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Abstract

Jets and outflows trace the accretion history of protostars. High-velocity molecular jets have been observed from
several protostars in the early Class 0 phase of star formation, detected with the high-density tracer SiO. Until now,
no clear jet has been detected with SiO emission from isolated evolved Class I protostellar systems. We report a
prominent dense SiO jet from a Class I source G205S3 (HOPS-315: Tbol∼ 180 K, spectral index ∼0.417), with a
moderately high mass-loss rate (∼0.59× 10−6 Me yr−1) estimated from CO emission. Together, these features
suggest that G205S3 is still in a high-accretion phase, similar to that expected of Class 0 objects. We compare
G205S3 to a representative Class 0 system G206W2 (HOPS-399) and literature Class 0/I sources to explore the
possible explanations behind the SiO emission seen at the later phase. We estimate a high inclination angle (∼40°)
for G205S3 from CO emission, which may expose the infrared emission from the central core and mislead the
spectral classification. However, the compact 1.3 mm continuum, C18O emission, location in the bolometric
luminosity to submillimeter fluxes diagram, outflow force (∼3.26× 10−5 Me km s−1 yr−1) are also analogous to
that of Class I systems. We thus consider G205S3 to be at the very early phase of Class I, and in the late phase of
high accretion. The episodic ejection could be due to the presence of an unknown binary, a planetary companion,
or dense clumps, where the required mass for such high accretion could be supplied by a massive
circumbinary disk.

Unified Astronomy Thesaurus concepts: Low mass stars (2050); Stellar jets (1607); Stellar winds (1636); Protostars
(1302); Astrochemistry (75); Star formation (1569); Stellar mass loss (1613); Young stellar objects (1834); Stellar
evolution (1599)

1. Introduction

During the earliest phases of star formation, jets and outflows
play a crucial role in mediating protostellar accretion. Previous
observations suggest that jets can efficiently remove the excess
angular momentum from the surfaces of circumstellar disks and
allow material to fall onto the central sources (see reviews by

Bally 2016; Lee 2020, and references therein). Therefore, jets may
delineate the accretion history of protostars. Despite this important
role, the jet launching timescale over protostellar evolution is not
yet well constrained.
The protostellar spectral classes, 0 and I, are observationally

defined and not clearly distinct in terms of evolution. Protostars
with bolometric temperature Tbol > 70 K are classified as Class I
(Chen et al. 1995), and typically have spectral indexes, αIR >
0.3 (Furlan et al. 2016). The Class 0 sources are embedded within
dense envelopes and have sufficient surrounding material to
exhibit typically very high-accretion rates onto the protostar.
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During this phase, protostars usually show outflows with very
high mass-loss rates ∼10−6

–10−7Me yr−1, which could produce
high-density jets ((5–10)× 106 cm−3) (Ellerbroek et al. 2013;
Lee 2020). Due to its high critical density, the SiO (5–4)
molecular transition is the most commonly observed tracer of
such high-density material (Gibb et al. 2004; Podio et al.
2015, 2021). With time, the envelope material reduces and the
protostar moves from Class 0 through Class I, and on to the
Class II phase. Both the accretion and mass-loss rates typically
decrease with protostellar evolution. Therefore, SiO emission in
jets is usually seen in the Class 0 sources. Faint SiO emission is
also detected along the jet axis of a few transition Class 0-to-
Class I sources (Podio et al. 2021). A Class I protostellar system,
SVS13A was found with SiO knots in previous observations
(Bachiller et al. 2000; Lefèvre et al. 2017). However, SVS13A is
located in a multiple system HH 7/11 with a few outflow/jets in
the region, and is a binary protostellar system composed of
VLA4A and VLA4B, where VLA4B is identified as the base of
the jet (Lefèvre et al. 2017). The spectral classification of the
components of such a binary/multiple based on infrared
observations could be largely affected by the multiplicity. No
clear jets with SiO emission have been previously observed in an
isolated source in the evolved Class I phase.

The gas content of the jets transitions from being
predominantly molecular to mostly atomic, during evolution
from Class 0 to Class II. The jets in the younger sources, such
as those in the Class 0 phase, are predominantly detected via
molecular gas tracers, e.g., CO, SiO, and SO in the (sub)
millimeter and H2 at infrared wavelengths. Conversely, in the
older Class I and II populations, the jets are mainly traced by
the atomic and ionized gas, e.g., O, Hα, and S ɪɪ (Bally 2016;
Lee 2020).

