the other layers. The density of layer ii is greater
than that of the other layers. For the redshifted lobe, an observer can see the middle SiO+CO (layer iii) and backward CO layers (layer iv). For the blueshifted lobe, the
scenario is opposite, where an observer can see only a forward CO emission front (layer i). Emission from layers iii and iv might be shielded by the compressed and
coolest layer ii. In that case, only the CO jet can be observed in blueshifted emission. If layer i is not dense enough, then even CO emission in the blueshifted lobe of
the jet cannot be detected.

between layers i and iii, which could be the fastest-moving, ii+iii, and as a result, a very high density compressed layer ii
densest, and coolest layer, but one that is not detected in our originates. Since radiative cooling is inversely proportional to
observations. As predicted by Lee et al. (2001), the density and density (e.g., Blondin et al. 1990), layer ii should cool faster
temperature profiles of different layers are shown in panel (c). than the other layers and produce a temperature discontinuity,
In the general scenario of shock processing, a slow-moving as shown in panel (c). Layer iii is the transition region between
layer (layer i) collides with a faster-moving layer, e.g., layers the compressed layer and the slow-moving CO layer iv. It
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could be detected if it reaches the critical density of the SiO.
Layer iv is the slow-moving trail of layers ii+iii.

In the redshifted lobe, an observer can see layers iii+iv in
SiO and CO emission, and the forward CO front at layer i could
be shielded by layer ii of high density and low temperature. In
the blueshifted lobe, the scenario is opposite to that of a
redshifted lobe, where an observer can only see the forward CO
material front from layer i, as in the case of G203.21-11.20W2
(Figure 5). Emission from layers iii and iv might be shielded in
the compressed layer ii of the highest-density and coolest
material; therefore, only the CO jet can be observed in the
blueshifted lobe. If the forward front (layer i) is not dense
enough and the compressed layer (layer ii) is highly dense and
cool, then the jet can remain undetected even with CO
emission, as in the case of the blueshifted lobe of G209.55-
19.68S2 (Figures 6 and B9), where the jet component is
completely missing in both the SiO emission and the CO
emission.

The above scenario can explain most of the redshifted SiO
monopolar jets in the ALMASOP sample. Another source,
NGC 1333-IRAS2A, from the CALYPSO IRAM-PdBI
survey exhibits a blueshifted jet only (Codella et al. 2014).
G205.46-14.56M1 (Figures 6 and B2) also exhibits one bright
blueshifted knot but fainter redshifted SiO emission in the knot
location. Indeed, such a scenario is difficult to explain with the
above schematic diagram. Therefore, we also suggest that there
could be further unknown intrinsic properties driving mono-
polar jets.

4.1.2. Molecular Jets and Protostellar Evolutionary Phase

Class O protostars are observationally defined as being in the
youngest phase of star formation, with bolometric temperature
Tvor < 70 K and infrared spectral index of ajg > 0.3 (Furlan
et al. 2016). ClassO sources exhibit typically very high
accretion and mass-loss rates (~107° to 107’ Mg yr ) from
the protostar, which could produce high-density jets ((5
—10) x 10° cm™; Ellerbroek et al. 2013; Lee 2020). The
higher transitions of SiO are the most commonly observed
tracers of such high-density material (Lee et al. 2014; Podio
et al. 2015; Lee et al. 2017a; Podio et al. 2021). While the
protostar evolves from Class O through ClassI and on to the
Class II phase, both the accretion and mass-loss rates typically
decrease. Therefore, SiO should be a better tracer of jets in the
earlier phases of protostars than in the later phases, and the
detection of SiO emission in jets more likely indicates
protostars in a younger phase and at a higher mass-loss rate.

Molecular jets with SiO emission have been detected in
many of the Class O protostars, e.g., B335 (Bjerkeli et al. 2019;
Imai et al. 2019), HH 212 (Lee et al. 2017a, 2017b), L1157
(Tafalla et al. 2015; Podio et al. 2016), HH211 (Jhan &
Lee 2016; Lee et al. 2018), and IRAS 04166 + 2706 (Santiago-
Garcia et al. 2009; Tafalla et al. 2017). One Class I multiple
system, SVS13A, composed of VLA4A and VLA4B, was also
found with SiO knots (Bachiller et al. 2000; Lefevre et al.
2017), where VLA4B is identified as the base of the jet
(Lefevre et al. 2017). In this case, however, the spectral
classification of the components based on infrared observations
could be largely affected by the multiplicity. For example, no
SiO jet has been previously detected from an isolated Class I
object. On the other hand, SiO jets also have not been detected
in extremely young objects, such as the candidate first
hydrostatic cores (e.g., Per-Bolo 45, Barnard1b-S, Cha-MMI1,
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CB-17 MMS; see Dutta et al. 2022a, for more details).
Recently, the outflow of a very young object, L1451-mm,
which was previously believed to be a candidate First
Hydrostatic Core (FHSC), has been detected in SiO (3-2)
emission from a region very close to the source (<1000 au) by
Wakelam et al. (2022). Successive knot-like structures in the jet
axis are yet to be confirmed with detections of emission from
higher critical density tracers like SiO (5—4) and SiO (8-7).

In the ALMASOP sample, most SiO jet sources are in their
Class 0 phase. The source G208.89-20.04Walma is one of the
youngest known objects with a SiO jet (Dutta et al. 2022a).
Nevertheless, G205.46-14.56S3 (see Dutta et al. 2022b, for
more details) and G208.89-20.04E are two Class I objects from
the ALMASOP sample with SiO molecular jets observed. The
objects with SiO jets exhibit low to high bipolar mass-loss rates
in the range of (0.08-5.5) x 107® M. yr ' (including both
blue- and redshifted lobes).

These results challenge previous thinking about the jet
launching timescale and sustainability of jets in the molecular
phase. 2D ideal magnetohydrodynamic (MHD) simulations
have shown that the outflow is driven by the first core or
isothermal core after the first collapse (Larson 1969). After a
few hundred years, the central temperature reaches ~2000 K, a
second collapse occurs, and a rotationally supported Keplerian
disk forms around the protostars (Machida & Hosokawa 2013;
Machida & Basu 2019). The high-velocity jets are believed to
be launched from the deep gravitational potential near this
second core (or more plainly the actual protostellar core), with
high velocity corresponding to the escape velocity of the
protostars. These jets are detectable with molecular transitions.
Such molecular jets detected with SiO emission continue up to
the end of their Class O life cycle or the early stage of the
Class I phase. Then, the increased central luminosity in evolved
protostars may photodissociate the molecular jets, but the
density of jets is also decreased owing to reduced mass-loss
rates. As a result, jets in more evolved protostars are mostly
detected with atomic and ionized emission (Nisini et al. 2015).
However, given the typical uncertainty in the evolutionary
stages, it should not be that surprising to find a molecular jet
among the Class I system. Additionally, there is expected
variability in the accretion, and therefore likely also in the
ejection. Submillimeter and mid-infrared continuum monitor-
ing suggests that accretion variability is common for Class 0
and I protostars (Lee et al. 2021; Park et al. 2021). These
episodic events potentially could give rise to elevated ejection
rates even at later stages.

In the ALMASOP sample, a large fraction of ClassO
protostars do not exhibit molecular jets (Appendix D and E);
these could be relatively evolved protostars with reduced
accretion /ejection activity.

4.2. Jet-driven or Wind-driven Outflow

Whether outflowing material is jet or wind driven is a long-
standing issue with no clear conclusion yet, due to the lack of a
statistically significant observational sample. We take the
opportunity of the large ALMASOP data set to explore this
question while studying this unique sample of protostars with
high-resolution and high-sensitivity observations with simulta-
neous observations of jet and winds (or outflow). In the
ALMASOP sample, we observe four different types of jet and
outflow ejection: (i) a narrow CO wind shell (or outflow) but no
SiO jet, (ii) a narrow CO wind shell and a SiO jet, (iii) a wide-
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angle CO wind shell but no SiO jet, and (iv) a wide-angle CO
wind shell and a SiO jet. We note that SiO (5—4) and CO (2-1),
both of which could be optically thick toward the innermost
region of the knots, could be detected with higher-density
tracers like SiO (8-7) and CO (3-2).

If we accept that outflow is jet driven, then the SiO jets with
CO outflow can be straightforwardly explained (cases ii and
iv). For objects with no SiO jet and a narrow CO wind shell
(case 1), the outflow could be wind driven. On the other hand,
those objects with a wide-angle CO shell and no SiO jet (case
iii) could be evolved protostars, and their jets could be detected
with ionized jet tracers. The ALMASOP sample, however,
consists of mostly very young Class 0 systems that should drive
high-density jets that may not have been detected with the
lower transition of SiO and CO (as discussed in Section 4.1.2).
It is also possible that these outflows, indeed, do not associate
with any jet, or no strong jet that could entrain outflow
material, which could possibly indicate that outflows are wind
driven.

4.3. Origin of Gas-phase SiO

SiO emission has been frequently reported in previous
studies as originating in the shock regions along protostellar
jets in their earliest phases. As discussed earlier, we observe 22
fields with SiO emission in the ALMASOP sample (19 in this
study, 3 previously published in Dutta et al. 2022a, 2022b). In
these 22 fields, 17 protostars are confirmed to have SiO
emission along the jet axis. Three other objects display bow-
shock-like extended SiO emission along their jet axes, which
could be associated with jets, but their small velocity ranges or
insufficient velocity information make it difficult to be sure.
One source exhibits SiO in the collision zone between two
outflows, and for another the driving source of SiO emission is
unclear. So far, the precise origin of SiO in the jet is still not
constrained owing to the lack of significant observations at
high resolution and high sensitivity.

There are two competing scenarios in the literature
describing the mechanism of SiO formation. In the “grain
sputtering” scenario, SiO could originate at the shock region
within the jet itself through grain sputtering due to ion—neutral
decoupling (Schilke et al. 1997; Panoglou et al. 2012). In this
scenario grains are most likely coming with the launching
material, originating possibly at the larger radii of the disk and
inner envelope. In the “dust sublimation zone” scenario, if the
jet is launched from the base or within the dust sublimation
radius (R, ~ 0.15au X./Lyo/Le; Yvart et al. 2016), the
stellar far-ultraviolet (FUV) emission there can sublimate the
silicate dust grains and release Si* into the gas phase near the
launching zone. Once the jet is launched from the base, the
material starts cooling and Si* recombines with oxygen
through a “gas-phase reaction” to produce SiO within the jet.
On the other hand, the presence of FUV excess emission can
also lead to the photodissociation of molecules and cause a
dramatic decrease in SiO and CO abundances near the jet base
(Schilke et al. 1997). Tabone et al. (2020) also suggest that
molecules like SiO can be synthesized in fast and collimated
dust-free disk winds through a gas-phase formation route if the
disk wind is sufficiently warm and there is a high enough mass-
loss rate.

Assuming optically thin CO and SiO emission, we measure
the Xsio/Xco for all the SiO-emitting jet sources from the
innermost knots (B1 and R1 knots) and plot these values as a
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Figure 12. SiO-to-CO abundance ratios, XSIO/XCO = Nsio/Nco, are plotted as
a function of observed jet mass-loss rate (M or Mgps). The error bars in the
abundance ratios represent the lower limit since SiO is optically thicker than
CO. The abundance ratios of HH 212 (in red) and HH 211 (in blue) are
calculated from the column densities in the published literature (HH 212, Lee
et al. 2007a; HH 211, Jhan & Lee 2021). Asymptotic abundance ratios (gray
lines) are adopted from Tabone et al. (2020), estimated using the Paris—Durham
shock code designed to model irradiated environments and a laminar 1D disk
wind model. The model considered a streamline launched at Ry = 0.15 au with

= 1000 K in the disk for dust-free models (dust-to-gas mass ratio Q = 0) and
dust-poor models (Q = 6x 10’6, 6% 10’5, and 6 X 10’4), as well as for
different values of wind mass-loss rates (Mw) referring to theoretical models
that account for the origin of jets. The shaded region indicates the location of
most of the observed data.

function of jet mass-loss rate in Figure 12. We also plotted two
well-known Class 0 objects with SiO jets, HH 211 from Jhan &
Lee (2021) and HH 212 from Lee et al. (2007a), for
comparison with the ALMASOP sample. We note that SiO
(5-4) could be optically thicker toward the dense shock than
CO (2-1) in the same region. Therefore, the SiO emission is
likely the lower limit, and the Xsi0/Xco is the lower limit in
this case. From our observations, we see that SiO jets tend to
have Xs;0/Xco in the range ~5 X 107* to 102 The majority
of the ALMASOP sources have mass-loss rates M <
10°° M., yr'. We compare this sample to the tracks for
different dust- to -gas mass ratios (Q) of Tabone et al. (2020;
solid curves), computed using 1D laminar winds launching
from 0.15 au radius, which suggests that the SiO jets are
possibly dust-poor.