In this paper, we report the surprising detection of a Class I
source with a clear protostellar jet seen in SiO by the Atacama
Large Millimeter/submillimeter Array (ALMA). The system
G205.46-14.56S3 (hereafter, G205S3) has Tbol= 180± 33 K
and Lbol= 6.4± 2.4 Le (HOPS-315; Furlan et al. 2016; Dutta
et al. 2020). We compare this system with ALMA observations
of a representative Class 0 protostar, G206.93-16.61W2 (here-
after, G206W2), with Tbol= 31± 10 K and Lbol= 6.3± 3.0 Le
(HOPS-399; Furlan et al. 2016; Dutta et al. 2020). Both sources
exhibit very high mass-loss rates; however, the SiO jets present
very different inclination angles. We first quantify the outflow
characteristics and then discuss the evolutionary state of these
two systems in terms of their observed sky orientation.

2. Observations

The ALMA observations of G205S2 and G206W2 were
performed as part of the ALMA Survey of Orion Planck Galactic
Cold Clumps (ALMASOP) project (Project ID: 2018.1.00302.S;
PI: T. Liu) in Band 6 during Cycle 6, from 2018 October to 2019
January, toward 72 fields (see Dutta et al. 2020 for more details on
the ALMASOP). This paper utilizes the low-/high-velocity
outflow tracer CO J= 2−1 (230.53800 GHz), the high-velocity
jet tracer SiO J= 5−4 (217.10498GHz), the envelope tracer
C18O J= 2−1 (219.56035 GHz), and 1.3 mm dust continuum
emission. The acquired visibility data were calibrated using the
standard pipeline in CASA 5.4 (McMullin et al. 2007). The CO
J= 2−1, SiO J= 5−4, and C18O J= 2−1 emission maps were
created with the TCLEAN task using a robust weighting factor of
+0.5 on a combination of three visibility data sets (i.e., TM1

+TM2+ACA) providing typical synthesized beam sizes of
∼0 37× 0 32, ∼0 41× 0 34, and ∼0 39× 0 32, respec-
tively. The velocity resolution is 1.4 km s−1. The continuum
maps were created using TCLEAN and a+0.5 robust weighting
down to a threshold of 3σ theoretical sensitivity with the
synthesized beam size of ∼0 38× 0 34. More details on these
observations and analyses are presented in Dutta et al. (2020).

3. Results

3.1. Detection of Molecular Jet in SiO Emission

Figures 1(a) and (c) display ALMA maps of the two jets in
SiO (5–4) at ∼140 au resolution along with the high-velocity
CO outflow contours overplotted in blue and red.
Figures 1(b) and (d) show the position–velocity (PV) diagrams

of the SiO emission traced along each jet-axis direction. The
systemic velocities are obtained from peak C18O emission and are
marked in Figures 1(b) and (d) (Column 3 of Table 1). G205S3
and G206W2 exhibit line-of-sight projected maximum velocities
of Vmax,SiO ∼120 and 106 km s−1, respectively (Column 5 of
Table 1).
The jet from G205S3 is highly collimated, whereas that from

G206W2 is relatively extended spatially. Both jets exhibit
knots (marked as B1, B2, ... in the blue lobe and R1, R2.... in
red lobe), which are possibly formed by a chain of internal
shocks via a semi-periodic variation in the jet velocity
(Moraghan et al. 2016; Wang et al. 2019). We estimate mean
line-of-sight jet velocities from the peak positions of the knot
structures, yielding Vj,obs ∼ 80 and 50 km s−1 for G205S3 and
G206W2, respectively. Considering projection effects due to
the inclination angle (i), the corrected velocities (Vj,corr) are
related as Vj,obs= Vj,corr isin( ). We evaluate the mean plane-of-
sky separations for consecutive knots of Δrobs= 2 7 and 2 5
for G205S3 and G206W2, respectively. These measurements
can expressed as the corrected distances (Δrcorr) using the
projection angles, Δrobs=Δrcorr icos( ).

3.2. Outflow Shell in CO: Inclination Angle

Following the simple analytical model by Lee et al. (2000),
we determine the physical structure of the outflow using the
CO emission. In this model, the molecular outflow can be
represented as a radially expanding parabolic shell driven by
the underlying wide-angle wind. In a cylindrical coordinate
system, the outflow shell can be described by the equation
z= CR2, where z is the outflow axis and R is the radial distance
from that axis (for a schematic diagram, see Figure 21 by Lee
et al. 2000).
Figure 2(a) displays the CO outflow components of G205S3.

We fitted a parabola to the outermost contour closer to the real
outflow cavity wall, yielding C= 0.20 and 0.26 for the blue
and red lobe, respectively. Using these C values, we then fitted
parabolas for the low-velocity outflow cavities in the PV
diagram (Figure 2(b)) for the corresponding outflow lobes,
which provided best fits of inclination angle, i= 40° ± 8° for
both the lobes. Notice that the apparent continuum center for
this object is shifted in position from the center of the neck
toward the blue lobe due to the projection effect (Figure 2(a)).
Similarly, we estimated C values of 0.90 and 0.80 (Figure 2(c))
for the blue and red lobes of G206W2, respectively. The best
fitted parabolas in the PV diagram for G206W2 provide an
inclination of i= 10° ± 5° for both lobes (Figure 2(d)). Here,
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we note that our fits ignore the likely high-velocity jet-structure
(marked as “JET” in Figure 2(b), (d)) in the PV diagram, since
the model of Lee et al. (2000) mainly describes the low-
velocity winds. We did not incorporate with the jet-driven shell
model, since no convex spur-like structures were observed in
the PV diagram driven by the pulsating jet, as seen in the case
of HH 212 (see Figure 13 by Lee et al. 2000).

3.3. Jet Mass-loss Rate

Assuming optically thin CO emission, beam-averaged CO
column densities (NCO) were estimated from the high-velocity
channels of each lobe of each source. Here, the high-velocity
channels are defined as |V− Vsys|> 65 km s−1 for G205S3 and
>45 km s−1 for G206W2 (Figure 1(a), (c)) up to a maximum
velocity CO emission (Vmax,CO in Table 1). The lower limits of
the high velocities are adopted from the SiO emission, which

Figure 1. (a) ALMA SiO J = 5−4 maps of G205S3 jet at spatial resolution of 140 au with sensitivity of ∼9.5 K. High-velocity 12CO(2−1) contours are overplotted
for blueshifted (blue) and redshifted (red) lobes at 3 × (1, 2, 3, 6, 9)σ, where σ = 51 mJy beam−1. The continuum contours (white) are at ∑n=0,1,2,3,.. 3 × 2n σ, where
σ = 80 μJy beam−1. The beam size of ∼0 41 × 0 34 for SiO emission is shown in red on lower left. The black dashed line indicates the jet axis. (b) PV diagrams
across the jet axis. The vertical dashed lines indicate the systemic velocity. The contour levels start from 3σ with steps of 3σ, where σ = 2 mJy beam−1. The location
of knots is marked in the blue lobe (B1, B2, ...) and red lobe (R1, R2, ...). (c) ALMA SiO J = 5−4 maps of G2056W2 with sensitivity of ∼12 K. All the symbols are
the same as panel (a). The higher velocity 12CO(2−1) have sensitivity σ = 53 mJy beam−1. The continuum emission have sensitivity σ = 150 μJy beam−1. (d) PV
diagram across the jet axis. All the symbols are the same as panel (b). The sensitivity of the map is σ = 1.3 mJy beam−1.
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include most of the jet emission. The mean intensity, integrated
over velocity, is then obtained from the whole area encom-
passed by the jet emission. Assuming a specific excitation
temperature of 150 K within the jet, the integrated intensity is
converted into NCO. The beam-averaged H2 column density
NH2 is then derived assuming XCO

19= NCO/NH2 = 4× 10−4

(Glassgold et al. 1991). The jet mass-loss rate (Mj) is obtained
by assuming the jet as a uniform cylinder of gas flowing at
constant density and speed along the jet axis over the transverse
beam direction. Thus, Mj within a single jet lobe is determined
from

M m
N

X
V b , 1j j mH H

CO

CO
,obs2

( ) m=

where the mean molecular weight μH2= 2.8 (e.g., Kauffmann
et al. 2008), mH is the mass of the hydrogen atom, and Vj,obs is
the observed mean jet velocity (Section 3.1). The beam size
(bm) transverse to the jet direction is assumed to be the jet
width, since the jet is not resolved in the present spatial
resolution.

The estimated values of NCO and Mj are listed in Table 1,
with and without the inclination correction by using Vj,corr and
Vj,obs, respectively. With these calculations, the total jet
mass-loss rates are 0.59× 10−6 and 5.54× 10−6 Me yr−1 for
G205S3 and G206W2, respectively. Such mass-loss rates are
quite comparable to other protostars observed in the
CALYPSO survey (Podio et al. 2021).