These sources are observed to have higher abundances
(Xsio/Xco ~ 5x10* to 1072), which could be much higher if
we consider that SiO is optically thicker than CO (indicated as the
lower limit of error bars in Figure 12), for relatively smaller mass-
loss rates (73% sources within (0.1-0.4) x 107° M. yrfl). Tabone
et al. (2020) show that SiO exhibits a steeper increase with mass-
loss rate and it only becomes abundant for high wind mass-loss
rates (M,, > 0.2 x 107® M, yrfl). They manifested an SiO-rich
environment for M,, > 2 x 107® M yr" in the dust-free wind
and M, > 0.5x 10" “o M yr ~! for the dust-wind (dust- -poor)
model. Glassgold et al. (1991, see their Flgure 6) suggest that for a
typical mass-loss rate of M,, ~ 3 x 106 M. yr~ XSIO/XCO could
be enhanced to ~5 x 1072 This value of mass-loss rate is
somewhat higher than our measured lower limits. Therefore, it is
evident that our measured mass-loss rates are slightly smaller than
the model prediction to explain such high observed SiO
abundances.

Discrepancies in the observed mass-loss rates and Xsio/Xco
with model predictions could be addressed by the different methods
used for measuring mass-loss rates. Glassgold et al. (1991)
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and Tabone et al. (2020) considered mass loss to be spatially
extended as a wide “wind” (i.e., M,,). On the other hand, we
estimate the jet mass-loss rate (Mj) from the innermost part of
the outflowing cavity, i.e., along the jet axis. Hence, the mass-
loss rates along the inner jet axis in this study could have
underestimated the actual mass-loss rates (see, e.g., Figure 3 of
Shu et al. 1995). Therefore, our M] values estimated along the
jet axis could be biased too low to compare accurately with the
model’s prediction.

Another possibility to explain the high SiO-to-CO ratios is
that the efficiency of CO production is less than SiO if the SiO
and CO within the jet originate by the same process. Following
Draine & Salpeter (1979), Nozawa et al. (2006), and Hu et al.
(2019), the dust sputtering timescale can be defined as

a
Y 9
3np Yo

~ a ny -1 Yot !
~0.33Myr(#—m)(cm,3) (m) )

where grain size is denoted by a and hydrogen number density
of the gas is denoted by ny. The erosion rate Yo, = (da/dr)/ny
is adopted from Nozawa et al. (2006). For thermal sputtering,
Yot depends on the temperature of the region and grain
sputtering occurs above ~10° K. For nonthermal sputtering, the
jet velocity should be above ~30 kms™'. In the jets observed
here, the temperatures are much smaller than the thermal
sputtering limit. Nonthermal sputtering, however, could occur
at a high jet velocity. We estimate that the typical critical
density n¢; g ~ 10° cm ™ is needed to excite SiO in the shocks
(Section 1), which could also be considered as a typical
postshock density in the jet. Therefore, the preshock density is
expected to be smaller than n,, along the jet direction, i.e.,
<10° cm™. For a mean jet velocity of ~50 kms™', we
estimate sputtering timescales of 2.75-275 yr for silicate dust
and 5.4-540yr in the case of carbon dust, for preshock
densities ~10°-10* cm >, respectively. Hence, for high
preshock density and high-velocity jets, sputtering is a
plausible mechanism to form SiO and CO, even in the nearest
knots with dynamical timescales less than 100 yr. The erosion
rate of carbonaceous dust grains (producing CO) is smaller than
that of silicate dust grains (producing SiO) for the same jet
velocity (Nozawa et al. 2006). Therefore, Equation (5) suggests
that the SiO formation timescale is half that of CO formation
for the same preshock density, which could be the reason for
higher SiO-to-CO ratios in the knots. CO, however, can easily
sublimate from grain mantles at temperatures of ~20—25 K,
where sputtering is not necessary. Therefore, it is unlikely that
the majority of the CO is formed later than SiO.

The “dust sublimation zone” scenario is well applicable
to the objects with SiO emission in the knots close to the source
(e.g., G205.46-14.56M1, G205.46-14.56S1, G205.46-14.56S3,
G206.12-15.76, G206.93-16.61W2, G208.68-19.20N1, G208.68-
19.20N3, G208.89-20.04E, G208.89-20.04Walma, G209.55-
19.68S1, G209.55-19.68S2, G210.37-19.53S, G211-19.27S_B
G215.87-17.62M). The jets being likely dust-poor, it is possible
that gas-phase Si* is coming from the jet base and undergoes rapid
formation of SiO within the jet. As a consequence, we observe SiO
in the knots, even in the nearest knots to the source. For the “grain
sputtering” scenario, the grains being carried with the launching
material from the disk-envelope region take a longer time

12 sput =
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(>100yr) to create high abundances of SiO within the jets (e.g.,
Podio et al. 2021). Although the dynamical timescales of the
nearest knots could not be measured reliably for these sources
owing to the poor spatial resolution of the studied observations, in
most cases it is likely less than 100 yr. Such short timescales are
not long enough to produce the high Xs;0/Xco ratios observed in
this sample through the “grain sputtering” method, except in cases
where the preshock density is very high (~10° cm ™). As an
example, for G191.90-11.20S (Figures 10(a)~(b) and B1(f)), the
jet-emitting zone is uncertain, since the nearest knot (R1) is very
faint and the brightest knots (e.g., R2) are far away from the
source. The grain sputtering scenario is a possible mechanism
to form SiO within the jet even for a low preshock density
(~104 cm ). A few other objects also exhibit SiO emission in the
outflow direction, such as G192.32-11.88N, G200.34-10.97N,
G205.46-14.56M2, and G209.55-19.68N1. Meanwhile, SiO
emission in the field of G209.55-19.68N1 is clearly in the collision
zone between two outflows. The SiO emission in the remaining
three cases could be processed in the location through grain
sputtering or collision between the outflow material with ambient
clouds.

To summarize, we suggest that gas-phase Si' is originating
within the dust sublimation zone near the base of the source
and is carried along with the launching material, later
combining with oxygen within the jet to form SiO. We cannot,
however, fully exclude the grain sputtering mechanism using
the present observations. Further high-sensitivity and high
velocity resolution observations could provide more constraints
on the SiO formation scenario. Such observations could
provide a more stringent view of the nearby knots and allow
measurement of jet rotation that can in turn constrain the jet
launching radius (Lee et al. 2017a).

4.4. Accretion and Ejection Process

The ejected material along the jet can carry vital information
about the present evolutionary status, history of the accretion
process, and final mass budget of the protostar. The properties
of the jet (Vjcor Mj L; kin» Txnot) are possibly associated with
the interior properties of the protostars and the physical
structure of the surrounding material (e.g., stellar luminosity,
radius, mass of the core). In this section, we explore the
intercorrelation of the jet ejection with the other properties of
the protostars, such as bolometric luminosity and the mass of
the surrounding envelopes.

We estimated mass acceleration rates M, based on the total
jet mass-loss rates Mj, the bolometric luminosity Ly, and the
total kinetic luminosity of both the blueshifted and redshifted
lobes L;yin, as presented in Table 3. The accretion rate is

defined as

(Lol + Ljxin) R

Macc ~ GM,

Mg yr! (6)
assuming that both the bolometric luminosity and kinetic
luminosity originate entirely from accretion. For these calcula-
tions, we assume a stellar radius of R, ~2 R, (Stahler 1988).
The jet-ejecting protostars consists of mostly Class O and two
early Class I objects. Therefore, we assume that the stellar cores
have not evolved much so that their central objects are in the
low mass range of M, =0.05—0.30 M., (Simon et al. 2000;
Yen et al. 2017). Specifically, we consider an average mass of
M, =0.1 M, for all the objects to estimate M. The ratio of
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Figure 13. (a) Jet velocities (V) are plotted as a function of (a) bolometric luminositiy (Ly,1) and (b) envelope mass (Mgy,,) estimated from ACA continuum. The color
bar indicates the ratio of mass ejection rate to accretion rate (M; /M), where the mass accretion rates M, were estimated for a protostellar mass of 0.1 M, and total
luminosity using Equation (6). Objects with increasing trends are marked with an ellipse to guide the eye. A linear fit of the data points is shown in panel (b).

Mj /Macc ranges from 0.003 to 2.1. In the subsequent sections,

we discuss how these M, values are correlated with the central
driving force of the jet and explore possible implications on the
chemical composition of the disk and planet formation.

4.4.1. Jet Velocity: Dependence on Luminosity and Envelope Mass

Figure 13 shows the jet velocity of the ALMASOP objects as
a function of luminosity (panel (a)) and envelope mass (panel
(b)). In panel (a), most of the objects (marked with an ellipse)
exhibit a correlation between V; o, and Ly,,. Large error bars of
two objects beyond the ellipse possibly restrict them to be
located within the correlation zone. The M;/M,. ratio also
likely decreases with bolometric luminosity from Ly, ~ 0.2 to
10 L, which could be due to the dependency of Moo on Ly,
(Equation (6)), indicating a possible reduction in ejection-to-
accretion activity. The correlation of Ly, with protostellar
evolution is not clear, however, as indicated from studies of a
large protostellar sample (Dunham et al. 2014b). Note that,
reduced ejection and accretion activity with protostellar
evolution were reported in Ellerbroek et al. (2013) and Lee
(2020; see their Mj V8. Myee plots).

In panel (b), most of the V; ., values appear to be correlated
with the mass of the envelope Mg,,. A linear fit is consistent
with the equation

log(Vjcor) = (0.15 £ 0.11)log(Mgyy) + (2.0 = 0.05).  (7)
The Spearman statistical test gives the correlation coefficient
0.28 and the p-value 0.35, suggesting the existence of a
correlation although statistically not robust. More observations
are necessary to determine a statistically significant correlation.

We do not see any clear dependence of jet velocities on
M; /M. here. Higher envelope masses may increase the
accretion rates given the larger local mass reservoir. In
addition, larger protostellar masses have higher gravitational
potentials from which high-velocity jets are ultimately
powered. At evolved protostellar phases, however, the jets
become ionized and accretion rates also decrease, but the jet
will still be at high velocity owing to the higher mass of the
central protostars. A consistent measurement of the protostellar
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masses from kinematics will be more helpful to illustrate this
scenario.

4.4.2. Jet Mass Loss: Dependence on Luminosity and Envelope Mass

Figure 14(a) shows the observed mass ejection rates Mj as a
function of the bolometric luminosity of the objects. We
compare ALMASOP objects with some well-known SiO jet
objects from the literature. The M; and M, of B335 are
comparable to those of low-luminosity sources. The objects
L1157, HH 212, HH 211, and L1448C share similar properties
to ALMASOP objects of Ly, ~ 3—-10 L. Objects with low
Mj / M. (bluish colors) exhibit lower MJ rates with increases in
central luminosity. The objects with high M;/M,. (green,
yellow, orange, and red colors), however, do not show any
obvious correlation.

Figure 14(b) shows the M] values as a function of envelope
mass, as estimated from the ACA continuum. Although there is
large scatter in the data points, we see a tentative correlation of
jet mass-loss rate with envelope mass. Further, we do not see
any obvious effect of multiplicity on the mass accretion and
ejection phenomena. A linear fit reveals a correlation as

log(M;) = (0.53 + 0.23)log(Mgny) — (6.26 & 0.11).  (8)

The Spearman correlation coefficient 0.41 and the p-value 0.12
suggest the existence of a correlation; however, the conclusion
is not statistically robust. More data are required to determine
whether the observed candidate relation holds true. No clear
dependence of jet mass-loss rates on the Mj /MaCC was found.