3.4. Outflow Force

Outflow momentum flux or force (FCO) is a vital ingredient
to evaluate the outflow energetics of the protostars. From our
limited field of view, we first estimated the outflow mass for
each channel from the CO emission above 3σ using the
following equation (Yıldız et al. 2015):

M m A
N

X
. 2k

l l
H H

CO,

CO
2

( )m=
å

Here, A is the surface area of one pixel and the sum is over all
outflow pixels l on the kth channel. We assume a lower mean
specific excitation temperature of Tex= 50 K and a less CO
abundance ratio of XCO∼ 10−4 for the outflow than that of the

jet. The momentum (P) is calculated by multiplying each
channel by the central velocity (Vk) of the associated channel.
The momentum is then integrated over all the channels from
starting velocity (VCO,min) to maximum velocity (VCO,max) of
CO emission over all pixels above 3σ emission. Therefore, the
FCO can be expressed as (Yıldız et al. 2015)

F f
V M V

R
, 3k k k

CO ia
CO,max

CO
( )=

å

where fia is the inclination correction factor and RCO is the
length of the red and blueshifted outflow lobes. The measured
values of FCO for different lobes are listed in Table 1. The
difference in red and blue lobe outflow occurs due to low
signal-to-noise ratio, surrounding environment, and smaller
field of view, which could not trace the whole outflow lobe in
either direction and results in the apparently unequal extent of
blue and redshifted lobes. Here, we note that changing Tex
by±25 K will change the estimated column densities by
10%–20%.

4. Discussion

4.1. SiO Emission in Jet

At early protostellar phases, the outflow usually exhibits a
higher mass-loss rate and produces higher density material than
for later phases. Hence, SiO should be a better tracer of jets
from earlier phase protostars, versus later phases (Glassgold
et al. 1991; Shang et al. 2006, 2020; Cabrit et al. 2007).
Therefore, the detection of SiO emission in jets is most likely
indicating a younger phase of the protostars and a higher mass-
loss rate. Such SiO emission is observed in several Class 0
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), HH 211 (Jhan & Lee 2016; Lee et al. 2018),
and IRAS 04166+2706 (Santiago-García et al. 2009; Tafalla
et al. 2017).
We observe SiO emission in the jet of a Class I source,

G205S3. We estimated SiO column densities (NSiO) for G205S3
and G206W2 following the method described in Section 3.3,
and the values are tabulated in Table 1. The SiO abundances
(XSiO=XCO×NSiO/NCO) turn out to be 1.25× 10−6 and
3.5× 10−6 for G205S3 and G206W2, respectively. Similar types
of SiO abundances were also observed in other protostellar jets in
the literature (e.g., Podio et al. 2021). The denser jet of Class 0

Table 1
Outflow and Jet Parameters

C18O SiO CO

Correctedb

Object HOPS Vsys Lobe Vmax,SiO
a NSiO Vmax,CO i NCO (M) FCO

Id (km s−1) (km s−1) (1015 cm−2) (km s−1) (deg) (1017 cm−2) (10−6Me yr−1) (10−5Me km s−1 yr−1)

G205S3 315 9.9 Blue 106.7 0.37 109.5 40 ± 8 0.95 0.29 2.16
(Class I) Red 120.1 0.22 96.3 40 ± 8 0.96 0.30 1.10

G206W2 399 8.8 Blue 81.8 1.30 76.4 10 ± 5 1.50 2.88 9.5
(Class 0) Red 103.0 1.21 76.2 10 ± 5 1.34 2.66 28.84

Notes.
a The mean observed jet velocities for G205S3 and G206W2 are estimated as Vj,obs ∼ 80 and 50 km s−1, respectively.
b Corrected for inclination angles (i).

19 It might be as small as 10−4. In that case, the mass-loss rates would be
increased by a factor of 4 (Hirano et al. 2010). The above estimation can thus
be considered as the lower limit for the mass-loss rate.
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source G206W2 is possibly indicating a higher accretion phase
than G205S3.

If we compare the integrated brightness temperatures of the
SiO maps (Figure 1(a), (c)), G205S3 exhibits a fainter jet
(∼200 K km s−1) than G206W2 (∼1000 K km s−1). For
context, the Class 0 system, HH 212 exhibits an SiO integrated
brightness temperature similar to that of G206W2 (∼1000
K km s−1) (Lee et al. 2017a) and has a high mass-loss rate of
∼1.1× 10−6 Me yr−1 (Lee et al. 2015). The fainter SiO jet
indicates that G205S3 is arguably at the tail end of its high-
accretion phase.