4.4.3. Episodic Ejection: Dependence on Luminosity and
Envelope Mass

As discussed earlier, all of the SiO jets are discrete, clumpy,
knot-like and bow-shock-like structures. Some are roughly
equally spaced and may trace a quasi-periodic ejection. We
estimated the mean periods between knots to be in the range of
~20—175 yr, with the error bars based on the uncertainties in
the inclination angle, jet velocity, and knot spacing. These
discontinuous structures may be produced as a result of the
temporal variations in the jet velocity and density. Although the
mechanisms that drive the variations in jet density and velocity
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Figure 14. (a) Jet mass-loss rates (M,») are plotted as a function of (a) bolometric luminosity (L)) and (b) envelope mass Mg,,. The color bar indicates the ratio of
mass-loss rate to accretion rate (Mj /M,c). Stars in panel (a) are data points for different well-known SiO jet objects adopted from the literature (e.g., Lee 2020). The
triangles in panel (b) are multiple sources within a common envelope. A linear fit of the data points is also shown in panel (b).

are still not well understood, the general consensus is that they
are driven by the quasi-periodic perturbations of the underlying
accretion in the disks. A few potential mechanisms have been
proposed that could produce variations of accretion (e.g.,
Audard et al. 2014; Lee 2020; Fischer et al. 2023): (i) accretion
driven by binary interaction where the variations are modulated
by the orbital timescale, (ii) gravitational instabilities governed
by envelope accretion, (iii) planetesimal accretion onto the
central protostar, and (iv) gravitational instabilities produced at
dust sublimation zones. In a few cases, episodes have been
reported in the jets of objects such as HH 34 (270 and 1400 yr;
Raga et al. 2002), HH 111 (60 and 950 yr; Raga et al. 2002),
and HH212 (1, 60, and 605 yr; Zinnecker et al. 1998).
Different periods in a single system could be linked to different
periodic perturbations of the underlying accretion in the disk.
Further evidence for these timescales comes from monitoring
protostars at mid-infrared and submillimeter wavelengths. The
JCMT Transient Survey (Herczeg et al. 2017) has uncovered
submillimeter brightness variability with what appear to be
decades-long timescales from many deeply embedded proto-
stars (Lee et al. 2021). Similarly, an analysis of mid-infrared
monitoring of over 5000 young stellar objects (YSOs) by
NEOWISE recovered many long-term secular variables among
the most deeply embedded members of the sample (Park et al.
2021).

In our observations with relatively small FOVs, we observe
mostly single periods or quasi-periodic knots/bow shocks. As a
result, we estimate only mean periods of events. The
corresponding orbital radii for those periods can be estimated
from Kepler’s third law of orbital motion following

) - (2 )

where T = Ty, is the mean episode of ejection and M, is the
mass of the central protostars, which is assumed to be 0.05
—0.30 M. The Keplerian radius corresponding to the episodes
is estimated to be 2.0—25 au (including error bars) for different
objects (Table 4). We estimated two sets of radii for two
masses. In the absence of studies on large-scale episodes
beyond our FOVs and without confirmations of binary
components within those perturbation zones, it is difficult to
link accretion perturbation to any particular mechanism. Since
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Table 4
Perturbed (Keplerian) Radius in the Disk Plane for the Knots in the Jet

Keplerian Radius (au)

Source

0.05 M) 0.30 M)
G191.90-11.21S 79 39 14.4 434
G203.21-11.20W2 6.3 111 115 135
G205.46-14.56M1 79 123 14.4 133
G205.46-14.56S1 3.9 52 7.0 3%
G205.46-14.5653 53 +18 9.6 733
G206.12-15.76 3.6 124 6.5 *14
G206.93-16.61W2 24 34 4.4 753
G208.68-19.20N1 2.6 108 4.8 *i4
G208.68-19.20N3 6.9 t%i 12.5 433
G208.89-20.04E 51133 9.3 “01
G208.89- 20.04Walma 11.6 162 21.0 if§5
G209.55-19.68S2 2.9 +19 53119
G210.37-19.53S 3.0 4 54113
G210.49-19.79W 6.7 H40 122 473
G215.87-17.62M 6.0 £17 10.9 3§

the ALMASOP sample contains mostly ClassO and early
Class I, most sources are expected to have small or intermediate
disks, and so the perturbation may have originated within the
disk or in the outskirts of the disk. Further studies of disk size
and large-scale periodicity could confirm the origins of the
accretion variability.

We plotted Ty,0c as a function of bolometric luminosity and
envelope mass in Figures 15(a) and (b), respectively.
Figure 15(a) exhibits a considerable scatter of data points with
very large error bars. The lack of a clear trend with luminosity
may be due to variable accretion. The observed luminosity
could represent the true evolutionary sequence of the proto-
stars. In Figure 15(b) there is a mild anticorrelation between the
Tinot and Mg,,. A linear least-squares fit provides

10g(Tinot) = (—0.22 £ 0.16)log(Mgny) — (1.70 % 0.08).
(10)

The Spearman statistical test, however, provides the correlation
coefficient —0.29 and the p-value 0.3, suggesting the existence
of an anticorrelation that is not statistically robust. More
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Figure 16. Keplerian radii corresponding to the observed mean periods of
episodic events are plotted as a function of envelope masses. A stellar mass

M, =0.1 M, is assumed for all protostars. All notations are the same as in
Figure 15(b).

observations are key to determine a robust anticorrelation. In
Figure 16 the Keplerian perturbation radius corresponding to
the periods of ejection is plotted as a function of envelope
mass, assuming the same protostellar mass M, = 0.1 M. The
data points scatter with large error bars without any clear
correlation. There are three wide binary systems with
separations >100au in the plots. None have separations
matching the Keplerian perturbation radius. Hence, it is
unlikely that these respective accretion/ejection events are
driven by binary orbital dynamics.

Future modeling of accretion bursts and comparison between
observed episodic knot timescales and time-series photometric
variability monitoring of the same objects will provide more
insightful connections to the accretion and ejection.

4.4.4. Episodic Ejection: Implication for Complex Organic Molecule
and Planet Formation

As discussed earlier, the typical duration between consecu-
tive knots, or the knot periodicity, in the jets is possibly driven
by protostellar accretion with episodic bursts (Vorobyov et al.
2018; Fischer et al. 2023). Meanwhile, the accretion outburst
could have a significant impact on regulating the chemical
composition or COM formation in the disk/envelope region
(Taquet et al. 2016). Currently it is difficult to estimate the
accretion periodicity precisely from the current accretion
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luminosity monitoring. Therefore, in this section we propose
an alternative indirect method using the episodic ejection in the
jet as a proxy to the accretion timescale to correlate episodic
accretion events with COM formation timescales.

During each episodic outburst, the central luminosity
increases to a maximum L. Subsequently, the surrounding
disk temperatures increase and the various snowlines shift
outward. After each outburst, during the quiescent phase, the
luminosity decreases exponentially with time to a minimum
Liin, the surrounding disk temperatures decrease, and the
snowlines shift inward. Therefore, episodic outbursts affect the
variation of temperature within the disk. When the temperature
increases, more molecular ices on grains convert to the gas
phase, which increases the possibility of complex molecule
formation through gas-phase reactions (Taquet et al. 2016; Lee
et al. 2019b; Jgrgensen et al. 2022). During the post-outburst
quiescent phase, gas-phase molecules could recondense to ice.
Following Charnley et al. (2001) and Rodgers & Charnley
(2003), the freezeout rate for a neutral molecule, X, can be
estimated as

0.5
AMX) =23 x 1018(%) ny, (s7Y). (11)

To explore variations of chemistry in these systems, we assume
a mean grain radius of 0.1 xm and a grain abundance of 102
at the protostellar envelope outside the hot corino (e.g.,
Rodgers & Charnley 2003; Jgrgensen et al. 2022). T is the
temperature of the gas in kelvin, m(X) is the molecular weight
of the molecule X, and ny, is the molecular hydrogen density in
m~>. CH;0H is one of the simplest COMs, which could
produce CH3OCH3, CH3OCHO, C2H5OCH3, C2H50C2H5,
and C,HsOCHO through gas-phase reactions (Taquet et al.
2016). In the case of CH3OH, for an approximate ice-
evaporation temperature 7~ 100 K and a density of ny, ~
10" cm ™ in the outer disk hot-core boundary region (Jgrgensen
et al. 2022), the freezeout timescale becomes ~780 yr (710 yr
for a maximum temperature of 120 K or 930 yr for the 70K
evaporation temperature of CH;OH). Based on ejection
periods, the outburst timescales of 20—175 yr for the present
ALMASOP objects are less than the freezeout timescale.
Therefore, each episode of outburst, presumably associated
with individual episodic accretion bursts (e.g., Vorobyov et al.
2018), might be linked to the temperature variation of the outer
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disk and consequently the formation history of COMs through
gas-phase reactions. The magnitude of temperature variation is,
however, difficult to measure under these assumptions, and
thus more detailed modeling connecting luminosity and
temperature variations with episodic ejections is needed to
determine the precise importance of episodic events on the
COM formation.

Some of the studied objects have been classified as “hot
corinos” by Hsu et al. (2022) owing to detection of several
COMs around them. We have adopted the CH3OH radius from
that work and plotted it in Figure 17. The water sublimation
radius R(100) in the envelope at a given luminosity (black line)
has been calculated by the equation in Bisschop et al. (2007).
Most of the sources have much larger Rcp,on than what is
expected from their current luminosities. The dashed lines
show R(100 K) when the luminosity is enhanced by a certain
factor. The Rcp,on of many sources is consistent with the
enhancement factor of 10. G210WA and G211S seem to be in
their burst phases since Rcp,on ~ R(100 K), and their Ly,
values are much larger than those of typical protostars. The
large discrepancy between the methanol emission size, Rcu,om,
and the R(100) estimated from the current luminosity suggests
that all sources have had prior accretion bursts, and the
intensity of the “last” outburst would cause the final observed
radius increase. Future time-series monitoring of accretion
luminosity variability will allow direct comparison with
episodicity in the jet knots and potentially supply examples
of the radii of COMs increasing. Such observations would
provide more precise details on the connection between
accretion/ejection outburst and the formation of COMs.

Since there is growing evidence of grain growth and planet
formation in the early phase (e.g., Harsono et al. 2018), the
emerging planet’s chemical composition, especially in the outer
disk, will be largely impacted by the repetitive outbursts.
Evidence of the role of episodic outbursts on the evolution of
disks and chemical composition of planets was also
reported for young Class O binary system NGC 1333-IRAS2A
(Jgrgensen et al. 2022).

4.5. Correlation of Outflow Force with Luminosity and
Envelope Mass

Correlations of outflow force Fco with source properties
have long been investigated, e.g., with bolometric luminosity
and envelope mass (Bontemps et al. 1996). We compare the
ALMASOP sample with other candidate first hydrostatic cores,
very low luminosity objects (VeLLOs), and known young
stars. Figure 18(a) shows Fq as a function of L. Despite the
limiting values in our estimation, we found that the ALMASOP
sample is located between the well-known Class 0/I sample
and the candidate FHSCs and VeLLOs. Linear fitting to all the
young sources provides a correlation:

log(Fco) = (1.01 &+ 0.09)log(Lpo)) — (5.72 £ 0.15).  (12)
The Spearman statistical test is consistent with the correlation
(correlation coefficient 0.81 and p-value <0.05). Figure 18(a)
contains mostly Class 0 objects, with a few Class I (three from
the ALMASOP sample) objects. This slope in Equation (12) is
similar to those found in other independent studies of Class 0O
samples from Skretas & Kristensen (2022; slope ~1.02 4= 0.26)
and Bontemps et al. (1996; slope ~0.90 £ 0.15).
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Figure 17. CH;0H ice lines (Rcyzon) of the known hot corinos are plotted as a
function of bolometric luminosity (Lpo). Observed CH30H radius and the
acronyms of ALMASOP objects are adopted from Hsu et al. (2022). The
diagonal lines indicate the ice-line radius at 100 K for luminosity Ly, = 1, 10,
70, and 100 L.

Figure 18(b) shows the outflow force as a function of
envelope mass. A correlation of Fco with M., is seen for all
sources, given by the linear fit equation:

log(Fco) = (1.15 £ 0.71)log(Meny) — (5.50 = 0.29). (13)
However, the Spearman statistical test suggests a correlation
coefficient of 0.33, which is, however, not statistically
significant (p-value =0.16). The slope in Equation (13) is
similar to the slopes of Skretas & Kristensen (2022; slope
~0.86) and Bontemps et al. (1996; slope ~1.1). Among four
Class I sources (T}, > 70 K), three show higher values of Fco
than for Class 0 sources of similar M,,,. Due to the absence of
a significant Class] sample, we cannot derive separate
correlations for ClassO and ClassI sources. Four multiple
sources (three ClassO and one ClassI) exhibit Fco
~(0.4-1.1) x 107° M_kms 'yr'. We do not observe any
special deviation in the Fco of multiple sources from those of
single sources.

5. Summary

We have analyzed 42 outflow fields (39 in this study and 3
from the literature) to investigate protostellar outflows and jets
with ALMA observations of SiO (5-4), CO (2-1), C"®0, and
1.3 mm continuum.

(1) Observations of SiO emission mostly trace the dense
knots and bow shock regions within jets. SiO emission also
traces the shocks in the collision zone between two outflows or
between outflows and the ambient cloud. On the other hand,
CO emission traces both the outflow shell and the jet
component. The CO emission is less optically thick than SiO
within the dense knots; therefore, it is expected to reveal deeper
structures within the knots than SiO can.

(i1) To understand the morphologies of the various outflow
or wind components, we fit simple analytical models assuming
a parabolic distribution of the outflow shell and determined
inclination angles from the best fits. In general, if CO emission
is available on both sides of the velocity axis in the PV
diagram, the object is closer to being seen where the disk is
edge-on. When the CO emission is well separated on both sides
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Figure 18. (a) Fco is plotted as a function of L,,. ALMASOP observations are shown with gray squares. Blue, green, brown, and magenta points represent YSOs,
VeLLOs, proto—brown dwarfs, and candidate FHSCs, respectively. Proto—brown dwarfs are also in the VeLLO category. These data points have been adopted from
Palau et al. (2014), Hsieh et al. (2016), and Dutta et al. (2022a). Open squares indicate single-dish observations. A linear fit of the whole sample (ALMASOP and
literature) is shown with the black line. (b) Fco is shown as a function of Mg,,. The filled circles are single systems. Tringles indicate binary or other multiple systems.
Colors are for bolometric temperature (7%,;), Where those with Ty,,; > 70 K are condered as Class I objects. The black filled circles with red open squares do not have a

Thvor estimation. A linear fit of the data points is also shown.

of the velocity axis, i.e., no emission in the positive velocity
quadrant in the blueshifted lobe or vice versa, then the object is
closer to being seen where the disk is face-on, or alternatively,
the outflow is being viewed pole-on.

(iii) A significant fraction of the jets are observed to be
monopolar in SiO emission, with only redshifted components
in most cases. We suggest that a specific structure of knots and
shocks is responsible for such monopolar jets.

(iv) The comparison of SiO-to-CO abundances in the knots
with the model prediction of Tabone et al. (2020) and
Glassgold et al. (1991) suggests that jets are possibly dust-
poor. For the majority of the jets, Si* is possibly coming from
the base of the jet or dust sublimation zone, and it combines
with the oxygen within the jet to form SiO through a gas-phase
reaction. However, the possibility of grain sputtering methods
of SiO formation cannot be ruled out completely from the
present observations.

(v) From our limited sample, we do not observe any clear
correlation between the jet velocities and Ly,. However,
objects with a lower M;/M,. ratio tend to have smaller jet
velocities. Furthermore, there is a tentative correlation between
the jet velocities and surrounding envelope masses, irrespective
of M; /M.

(vi) Mass-loss rates Mj do not show any clear correlation
with Ly, In most cases, objects of higher luminosity and
smaller M;/ M, tend to exhibit smaller M;. As with jet velocity,
Mj appears to have some dependence on M,,.

(vii) The episode timescales of the knots do not show any
clear dependence on Ly,. In most cases, however, low-
luminosity sources tend to have lower M] /Macc and longer
periods. Episodes show an apparent anticorrelation with the
Mgy, which could be due to some underlying mechanism that
slows down YSO rotation by the envelope masses.

(viii) Knot timescales are usually more frequent than the
freezeout timescales of COMs. Presuming a connection
between episodic accretion and ejection events, the episodic
ejection may trace the formation history of COMs around the
protostar.
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(ix) Outflow forces for different types of protostars and
candidate FHSCs are correlated with the Ly, along with a
tentative correlation with the envelope masses.

More detailed studies are needed with high-resolution and
high-sensitivity multiwavelength observations (e.g., in sub-
millimeter with ALMA and infrared with JWST) to character-
ize the ice features and disk—jet connection. Such studies would
allow a more precise investigation of the direct/indirect effect
of jets on the COMs and planet formation.
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Appendix A
Inclination Angle from CO Outflow Shell

The molecular CO outflow shell is assumed to be a radially
expanding parabolic shell generated by the underlying wide-
angle wind. By following the simple analytical model proposed
by Lee et al. (2000), the inclination angle (i) of the sources in
the plane of the sky can be derived from the physical structure
of the wind/outflow shell as observed in CO emission.
Figure Al(a) provides a schematic diagram that depicts the
integrated outflow emission (here, CO zeroth-moment map).
The outflow system lies in the x-y-z plane, which is inclined at
an angle i to the plane-of-sky plane, x’y’z’. The outflow shells
could be expressed in a cylindrical coordinate system:

Dutta et al.

where R (=y/x2 + y?) denotes the radial distance of the shell
from the outflow axis z, and c is the curvature of the parabola
near the origin of the outflow or launching zone. The
transformations between the two coordinate systems are
x=ux', ¥y =ycosi—+ zsini, 7/ =zcosi — ysini. For a
radially expanding shell with a velocity proportional to the
radial distance, vg = R/tg, where to is the dynamical time of
expansion. In the case of only expansion, the observed velocity
(Vobs) In the sky with a coordinate system (x’, z’) can be
expressed as y' = —wysfp. By substituting these values into
Equation (14), we obtain

7/ cosi — Vopstosini = c[x'2 + (—Vopstocosi — z/sini)?].
(15)

In a narrow PV cut along the jet axis, y’ (velocity) and 7’
(position) become the variables, and the emission along x’ (or
x) is essentially zero. The schematic diagram in Figure Al(b)
displays a PV diagram with an outflow shell and jet (knots).
Under these conditions, Equation (15) simplifies to

7/ COSi — Vgpetp sini c[(=Vopstocosi — z'sini)?].  (16)

The curvature ¢ is determined from fitting to the integrated
emission (zeroth-moment) maps (see Equation (14)). By
varying i and #,, we can obtain a parabolic fit of the PV
diagram.

For the observed set of velocity (v') and distance along the

7z = cR?, (14) flow axis (/’) the inclination correction terms are v =v’/sin{,

1=V /cosi.
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Figure Al. (a) Schematic diagram of the outflow—jet system. The system lies in the x-y-z plane, which is inclined at an angle i to the plane-of-sky plane, x’y’z’. The
blue color indicates the blueshifted lobe, and the red color indicates the redshifted lobe. (b) PV diagram along the flow axis of panel (a). The blueshifted outflow shell
and knots are depicted in blue, while the redshifted outflow shell and knots are depicted in red. The system is inclined at an angle i along the z’ position axis. The
typical velocities of the knots are represented by red and blue circular patches. These assume that all knots are equidistant and have equal velocities in one case study.

25



THE ASTRONOMICAL JOURNAL, 167:72 (68pp), 2024 February

Appendix B
Objects with Confirmed Molecular Jet

B.1. G191.90-11.20S

Figure Bl presents the low-resolution ACA 1.33 mm
continuum map (panel (a)), high-resolution C'®0 spectra
(panel (b)), CO map integrated over the whole velocity
dispersion (panel (c)), PV of CO along the flow axis (panel
(d)), SiO map integrated over the whole velocity dispersion
(panel (e)), and SiO PV diagram cut along the flow axis of
G191.90-11.20S. The observed object is a Class O-I transition
protostar with Ty, ~ 69 = 17 K and Ly ~ 0.4 £ 0.2 L. It has
an envelope mass of ~0.51 +0.1 M.

The protostar drives a CO outflow with a well-defined cavity
wall and dense jet along the flow axis detected with both SiO
and CO. The source is nearly edge-on (i ~5'3 deg). The
velocity dispersion of CO emission and SiO emission is nearly
identical. A mean jet velocity V; =6 £ 3 km s~! was observed.
Due to the edge-on orientation, the jet velocity appears small.
The nearest knot at the redshifted lobe (R1) is faint. The
brightest knot at R2 resembles a bow shock kind of structure.
The other two redshifted knots (R3 and R4) do not show a
dense structure, but closer inspection of the SiO PV diagram
confirms the presence of separate knots. The SiO emission is
primarily observed in the redshifted lobe. Only one faint SiO
knot (B1) was detected in the blueshifted lobe positioned 10”—
12" (~4000-4800 au) away from the central source. The mean
episodic intervals were estimated to be Tino ~ 10078 yr,
corresponding to a Keplerian radius in the range ~3.0-20 au
(including estimated error) for a mass range of 0.05-0.30 M.,
respectively. Therefore, the instabilities causing episodic
accretion and ejection possibly originated in the disk or its
outskirts. The objects exhibit a very high M; /M. ratio of
~2.1, indicating that it is a highly active ejection/accretion
object.

B.2. G205.46-14.56M1 (HOPS 317)

The observations of the continuum, CmO, CO, and SiO
emissions for G205.46—14.56M1 are shown in Figure B2,
following the same order as in Figure Bl. The system
comprises two sources, A and B, separated by ~6"14
(~2460 au). Source A aligns with the position of HOPS 317
(Tobin et al. 2020), a Class 0 object with Ty,o) ~ 47 £ 12 K, Ly
~ 48+2.1L.. This binary system possesses a combined
envelope mass M, ~ 5.77 £0.88 M. G205.46-14.56M1_B,
brighter in 1.3 mm continuum, is located at the envelope’s
center.

Source G205.46-14.56M1_A exhibits a small northeast
outflow lobe, with the southwestern lobe potentially blended
with the outflow from G205.46-14.56M1_B. However, from
our current velocity resolution, we were unable to confirm the
presence of an outflow from G205.46-14.56M1_B or discern
between the outflow components of the sources. The presence
of episodic shells in the blueshifted lobe, similar to the episodic
wide-angle outflow of HH46/47 (Zhang et al. 2019), is a
possibility. When calculating Fco from the southwest lobe of
G205.46-14.56M1_A, we consider all the observed CO
emissions from the lobe. The southern component (blueshifted
lobe) of the source G205.46-14.56M1_A reveals a single SiO
knot (B1), which is corroborated by CO emission. A CO knot-
like structure (R17?) is visible in the redshifted lobe, although it
is undetected in SiO emission. The mean jet velocity derived
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from peak SiO emission is V; ~ 88410 km s~'. With an
inclination of i ~ 75775 deg, the source is closer to face-on
orientation. The mean episodic intervals of the nearest knots are
approximately Tyno ~ 100739 yr, yielding a Keplerian radius of
perturbation between ~4 and 19 au. The objects exhibit
significant accretion/ejection phenomena, as indicated by the
high M, /M. ratio of ~0.67.

B.3. G205.46-14.56S1 (HOPS 358)

Various components of the observations of G205.46-
14.56S1 are displayed in Figure B3, following the same
sequence as in Figure B1. This system comprises a wide binary
with a separation of 13”37 (~5349 au). Source G205.46-
14.56S1_A drives a nearly north—south outflow and jet, while
the outflow of G205.46-14.56S1_B is blended with the
redshifted lobe (southern lobe) of G205.46-14.56S1_A. In this
paper, we discuss the outflow of G205.46-14.56S1_A, which is
identified as HOPS 358 in Tobin et al. (2020). It is a Class O
source with Ty =44 £ 19, Ly =22 + 8 L, and the envelope
mass of G205.46-14.56S1_A is 0.88 £0.14 M.