Previous high-resolution ALMA observations (∼8 au) of SiO
jet near the base of HH 212 unveiled that the protostellar jets
removed the residual angular momenta from the innermost part
(∼0.05 au) region (Lee et al. 2017a). The bolometric luminosity
(Lbol∼ 9 Le) of HH 212 suggests that SiO jet is possibly
originating from the dust sublimated zone. From our SiO and CO
emission, we estimated SiO-to-CO abundances (X[SiO/CO]) are
∼4× 10−3 and ∼9× 10−3 for G205S3 and G206W2, respec-
tively, which suggest that the jet is possibly launched from the
dust-poor zones within the dust sublimation radius. Moreover, as
Class 0 sources evolved to Class I, the X[SiO/CO]) also declined

Figure 2. (a) ALMA 12CO(2−1) map for G205S3. The black contours are at 3nσ, where n = 1, 2, 3, ...and σ = 0.16 Jy beam−1 km s−1. The best-fit parabolas are
shown for blushifted (in blue) and redshifted (in red) outflow shell. The cross mark represents the source location. (b) PV diagram along the jet axis. The contours are
at 3 × (1, 2, 3, 10, 16)σ, where σ = 0.0010 Jy beam−1. The parabolas in blushifted (in blue) and redshifted (in red) components are best fits of the outflow shell for the
corresponding estimated C values estimated in panel (a), with the best-fit i = 40° (see text for details). The cross mark at (Vsys, 0) represent the source location. The
high-velocity components are marked as “JET.” (c) 12CO(2−1) map for G206W3. All the symbols have the same meaning as panel (a), and the sensitivity is
σ = 0.30 Jy beam−1 km s−1. (d) PV diagram for G206W3 with the sensitivity of σ = 0.0011 Jy beam−1. All the symbols have the same meaning as those in panel (b).
The best-fit inclination angle is i = 10° for both lobes.
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with decreasing mass-loss rate (Tabone et al. 2020). Lower SiO
abundance in G205S3 than G208W2 could be related to
evolutionary phases, although, a statistically more number of
observations of Class 0 and Class I samples are required to
constrain a systematic change in X[SiO/CO] with protostellar
evolution. Here, we note that the SiO line could be optically thick
even in the high-velocity jet (e.g., Podio et al. 2021). Since CO is
likely optically thin in the jet, the SiO-to-CO abundance ratio
derived here could constitute a lower limit to the true SiO-to-CO
abundance ratio.

More specifically, comparing the mass-loss rate and X[SiO/
CO]) with the astrochemical models of Tabone et al. (2020; see
their Figure 12), the SiO-rich jet of G206W2 is expected to be
launched from the dust sublimation zones. The jet of G205S3
could have been launched even from the dust-poor zones (dust
mass fraction ∼10−3), which could be the outer boundary of
dust sublimation zones. The bolometric luminosities of both
G205S3 and G206W2 suggest that their dust sublimation radii
are less than 0.1 au (Millan-Gabet et al. 2007). Silicon is
possibly released into the gas phase near the base of the jet and
can synthesize SiO molecules (Glassgold et al. 1991). For low-
luminosity objects, Si+ recombination and SiO formation occur
faster than the photodissociation by the relatively weak
ultraviolet radiation from the central protostar, yielding
abundant SiO.

To summarize, we surprisingly detected SiO emission in the
jet of evolved Class I source G205S3, as usually observed in
Class 0 sources (e.g., G206W2, HH 212) in this study as well
as in the literature. To validate the true evolutionary phase of
G205S3, we investigate the aspects of possible misclassifica-
tion of G205S3.

4.2. Evolutionary Status

4.2.1. Inclination Effect

The spectral classifications through Tbol and αIR of protostars
are based on the observed fluxes of the component central
source, disk, and envelope, obtained by telescopes with
different spatial resolutions. The system’s inclination angle to
the line of sight, however, constitutes a major uncertainty to the
interpretation of the observed fluxes, given the asymmetries
inherent in the circumstellar environment (Evans et al. 2009;
Furlan et al. 2016). For example, the face-on view of a flattened
envelope-disk (or pole-on outflow) yields relatively high
infrared fluxes due to less extinction along the line of sight
compared with an edge-on view (pole-off outflow) of the same
system. Thus, as a result, a Class 0 source may appear to be
Class I. Disentangling observed fluxes and inclination angles
can be difficult. Fortunately, however, Furlan et al. (2016)
modeled the spectral energy distributions (SEDs) of protostars
at different inclination angles. Indeed, their models suggest an
inclination angle of 50° for both sources. Although the SED-
derived inclination angle of G205S3 is close to that measured
from the outflow morphology (∼40°; Table 1), that of G206W2
is more dissimilar to the inclination angle suggested by its
outflow (∼10°).