The outflow from G205.46-14.56S1_A demonstrates a narrow
inner section and a suddenly widening outflow lobe. The thick
envelope likely suppresses the outflow opening near the source,
allowing it to abruptly expand beyond the envelope. The CO
outflow kinematics suggest that the object is nearly edge-on with
an inclination i ~113 deg. Notably, the source exhibits strong SiO
emission in the southern (redshifted) lobe, whereas the northern
(blueshifted) lobe only has faint SiO emission near the source,
resembling a monopolar SiO jet. Due to edge-on orientation, the
observed mean V; is quite small ~1.4+4.0. The error bar
indicates that the jet velocity could become negative, implying
that the redshifted lobe might transform into a blueshifted one, and
due to the edge-on view, the redshifted and blueshifted velocities
could be reliably defined. Several knots are detected in the
southern part (R1, R2, R14). Here it is important to note that
knots are identified based on peak emission, and we were unable
to determine whether they form part of the forward and backward
components of a single bow shock. The average episodic intervals
of the knots were estimated to be Tyno ~ 34f};0 yr, which
corresponds to a Keplerian radius ranging from ~2.5 to 23 au
(including estimated error, for a mass range of 0.05-0.30 M..).
The objects exhibit intermediate accretion/ejection phenomena
(M; /Mo ~ 0.09).

B.4. G206.12-15.76 (HOPS 400)

Figure B4 shows different components of the G206.12-15.76
system following the same order as Figure B1. This system,
HOPS 400 (Karnath et al. 2020; Tobin et al. 2020), is a close
binary, although our observed resolution and sensitivity were not
sufficient to resolve the two components. It is a Class O system
with Ty =354+9 K and Ly, =3.0£14 L.. The combined
envelope mass was estimated at M, ~ 2.44 +0.37 M....

The length of the CO outflow is relatively small (Lq ~
1670 = 6400 au; Lyj,e ~ 1070 = 4000 au). Both the CO
emission and SiO emission have a similar range of velocity
dispersion, making it difficult to distinguish outflow shells from
jet components. Assuming that low-velocity CO emission is
solely a wind/outflow component, we estimated the inclination
angle to be i ~1571° deg. Both SiO and CO exhibit high- and
low-velocity components. A few knots are identified along the
jet axis. From the high-velocity knots, the mean observed jet
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Figure B1. G191.90-11.20S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The c’®o spectra are extracted from high-resolution maps, and Vs = 10 km s~'. All symbols are the same as in Figure 3. (c) CO emission integrated

over —4 to +8 km s~ with sensitivity 6.48 K km s~

1

, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with

similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over —10 to +18 km s~ with sensitivity 3.7 K km s, with similar symbols and

contours to those in Figures 6 and 5(a). (f) SiO PV diagram with sensitivity 0.16 K, with similar symbols and contours to those in Figure 5(b).
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G205.46-14.56M1 (HOPS 317)
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Figure B2. G205.46-14.56M1 (HOPS 317). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam ™. The symbols and contour levels are the
same as in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 10 km s~ '. All symbols are the same as in Figure 3. (c) CO emission
maps integrated over —18 to —2 km st and +2-12 km s~! with sensitivity 7.4 K km s~ !, with similar symbols and contours to those in Figure 4(a). (d) CO PV
diagram with sensitivity 0.11 K, with similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over —102 to —28] km s~' and +4-12 km s~
with sensitivity 3.7 K kms~', with similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.16 K, with similar symbols and
contours to those in Figure 5(b). The “?” mark indicates that the present observations could not confirm the candidacy of the knot.
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Figure B3. G205.46-14.56S1 (HOPS 358). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam . The symbols and contour levels are the same as
in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 11 km s~ ', All symbols are the same as in Figure 3. (¢) CO emission integrated over —20
to —4 km s and +2-20 km s ' with sensitivity o ~ 14.8 K km s~ !, with similar symbols to those in Figure 4(a). The contours are at (3, 9, 18, 36, 72) x o . (d) CO PV
diagram with sensitivity 0.11 K, with similar symbols and contours to those in Figure 4(b). (e) SiO emission integrated over —20 to +20 km s~ with sensitivity 3.4 K km s,
with similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.14 K, with similar symbols and contours to those in Figure 5(b). The “?”” mark

indicates that the present observations could not confirm the scenario.
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G206.12-15.76 (HOPS 400)

T T T
(a) 1.3mm Cont (ACA) 400

10 300

200

A6 ()
(m)y beam™1)

2000 AU

-10 0 10
Aa (")

20 T T

175
(C) co 150

125
10- 100

75

A5 (")
{

=)
TT
1
i
ﬁ
I
w1
<)
(K km/s)

2000 AU

25

-10 |

-20 1 I 1 0
-20 -10 0 10 20

140
120
100

- 80

- 60

- 40

AG (")
(K km/s)
Position Offset (")

- 20

-20 .
-20 -10 0 10 20

Da (")

Position Offset (")

35

30

(b)

_ C180

-20

-10

10

(K)

60.0 -40.0
Velocity Offset (km s~1)

3.0
2.5

2.0
15

(K)

0.5

Dutta et al.

Figure B4. G206.12-15.76. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~6.0 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'80 spectra are extracted from high-resolution maps, and Viys = 8 km s~ . All symbols are the same as in Figure 3. (c) CO emission integrated over
—4 to +8 km s~ ' with sensitivity o ~ 4.63 K km s~ ', with similar symbols to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K ,with similar symbols
and contours to those in Figure 4(b). (¢) SiO emission integrated over —52 to +-42 km s~ with sensitivity 4.6 K km s ', with similar symbols and contours to those in

Figure 5(a). (f) SiO PV diagram emission with sensitivity 0.14 K, with similar symbols and contours to those in Figure 5(b).
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velocity is estimated as V; ~ 40i 15 kms~'. The mean

episodes of the knots are Tknot ~ 3073 yr, correspondlng to a
Keplerian radius of the perturbation zone between 3 and 11 au
(including estimated error, for a mass range of 0.05—0.30 M.).
This object exhibits intermediate ejection phenomena relative
to accretion with M;/M,. ~ 0.3. The object could be at a very
young phase of protostellar evolution with a dynamical age of
TbynAge,blue ~203"3% yr for the blueshifted lobe and TbynAge,red

~12773% yr - for the redshifted lobe (both estimated ages
corrected for inclination angle). Thus, we suggest that this
system is less than 1000 yr old, as a conservative estimate.

B.5. G208.68-19.20N (HOPS 87)

The details of different observed components are shown in
Figure BS5, in the same order as Figure Bl. This system,
HOPS 87 (Furlan et al. 2016; Dutta et al. 2020; Tobin et al.
2020), is a ClassO system with 7T, =38+ 13 K and
Ly =36.7.0 £ 14.5 L. The envelope mass was estimated at
M,y ~ 8.26 £1.28 M, which is one of the most massive
envelopes in this sample.

The CO emission is blended with the ambient cloud in the
eastern part of the object; however, CO emission in the
outflow/jet axis is clearly distinguished. The SiO emission
clearly detected the outflow/jet emission. The velocity
dispersions of SiO and CO are nearly similar. Based on the
PV diagrams in CO and SiO, it is difficult to differentiate
between wind/outflow and jet components, which leads to a
poor fit of the parabola to the CO shell. We assumed that the
majority of low-velocity components are likely wind compo-
nents, leading the inclination angle to be i ~ 25+15 deg. We
estimated the mean of the observed jet velocity to be V; ~
43 +£6 kms . There are a few knot-like structures appearing
in both the jet lobes, where “B1” and “B2” are possibly
blended and not appearing like the bow shock of a single knot,
and are not resolved clearly from our data. The system exhibits
a high total mass-loss rate of M- ~25%x107° M, yr'. The

mean ejection episodes were estimated to be Tyno ~ 1973 yr.
The dynamical age of the blueshifted lobe iS Tpynage,blue

~ATHS yr and Tpynagerea ~4173° yr for the redshifted lobe,
with both corrected for the measured inclination angle. We
suggest that the system is less that 1000 yr old (a conservative
timescale). The smaller dynamical age, higher jet mass ejection
rate, and presence of an SiO jet indicate that the source is
harboring one of the youngest jets known so far.

B.6. G208.68-19.20N3

The details of different observed components are shown in
Figure B6 in the same order as Figure B1. There are three sources
in the field, suggesting the presence of a multiple system. The
source G208.68-19.20N3_A is located ~16" away from the close
binary system (G208.68-19.20N3_B and G208.68-19.20N3_C).
In this paper, we focus on the outflow/jet of G208.68-
19.20N3_A. Neither T;,, nor Ly for this source is available in
the literature. The envelope mass of the object is estimated to be
M.y ~ 2.08 £0.34 M. The locations of G208.68-19.20N3_B
and G208.68-19.20N3_C align with HOPS 92. The outflows of
this close binary system are blended together and situated on the
edge of the PB; thus, we exclude this source from our study.

The velocity dispersions of SiO and CO are nearly identical.
Based on the PV diagrams, it is challenging to differentiate
between wind /outflow and jet components, leading to a poor fit
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of the parabola to the CO shell. We assumed that the majority
of low-velocity components originate from the wind and are
likely wind components. The inclination angle is measured to
be i ~35712 deg. The mean jet velocity is V; ~ 35 £ 15. There
are a few knot-like structures appearing in both the outflow
lobes. Although “R1” appears to be double-headed, it does not
present itself as a single knot with a bow shock structure in the
PV diagrams. The system exhlblts a high total mass-loss rate of

'- ~ 13x107% M, - yr . The mean ejection episodes were

estlmated to be Tynor ~ 81735 yr, corresponding to a perturba-
tion zone of Keplerian radius ~4.5-18 au. The dynamical age
of the blueshifted lobe is Tpynagebie ~2287(50yr and

Toynagered ~1 907 4¥ yr for the redshifted lobe, with both
adjusted for the 1ncl1nat10n angle. We propose that the system
is less than 1000 yr old (a conservative estimate). The smaller
dynamical age, higher jet mass ejection rate, and presence of an
SiO jet indicate that the source is in an extremely young phase
of protostellar evolution.

B.7. G208.89-20.04E

The details of continuum and emission components of the
G208.89-20.04E system are depicted in Figure B7 and
arranged similarly to Figure B1. It is a ClassI system having
Toor ~ 108 £ 25 K and Ly, ~ 2.2 £ 1.0 L. The envelope mass
of the source is M,y ~ 0.28 £ 0.06 M,. The elliptical structure
of the inner part of the continuum emission and a small
extension along one side (western part) as compared to the
other (northeast and eastern part) suggest that this object could
be a highly inclined system.

The structure of the CO outflow is complex and irregularly
shaped. The redshifted (southwestern) lobe appears wider than
the blueshifted (northeastern) lobe. The redshifted lobe is
possibly attached to an ambient cloud or outflow of an
unknown source. The redshifted lobe is smaller than the
blueshifted lobe, but scattered emission is noticeable along the
redshifted lobe in both CO and SiO emissions. PV diagrams
with CO and SiO indicate that the source is likely nearly edge-
on. We measured the inclination angle to be i ~173 deg. Due to
its edge-on orientation, the blueshifted and redshifted wind/
outflow components are difficult to distinguish. Based on the
peak emission of CO and SiO, we defined the blue- and
redshifted velocity components. We estimated the mean jet
velocity tobe V; ~ 2.0 2.0 kms™ ! (negative error bar leads to
zero velocity, indicating a fully edge-on orientation). Different
knots are identified from the SiO emission with mean episodes
of Tinot ~52+104 yr. The Keplerian radius for a potential
perturbation zone is ~15-70 au, which is a slightly larger range
than that of Class O sources.

The ALMASOP sample includes two Class I molecular jets
with SiO emission along the flow axis. One Class 1 source,
G205.46-14.56S3, was reported with very high velocity SiO
emission (Dutta et al. 2022b). Another molecular jet detected
with SiO emission is the G208.89-20.04E source. This is a
Class I source, or could be in the transition phase from Class 0
to Classl. The jet velocity for this source is very low,
potentially due to its edge-on orientation.

B.8. G209.55-19.68S1 (HOPS 11)

The details of different continuum and emission components
of G209.55-19.68S1 are illustrated in Figure B8, following the
same order as Figure B1. This source coincides with the
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G208.68-19.20N1 (HOPS 87)
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Figure B5. G208.68-19.20N1. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~18 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The c®o spectra are extracted from high-resolution maps, and Vs = 11 km s7L Al symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 31.6 K km s~!, with similar symbols to those in Figure 4(a). The contours are at (3, 5) x 31.6 K. (d) CO PV diagram with sensitivity 0.16 K, with
similar symbols and contours to those in Figure 4(b). (e) SiO emission integrated over —50 to +50 km s~ ! with sensitivity 4.6 K km s, with similar symbols and
contours to those in Figure 5(a). (f) SiO PV diagram emission with sensitivity 0.14 K, with similar symbols and contours to those in Figure 5(b).
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Figure B6. G208.68-19.20N3. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~10.0 mJy beam~'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 12 km s~!. All symbols are the same as in Figure 3. (c) CO emission integrated
over —12 to +12 km s~! with sensitivity o ~ 9.65 K km s~!, with similar symbols to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with similar
symbols and contours to those in Figure 4(b). (¢) SiO emission inetgrated over —66 to +58 km s~* with sensitivity 4.6 K km s~", with similar symbols and contours to
those in Figure 5. (f) SiO PV diagram with sensitivity 0.15 K, with similar symbols and contours to those in Figure 5(b).
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G208.89-20.04E
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Figure B7. G208.89—20.04E. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.2 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys =9kms™ ! All symbols are the same as in Figure 3. (c) CO emission integrated over
—4 and +2—6 km s~ ! with sensitivity o ~ 1.52 K km s, with similar symbols to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with similar
symbols and contours to those in Figure 4(b). () SiO emission integrated over —4 to +4 km s~ ' with sensitivity 1.7 K km s™", with similar symbols and contours to
those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.32 K, with similar symbols and contours to those in Figure 5(b).
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G209.55-19.68S1 (HOPS 11)
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Figure BS. G209.55-19.68S1 (HOPS 11). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam'. The symbols and contour levels are the
same as in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 8 km s~'. All symbols are the same as in Figure 3. (c) CO emission

integrated over —8 to —4 km s~

and +4—8 km s~ ' with sensitivity o ~ 6.6 Kkm s~

1

, with similar symbols to those in Figure 4(a). (d) CO PV diagram with

sensitivity 0.16 K, with similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over —60 to +60 km s~ with sensitivity 8.0 K km s~ ', with
similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.15 K, with similar symbols and contours to those in Figure 5(b).
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HOPS 11 source (Tobin et al. 2020) and has Tyo ~ 50 £ 15 K
and Ly ~ 9.1 & 3.6 L.,. The mass of the envelope is estimated
to be Mo,y ~ 1.09+0.17 M.. The 1.33mm emission is
extended along the outflow direction, potentially implying that
there is entrained envelope material along the outflow wall
driven by the outflow.

The CO outflow’s northern part (redshifted lobe) bends
toward the northwest from the flow axis, and the southern
outflow CO emission appears very wide. The CO and SiO PV
diagrams along the flow axis suggest that the source is not an
edge-on object. The outflow shells are challenging to
distinguish for this source, so the exact fitting is not shown.
A tentative fitting to the blueshifted lobe of the CO outflow
shells suggests an inclination angle i ~25712 deg. A few SiO
knots were observed along the flow axis, and the mean jet
velocities are estimated to be V; ~ 27 4 km s~'. Due to the
unreliable inclination measurement, this source is not included
in the statistical analyses in the main text.

B.9. G209.55-19.6852 (HOPS 10)

The continuum and different emission components of
G209.55-19.68S2 are displayed in Figure B9 in the same
order as Figure BI. The object’s location coincides with
HOPS 10 (Tobin et al. 2020). The source has Ti,,; ~48 £ 11 K
and Ly, ~ 3.4 £ 1.4 L.. The envelope mass is estimated to be
Mepny ~0.61 £0.12 M,,. The peak of the continuum is shifted
toward the northeast from the envelope’s center. Such
continuum emission could be due to an edge-on orientation
of the object.

The wind/outflow component in CO emission is well
separated from the high-velocity jet component. The object
exhibits a redshifted monopolar jet, detectable with both SiO
and CO, making it one of the most beautiful high-velocity
monopolar jets discovered to date. The inclination angle is
measured to be i NZOféo deg. The observed jet velocity is V; ~
50+ 5 kms ', Several knots are detected in the redshifted
lobe, with ejection episodes estimated to be Tyne ~227¢3 yr.
This corresponds to a perturbation zone at a Keplerian radius
~2-T au.

B.10. G210.37-19.53S (HOPS 164)

Figure B10 shows the continuum, C'®0 spectra, integrated
CO and SiO maps, and PV diagrams of G210.37-19.53S in the
same order as Figure B1. This source has Ty, ~ 39 + 10 K and
Ly ~ 0.6+£0.3 L., making it one of the VeLLOs. The
location of this object matches with HOPS 164 (Tobin et al.
2020). The surrounding envelope mass is estimated to be M.,
~ 0.54 +0.08 M.

The SiO knots are considered to delineate the jet axis or
flow axis. The CO emission is asymmetrically distributed on both
sides of the flow axis. We calculated an inclination angle of i
~25719 deg. Several knots are detected from integrated maps and
PV diagrams of SiO and CO, close to the source on both the
blueshifted (R1, R2, R3) and redshifted (B1, B2, B3) lobes. Knots
R1, R2, and R3 appear to represent different components of the
bow shock (forward shock, backward shock) in a single knot from
the SiO PV diagram, even though integrated maps do not present
a bow-shock-like appearance. Given the present sensitivity and
velocity resolution of our observations, it is difficult to determine
whether it is really a single knot or three different knots. We
estimated a mean velocity of V; ~ 3645 km s~'. The mean
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episode of the ejection events is Ty ~23f}8 yr. The
perturbation zone for the episodic accretion could be at a
Keplerian radius of ~ 2-8 au. The relatively higher ratio of
M; /My ~ 0.3 exhibited by this object indicates that it might be at
a relatively younger phase of protostellar evolution.

B.11. G210.49-19.79W (HOPS 168)

Figure B11 shows various components of the continuum and
emission in the same order as Figure B1. High-resolution maps
(~140 au) reveal two continuum peaks, G210.49-19.79W_A
and G210.49-19.79W_B (Dutta et al. 2020). The fainter
continuum peak of G210.49-19.79W_B is yet to be confirmed
as a protostar. The location of G210.49-19.79W_A coincides
with HOPS 168 (Tobin et al. 2020). It has Ty, ~ 51 £20 K
and Ly, ~ 60 £ 24 L.. The envelope mass is calculated to be
M,y ~ 1.4+0.35 M. The envelope material is possibly
entrained by an outflow and extends toward the southwest
along the boundary wall of the redshifted outflow. The
inclination angle is measured to be i ~5'] deg from the
outermost CO shell.

A close look at the CO emission near the source suggests a
twisted CO shell at its base. The SiO emission does not align
along a particular axis (as marked in the SiO integrated map).
One SiO knot is observed in the northeast of the jet axis in the
blueshifted lobe. In the redshifted lobe, one SiO knot close to
the source appears to be shifted to the southwest. All SiO knots
form an S-shaped structure, possibly due to wiggling of the jet.
Similar wiggling structures have also been reported in
molecular jets from other protostars, such as HH211 (Lee
et al. 2010; Moraghan et al. 2016). We measure the mean jet
velocity V; ~ 544 km s! (Vicor ~V;/sini). This small
velocity range is not in agreement with the SiO emission in the
jet if we consider a dust sputtering scenario. SiO emission is
plausible if it originates at the dust sublimation zone.
Otherwise, there could be an undetected close binary with
two jets originating at two different position angles.

Another possible explanation could be the scenario of
episodic CO shells and SiO knots launched at different times,
as in the case of the episodic wide-angle outflow in HH 46/47
(Zhang et al. 2019). The CO PV diagram in Figures B11(d) and
(f) also hints at such episodic shell occurrences (marked with
thicker blue and red curves in the CO PV diagram). Now
consider a cloud core contracting along the magnetic field lines
toward the midplane (equatorial plane) and forming a flattened
envelope or pseudodisk. In this scenario, the flattened envelope
is warped because of the contraction direction of the cloud
core, and thus the minor axis of the flattened envelope is
changed gradually from parallel to the magnetic field axis in the
outer region to parallel to the rotation axis in the inner region
(Lee et al. 2019a; Hirano & Machida 2019). Therefore, the
position angle of the jet axis is also expected to be rotated
according to the rotation direction of the disk. The SiO jet
could be launched at different orientations of the jet at different
timescales. Then, the inclination angle measured above could
not be a true value from a single outermost CO shell, but rather
a combination of multiple episodic shells. The orientation (i) of
those shells could be much smaller (toward edge-on) than
estimated above. We recommend further investigation of this
source with higher angular resolution, higher velocity resolu-
tion, and higher-sensitivity observations to better understand its
true nature.
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Figure BY. G209.55-19.68S2 (HOPS 10). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.0 mJy beam'. The symbols and contour levels are the
same as in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 8 km s~'. All symbols are the same as in Figure 3. (c) CO emission
integrated over —4 to —2 km s~ ' and +2—4 kms~! with sensitivity ¢ ~ 5.8 K km s~', with similar symbols to those in Figure 4(a). (d) CO PV diagram with

sensitivity 0.21 K, with similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over +40—58 km s~

" with sensitivity 2.5 K km s~!, with

similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.21 K, with similar symbols and contours to those in Figure 5(b).
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G210.37-19.53S (HOPS 164)
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Figure B10. G210.37-19.53S (HOPS 164). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.0 mJy beam™". The symbols and contour levels are the
same as in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 8 km s, All symbols are the same as in Figure 3. (c) CO emission
integrated over —6 to —2km s~ ' and 0—4 km s~ ' with sensitivity o ~ 5.8 K km s~ ', with similar symbols to those in Figure 4(a). (d) CO PV diagram with sensitivity
0.21 K, with similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over —46 to —24 km s~ ' and +30—48 km s~ ' with sensitivity
2.5 K km s, with similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity 0.21 K, with similar symbols and contours to those in

Figure 5(b).
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Figure B11. G210.49-19.79W (HOPS 168). (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam~". The symbols and contour levels are the
same as in Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = Tkms™ !. All symbols are the same as in Figure 3. (c) CO emission map
integrated over —45 to +55 km s~ with sensitivity 6.0 K km s~!, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity
0.15 K, with similar symbols and contours to those in Figure 4(b). The additional likely episodic shells are marked with thick blue and red lines in the blueshifted and
redshifted lones, respectively. (¢) SiO map integrated over —20 to 420 kms~' with sensitivity 1.9 K kms~', with similar symbols and contours to those in
Figure 5(a). The knots shifted from jet axis are marked. (f) SiO PV diagram with sensitivity o = 0.15 K, with similar symbols to those in Figure 5(b). The “?”” mark
indicates that the present observations could not confirm the scenario.
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Figure B12. G215.87-17.62M. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.0 mJy beam~'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 10 km s~ '. All symbols are the same as in Figure 3. (c) CO emission integrated
over —10 to —4 km s~ ! and +2—10 km s~! with sensitivity o ~ 5.8 K km s~!, with similar symbols to those in Figure 4(a). (d) CO PV diagram with sensitivity
0.21 K, with similar symbols and contours to those in Figure 4(b). (¢) SiO emission integrated over —40 to +38 km s~ with sensitivity 2.5 K km s, with similar
symbols and contours to those in Figure 4(a). (f) SiO emission with sensitivity 0.13 K, with similar symbols and contours to those in Figure 4(b). The “?”” mark
indicates that the present observations could not confirm the scenario.
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B.12. G215.87-17.62M

Figure B12 shows the continuum and different components
of emissions for G215.87-17.62M in the same order as
Figure B1. Currently, there are no available measurements of
Tvo1 and Ly, for this source in the literature. The envelope mass
is estimated to be Mg,, ~ 0.34+0.07 M.,. The 1.3 mm
continuum is extended along the northeast-to-southwest
direction, possibly representing the entrained material along
the outflow cavity wall. However, the continuum emission is
extended beyond the length of the outflow/jet; thus, it is not
clear whether the entirety of the extended continuum emission
is due to the entrained material or there is some other
mechanism involved.

The CO and SiO velocity dispersion and spatial extensions
are relatively similar. From PV diagrams, it is difficult to
separately identify the wind/outflow and jet components.
Assuming that most of the low-velocity material is from wind/
outflow shell, the inclination angle is estimated to be i ~
30719 deg. The SiO emission is extended from low velocity to
high velocity, making it difficult to measure the jet velocity.
The mean jet velocity is V; ~ 30 &= 10 km s~ ' A few knot-like
structures appear in both the outflow lobes. It exhibits a
relatively low mass-loss rate MJ ~32x 1077 M_yr ' The

mean episodes of the ejection are Tyno ~ 667132 yr, corresp-
onding to a perturbation zone of Keplerian radius ~4.5-14 au.

The dynamical age of the blueshifted lobe is Tpynageblue ~
219f§? yr, and for the redshifted lobe it is Tpynagered ~

2927133 yr, each corrected for inclination angle. We estimate
that this system is less than 1000 yr old, a conservative value. A
smaller spatial extension, smaller dynamical age, lower jet
mass ejection rate, and the presence of a brighter SiO jet
suggest that this source could be a very low mass and low
luminosity object in an extremely early stage of protostellar
evolution.

Appendix C
Objects with Complex SiO Emission Morphology and Not
Considered for Jet Parameter Estimation

C.1. G192.32-11.88N

Figure C1 shows different components of the studied
continuum and emission maps in the same order as
Figure Bl. No T, and L, estimations are currently
unavailable for this object in the literature. The envelope mass
deduced from 1.3mm continuum is estimated to be
~1.2+0.18 M.

The CO integrated map shows that the outflow shell
structure is blended with the ambient molecular cloud in the
southeast (blueshifted) lobe. Therefore, to probe the outflow
shell, we consider high-velocity components, represented by
the higher contours in the CO integrated map. The redshifted
lobe appears to be much shorter in length than the blueshifted
lobe, possibly due to the presence of the ambient cloud in the
blueshifted lobe, forming an extended blended structure. We
measured the average inclination angle to be i ~507]) deg. In
the SiO integrated emission, a bright SiO emission is evident
at the tip of the blueshifted lobe but absent in the redshifted
lobe. Scattered SiO emission is also observed along the whole
blueshifted lobe. The SiO PV diagram shows SiO emission
along the outflow axis, close to the systemic velocity of the

41

Dutta et al.

source. If this emission originates from the jet, then the jet
velocity would be V; ~ 24+ 2 km s~!, where Vicor= V_,-/sini.
Such a low velocity is unlikely to synthesize a high-density
SiO jet. Therefore, we suggest that the SiO emission at the tip
of the blueshifted lobe could be the interaction zone between
two outflows and the ambient material, as in the case of
G208.89-20.04Walma (Dutta et al. 2022a). To confirm the
origin of the SiO emission—whether it is indeed a jet or a
collision zone—further high-sensitivity observations are
required.

C.2. G200.34-10.97N

Figure C2 shows the continuum, C180, CO, and SiO
emission of the object G200.34-10.97N in the same order as
Figure B1. The object is a Class 0 source with Ti,q) ~ 43 += 10 K
and Ly ~ 1.5+ 0.6 L. The envelope mass is estimated to be
Meny ~ 051 £0.08 M.

The outflow opening near the source is narrow; however, as
we move outward, the outflow appears wider. One possible
explanation for this could be that the thick envelope near
the source compresses the outflow opening and, upon
moving away from the envelope, the outflow suddenly opens
up and becomes wide-angle. Another possibility is that the
outflow is blending with the ambient cloud, so it appears
wider as a combination of outflow and ambient cloud. Higher
spatial resolution and higher velocity resolution observations
would be beneficial to study the kinematics and disentangle
these components. We are not able to find a good fit for
the outer shell to determine the inclination angle.
A tentative fitting suggests that the inclination could be i ~
1220 deg.

The SiO emission along the jet axis appears bow-shock-like,
with no dense knot-like structure appearing in this observation.
The SiO emission is not at a very high velocity range. The
mean SiO velocity is V; ~ 4+2 kms™', where V.or =V,
/sini. This suggests that the SiO emission may not be
associated with the jet, but could rather be from the collision
zone between the outflow and the ambient cloud. Further
higher velocity and higher sensitivity could help to disentangle
these two scenarios.

C.3. G205.46-14.56M2 (HOPS 387 and HOPS 386)

Figure C3 displays the 1.3 mm continuum (panel (a)), C'*0
spectra (panel (b)), integrated CO map (panel (c)), and
integrated SiO map (panel (d)) of the G205.46-14.56M2
system. It contains five sources, of which G205.46-
14.56M2_A, B, C, and D are in a common envelope of mass
Meny ~ 1.04£0.19 M. Sources A and B form part of the
ClassI system HOPS 387, while sources C and D are
components of another ClassI system, HOPS 386 (Tobin
et al. 2020).

From the CO map, the outflow components from different
sources are not clearly identified. The outflow direction of “B”
can be determined, but the outflow components from different
sources are not distinguishable. A knot-like emission in the SiO
emission is observed, which could be a jet component of source
D or C. Alternatively, it could be possible that sources C and/
or D are line-rich, akin to hot corinos. As such, the detected
emission is mimicking SiO emission; however, it could
actually represent other line emissions emanating from the
hot corinos near the source. The possibility of another
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Figure C1. G192.32-11.88N. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.9 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 12 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission

with sensitivity 6.4 K km s ™'

, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.13 K, with similar symbols and

contours to those in Figure 4(b). (e) Integrated SiO emission with sensitivity 2.7 K km s~!, with similar symbols and contours to those in Figure 5(a). (f) SiO PV
diagram with sensitivity o = 0.47 K, with similar symbols to those in Figure 5(b). The SiO contour labels are at (1.5, 2, 3, 4) X o.
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Figure C2. G200.34-10.97N. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The c’®o spectra are extracted from high-resolution maps, and Vi, = 14 km s~ '. All symbols are the same as in Figure 3. (c) CO map integrated over
—20to +12 km s~ " with sensitivity 9.9 K km s, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.14 K, with similar
symbols and contours to those in Figure 4(b). (¢) SiO emission map integrated over —10 to +10 km s~ emission with sensitivity 3.7 K km s~ ", with similar symbols
and contours to those in Figure 5(a). (f) SiO PV diagram with sensitivity o = 0.12 K, with similar symbols to those in Figure 5(b). The SiO contour labels are at (2, 3,
4) x 0. The “?” mark indicates that the present observations could not confirm the scenario.
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G205.46-14.56M2 (HOPS 387 and HOPS 386)
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Figure C3. G205.46-14.56M2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~4.5 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 14 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission

1

1

with sensitivity 6.15 K km s~ ', with similar symbols and contours to those in Figure 4(a). (d) Integrated SiO emission with sensitivity 2.1 Kkm s, with similar

symbols and contours to those in Figure 5(a).

unidentified origin is also viable. From the present status of the
observations, it is not possible to conclusively determine the
origin of this emission.

C.4. G205.46-14.56N2 (HOPS 401)

Figure C4 shows the continuum and emission components of
G205.46-14.56N2 in the same order as Figure C3. This is a
Class 0 source with Ty, ~ 32+ 8K, Ly ~ 0.8 0.3 L, and
an envelope mass of M,, ~ 0.85 £ 0.13 M. The source also
coincides with the location of HOPS 401 (Karnath et al. 2020;
Tobin et al. 2020).

The outflow seen in the CO map is difficult to distinguish
from the ambient cloud. We detected SiO emission in the tip of
the northeastern lobe of the outflow, which could be either a
bow shock structure of the jet or a collision zone between the
outflow and ambient cloud. Unfortunately, due to the low
sensitivity in both the SiO and CO maps, we were unable to
determine the outflow and jet parameters for this source.
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C.5. G209.55-19.68N1 (HOPS 12)

Figure C5 shows different continuum and emission compo-
nents of G209.55-19.68N1 in the same order as Figure BI.
G209.55-19.68N1 is a multiple system, where source “A” is
responsible for driving the largest outflow. Two other sources,
“B” and “C,” form a close system that drives a smaller-scale
outflow. High-resolution maps of G209.55-19.68N1 reveal that
“A” is itself a close binary system and “B-C” is a single source
(HOPS 12; Dutta et al. 2020). In the ACA resolution, all three
sources are within the same common envelope of mass M, ~
1.98 £ 0.3 M,... In this paper, we consider Ty, ~ 47 £ 13 K and
Ly ~ 9.0+ 3.7 L, for the main outflow source “A.”

The northern component of the outflow shell from source
“A” appears wider than the southern part. Within the northern
outflow shell, there is a secondary outflow from the “B” or/and
“C” system. The interaction between those two outflows
creates a shock region, which is faintly detected with SiO
emission. This SiO emission is not located along the jet axis.
Due to the presence of the secondary source and blending with
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Figure C4. G205.46-14.56N2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.8 mJy beam™". The symbols and contour levels are the same as in
Figure 1. (b) The c'®o spectra are extracted from high-resolution maps, and Vs = 10 km s LAl symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 4.5 K km s~', with similar symbols and contours to those in Figure 4(a). (d) Integrated SiO emission with sensitivity 1.15 K km s~', with similar

symbols and contours to those in Figure 5(a).

the ambient cloud, the northern outflow appears wider than the
southern component. A similar outflow collision zone was
reported for another protostellar system, BHR 71 (Zapata et al.
2018). The southern component of CO emission (redshifted) is
narrower than the northern lobe. Here we visually checked each
channel to identify the likely outflow shell. In the northern
lobe, we chose a CO emission width close to the source, and in
the southern lobe, we consider up to 20 to define the outflow
shell. We measured the average inclination angle from the CO
shell to be ~i ~27"]3 deg. The tiny knot-like structure in SiO
emission (PV diagram) could not be confirmed as a real knot
from the current observations.

C.6. G211.47-19.27S (HOPS 288)

Figure C6 shows the continuum and emission components of
G211.47-19.27S in the same order as Figure C3. From the CO
velocity channel maps, we have detected three distinct outflow
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sources, all of which are within a common envelope of mass
My ~ 3.37 £ 0.52 M.,. The location of the system coincides
with HOP 288. The combined system has Ty, ~ 49 £ 21 K and
Lyoy ~ 180£70 L. Such a high bolometric luminosity and
temperature suggest that the system is in the ClassI phase;
however, disentangling the nature of individual components
within this multiple-source system is challenging owing to the
low-resolution infrared observations.

The properties of the three CO outflows could not be
separated based on the current state of our observations. Bright
monopolar SiO emission is observed along the jet axis of
source “B.” The SiO emission is in the redshifted outflow lobe
of “B” with a mean velocity V; ~ 5+ 2 km s~ Source “A” is
possibly a line-rich “hot-corino” object (Hsu et al. 2022). Given
that the outflow/jet components for the different sources could
not be differentiated, the outflow/jet parameters have not been
estimated.
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Figure C5. G209.55-19.68N1. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam~". The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 7km s, All symbols are the same as in Figure 3. (c) Integrated CO emission with
sensitivity 7.8 K km s ', with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.12 K, with similar symbols and contours to
those in Figure 4(b). (e) Integrated SiO emission with sensitivity 2.6 K km s~ !, with similar symbols and contours to those in Figure 5(a). (f) SiO PV diagram with
sensitivity o = 0.15 K, with similar symbols to those in Figure 5(b). The “?” mark indicates that the present observations could not confirm the candidacy of the knot.
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Figure C6. G211.47-19.27S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.0 mJy beam~'. The symbols and contour levels are the same as in
Figure 1. (b) The C'80 spectra are extracted from high-resolution maps, and Veys =4 kms™ ! All symbols are the same as in Figure 3. (c) Integrated CO emission with
sensitivity 8.6 K km s~ !, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.15 K, with similar symbols and contours to
those in Figure 4(b). (e) Integrated SiO emission with sensitivity 1.9 K km s~!, with similar symbols and contours to those in Figure 5(a).

Appendix D
Objects with No SiO Emission but Well-defined CO
Outflow

D.1. G192.12-11.10

Figure D1 shows the 1.3 mm continuum (panel (a)), c®o
spectra (panel (b)), integrated CO map (panel (c)), and CO PV
diagram (panel (d)) of G192.12—11.20. It is a Class 0 source with
Tool ~44 £ 15K, Ly ~ 9.5£4.0 L., and an envelope mass of
Mgy, ~ 1.21 £0.18 M. Although the source is in the Class0
phase, we do not observe any jet-like components along the flow
axis in either SiO or CO. However, if the jet is very high density
and optically thicker for SiO (5—4) and CO (2-1), then the jet
components could be detected in higher transitions, such as SiO
(8-7) and CO (3-2). The object appears to be oriented nearly edge-
on with an inclination angle of i ~ 15710 deg.

D.2. G196.92-10.37

G196.92-10.37 (Figure D2; in the same sequence as
Figure D1) is a wide multiple system, where the strongest
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outflow is driven by source “A” along the northeast-to-
southwest direction. Ty and Ly, of source “A” are currently
unknown. The outflows from sources “B” and “C” are less
spatially extended following a north—south direction, and they
blend with the blueshifted lobe from source “A.” There is no
way to disentangle the outflow components from different
sources from the present data set. Assuming minimal
contamination from the outflows of “B” and “C” to the “A”
outflow, we have estimated the outflow force for source “A.”
The envelope mass for source “A” is Mg,y ~ 0.71 £0.12 M...
It is possibly highly inclined, close to face-on (i ~70715 deg).
There is no detection of SiO emission in this target field.

D.3. G203.21-11.20W1

Figure D3 shows various components of G203.21-11.20W1
in the same sequence as Figure D1. An outflow is emanating
from the source, which has an envelope mass of M.,, ~
0.54 £ 0.11 M. Notably, there is no reported infrared emission
for this source in the literature. The outflow is characterized by
a narrow angle and has a well-defined cavity wall. No jet-like
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Figure D1. G192.12-11.10. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.5 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 10 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission

with sensitivity 11.5 K kms ™"

contours to those in Figure 4(b).

high-velocity component has been detected in either SiO or
CO. We measured the average inclination angle to be ~i
~20710 deg.

D.4. G208.68-19.20S (HOPS 84)

G208.68-19.20S (HOPS 84; Figure D4) is a close binary
system with Ty ~ 96 £25K, Lyo ~ 49+ 18 L., and an
envelope mass of M, ~ 1.55 £+ 0.3 M. The outflow is likely
being driven by source “A.” The CO PV diagram suggests that
the object is nearly edge-on with an inclination angle of i ~
10710 deg. No SiO emission was detected in this target field.

D.5. G211.01-19.54N (HOPS 153)

Figure D5 shows the observed components of G211.01-
19.54N (also known as HOPS 153) in the same sequence as
Figure D1. It is catagorized as a Class O system with Ty, ~
39+ 12K and Lyo ~ 4.5 = 1.8 L. The envelope mass is My
~ 0.81+0.16 M. Continuum emission extends along the
same direction as the blueshifted CO outflow, suggesting that
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, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with similar symbols and

this could represent envelope material being entrained by the
outflow.

No SiO emission was detected in this target field. The
blueshifted outflow shell in the PV diagram is difficult to
distinguish from the ambient cloud. We assumed the likely
shell structure from near-source emission and fitted it with a
parabolic equation, which provides an inclination angle of ~i
~50730 deg.

D.6. G211.01-19.54S (HOPS 152)

Figure D6 depicts G211.01-19.54S (also known as
HOPS 152), a Class 0 system with Ty, ~52£8K and Ly
~ 09+04 L. This is one of the VeLLOs. It possesses an
envelope with a mass of M., ~ 0.21 £0.04 M.. Only a
redshifted (southern) outflow shell is detected with CO
integrated emission. This could be a monopolar outflow source
unless the northern outflow is blended with the ambient cloud.
In the PV diagram, the emission in the blueshifted (northern)
part is likely tracing ambient material. The outflow shell, even
in the redshifted section, could not be distinguished in the PV
diagram. Consequently, the inclination angle measurement for
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Figure D2. G196.92-10.37. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.2 mJy beam ™. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 11 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 9.6 K km s~', with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.1 K, with similar symbols and contours

to those in Figure 4(b).

this source is highly biased owing to the unreliable outflow
shell consideration. No SiO emission is detected in this
observed field.

D.7. G212.84-19.45N (HOPS 224)

G212.84-19.45N (HOPS 224; Figure D7) is a Class 0 system
with Ty ~ 50 £ 13K, Ly ~ 3.0£ 1.2 L, and an envelope
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mass of M,y ~ 0.52 £0.09 M. In the CO integrated emission
of this system, the redshifted outflow appears wider than the
blueshifted lobe. We have estimated an average inclination
angle ~i ~25715 deg. Interestingly, a high-velocity CO
component can be observed in the redshifted lobe, which
may be indicative of a jet. However, no SiO emission has been
detected in this field.
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Figure D3. G203.21-11.20W1. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~3.36 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 10 km s~ '. All symbols are the same as in Figure 3. (c) Integrated CO emission
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Figure D4. G208.68-19.20S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~10 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 10 km s~ '. All symbols are the same as in Figure 3. (c) Integrated CO emission

with sensitivity 1.5 K km s~

contours to those in Figure 4(b).
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, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with similar symbols and
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Figure D5. G211.01-19.54N. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 6 km s, All symbols are the same as in Figure 3. (c) Integrated CO emission with
sensitivity 6.3 K km s !, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.16 K, with similar symbols and contours to
those in Figure 4(b).
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Figure D6. G211.01-19.54S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.4 mJy beam . The symbols and contour levels are the same as in
Figure 1. (b) The C'80 spectra are extracted from high-resolution maps, and Viys = 6 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission with
sensitivity 2.21 K km s, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.13 K, with similar symbols and contours to
those in Figure 4(b).
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, with similar symbols and contours to those in Figure 4(a). (d) CO PV diagram with sensitivity 0.12 K, with similar symbols and contours to

those in Figure 4(b). The “?” mark indicates that the present observations could not confirm the scenario.

Appendix E
Objects with No SiO Emission and No Well-defined CO
Outflow

In some identified sources, CO outflows were detected;
however, due to poor signal-to-noise ratio, deriving the PV
diagram along the outflow axis was not possible
(Figures E1-E13). These sources include G201.52-11.08 (a
Class I source; Figure E2), G205.46-14.56S2 (a class source
HOPS 385; Figure E4), G210.82-19.47S (a class source
HOPS 156, Figure E7; outflow driven by G210.82-19.47S,
not by secondary source G210.82-19.47S_02), G211.16-
19.33N2 (a transition ClassO to ClassI source HOPS 133;
Figure E9), G211.47-19.27N (a Class O close binary source
HOPS 290; Figure E10), and G212.10-19.15S (a class 0 source;
HOPS 247; Figure E12).

CO emission is observed in the field of a few other sources;
however, in these cases the flow direction cannot be resolved
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owing to poor sensitivity. These sources are G192.32-11.88S (a
Class I source; Figure E1; and source £02 is the same as that of
G192.32-11.88N), G205.46-14.56N1 (a ClassO protostar
HOPS 402; Figure E3), G206.93-16.61E2 (a Class I multiple
system HOPS 298; Figure ES), G207.36-19.82N1 (a binary
system, outflow driven by source “A”; Figure E6), G210.97-
19.33S2 (a wide binary system source “A” or HOPS 377 and
“B” or HOPS 144; Figure E8), G212.10-19.15N2 (a close
binary system source “A” or HOPS 263 and “B” or HOPS 262;
Figure El1), and G215.87-17.62N (a ClassIl system;
Figure E13).

High-sensitivity observations with other molecular transi-
tions and higher transitions of CO and SiO could be beneficial
for studying the outflow/jet morphology of these objects. For
instance, G208.68-19.20N1 (HOPS 87) exhibits a compact
outflow in HCN (4-3) and CO (3-2), reported in Takahashi &
Ho (2012).
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Figure E1. G192.32-11.88S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~3.5 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 10 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 6.6 K km s~', with similar symbols and contours to those in Figure 4(a).
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Figure E2. G201.52-11.08. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.5 mJy beam . The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 9 km s~ . All symbols are the same as in Figure 3. (c) Integrated CO emission with
sensitivity 1.4 K km s, with similar symbols and contours to those in Figure 4(a).
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Figure E3. G205.46-14.56N1. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.5 mJy beam . The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 10 km s . All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 9.2 K km s ™', with similar symbols and contours to those in Figure 4(a).
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Figure E4. G205.46-14.56S2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.7 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'80 spectra are extracted from high-resolution maps, and Viys = 10 km s~ ', All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 6.0 K km s~ !, with similar symbols and contours to those in Figure 4(a).
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Figure E5. G206.93-16.61E2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.5 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 12 km s~ '. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 37.5 K km s~', with similar symbols and contours to those in Figure 4(a).

59



THE ASTRONOMICAL JOURNAL, 167:72 (68pp), 2024 February Dutta et al.
G207.36-19.82N1

L LA B B I ELE L 301 (b)
50 L - C18o
_ (a) 1.3mm Cont (ACA) sk
10F 40 i
,_T,‘ [
30 e 20r
s
-~ 9 I
_ 2085 1%
3 & E |
© = = I
b > X 10}
S =
0= % I
5r
of
_5"”‘\””\”‘\””
=10 0 10 20 30
Velocity (km s71)
160
140
120
1ol 100
80
60 -~
< . ©
2 40 E
X
20
-10
=20 0
-20 -10 0 10 20

Aa (")

Figure E6. G207.36-19.82N1. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~2.5 mJy beam ™. The symbols and contour levels are the same as in
Figure 1. (b) The c®o spectra are extracted from high-resolution maps, and Vs = 12 km s7L Al symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 6.13 K km s, with similar symbols and contours to those in Figure 4(a).
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Figure E7. G210.82-19.47S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.2 mJy beam'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Viys = 6 km s~ All symbols are the same as in Figure 3. (c) Integrated CO emission with

sensitivity 0.8 Kkm s

!, with similar symbols to those in Figure 4(a).
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Figure ES. G210.97-19.33S2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.7 mJy beam™". The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 3.0 km s~'. All symbols are the same as in Figure 3. (c) Integrated CO emission

with sensitivity 8.0 K km s~', with similar symbols to those in Figure 4(a).
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Figure E9. G211.16-19.33N2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.1 mJy beam ™. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 4.0 km s~ '. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 1.6 K km s™', with similar symbols to those in Figure 4(a).

63



THE ASTRONOMICAL JOURNAL, 167:72 (68pp), 2024 February

G211.47-19.27N (HOPS 290)

Dutta et al.

20 T T 30
50 [ (b) Clgo
40 25}
101 30 ~ I
|
C 20]
&
~ 20 £ S5}
=~ o} S £ 1
Q 2 1S [
3 S < I
S{twoE 310
< Tk
-10- 8 >
o L
N 0’
#02 :
- | | | _7““\““\”‘\““\““\HH
20,5 20 0 10 20 21055 o 57101520
Aa (") Velocity (kms™1)
20 : :
140
(c) CO
N 120
R oy 100
_ T
L %]
3 E
X
.20 N

-20

Aa (")

Figure E10. G211.47-19.27N. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.15 mJy beam '. The symbols and contour levels are the same as in
Figure 1. (b) The C'80 spectra are extracted from high-resolution maps, and Viys = 4.0 km s~!. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 2.5 K km s~!, with similar symbols to those in Figure 4(a).
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Figure E11. G212.10-19.15N2. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.0 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The C'®0 spectra are extracted from high-resolution maps, and Veys = 4.0 km s~ '. All symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 2.14 K km s, with similar symbols to those in Figure 4(a).
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Figure E12. G212.10-19.15S. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~1.1 mJy beam™'. The symbols and contour levels are the same as in
Figure 1. (b) The c®o spectra are extracted from high-resolution maps, and Vy, = 4.0 km sL Al symbols are the same as in Figure 3. (c) Integrated CO emission
with sensitivity 1.85 K km s, with similar symbols to those in Figure 4(a).
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Figure E13. G215.87-17.62N. (a) 1.3 mm continuum map at ACA resolution with sensitivity ~0.7 mJy beam'. The symbols and contour levels are the same as in

Figure 1. (b) The c®o spectra are extracted from high-resolution maps, and Vi
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