We applied the inclination effect when determining mass-
loss rates in Table 1. Nevertheless, the mass-loss rate of
G205S3 remains at the lower end of what is expected for
Class 0 systems. At present, it is not clear how much the
inclination affects the spectral classification of G205S3. It is
also difficult to predict how significantly the inclination of 40°–

60° might expose the central source to the observer, given that
the object is still not close to face-on. Therefore, we probe other
evidence to validate the evolutionary status of the sources, such
as (i) outflow energetics, (ii) C18O emission and surrounding
material, and (iii) luminosity versus millimeter flux, in the next
sections.

4.2.2. Outflow Energetics

Previous observations revealed that a Class I source usually
exhibits smaller FCO than Class 0 with similar Lbol (Bontemps
et al. 1996; Hatchell et al. 2007; Curtis et al. 2010; Yıldız et al.
2015), which suggest that the Class 0 sources are more energetic
than the Class I counterpart. Assuming a CO abundance ratio of
1.2× 10−4, Yıldız et al. (2015) obtained the typical values of FCO
∼2.8× 10−5 Me km s−1 yr−1 for Class I sources, and ∼6.9×
10−4 Me km s−1 yr−1 for Class 0 sources. We estimated a total of
FCO∼ 3.26× 10−5 Me km s−1 yr−1 for G205S3 and ∼3.834×
10−4 Me km s−1 yr−1 for G206W2 (Table 1). The smaller FCO of
G205S3 make its more similar to a Class I source, whereas the
relatively high value FCO indicate that G206W2 is probably a
Class 0 source.

4.2.3. C18O Emission and Surrounding Material

The bolometric temperature (∼180 K) and near-infrared
spectral index (αIR ∼ 0.417) suggest that G205S3 is a Class I
source (Furlan et al. 2016; Dutta et al. 2020). In addition, if we
compare Figures 3(a) and (b), G205S3 displays relatively
compact C18O and 1.33 mm continuum emission compared
with G206W2. The disk-envelope mass of G205S3,
∼0.167± 0.072 Me, is a few times smaller than G206W2,
∼0.771± 0.333 Me, at the same beam resolution, ∼140 au
(Dutta et al. 2020). Such compact emission in G205S3 is
consistent with a smaller envelope surrounding the protostar,
with the emission most likely emanating from an evolved disk,
consistent with a Class I object. For G206W2, the envelope
dominates the observed emission, consistent with a very early,
Class 0, stage of protostellar evolution. It is to be noted that the
compactness of a source based on continuum or line images
(e.g., C18O) largely depends on the sensitivity of the maps.
To extract the size of compact components, we explore the

continuum visibility amplitudes (Jy) as a function of uv
distance (kλ). Following Lee et al. (2008), the uv visibilities
were fitted with two Gaussian components. The compact
component of G205S3 has a deconvolved size of ∼0 20 and
flux ∼30 mJy. The extended component has a deconvolved
size of ∼2 28 and flux ∼47 mJy. Similarly, G206W2 has a
compact component of size ∼0 60 (flux ∼100 mJy) and
extended component ∼2 55 (flux ∼320 mJy). These sizes of
compact component are consistent with 1.3 mm continuum, as
estimated by Dutta et al. (2020). From the uv domain, These
results also suggest that G205S3 possesses a relatively compact
core, surrounded by a relatively smaller envelope.
Larger-scale James Clerk Maxwell Telescope (JCMT)

observations (beam size ∼5600 au) also reveal a relatively
compact core surrounding the G205S3 (size ∼0.04 pc; mass
∼0.86± 0.16 Me) compared with G206W2 (size ∼0.06 pc;
mass ∼3.38± 0.15 Me) (Yi et al. 2018). Here, we remark that
the significant amount of gas in the core should be resolved out
by the interferometric ALMA observations. Thus, the inter-
pretation of the compact emission distribution may depend
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somewhat on the spatial resolution of the envelope
observations.

The C18O PV diagram is shown in Figure 4. Similar to
Figure 3, G205S3 appears more compact than G206W2 in PV
space. The C18O emission is most likely originating from the
envelope part of both the sources. No Keplerian rotation
profiles are observed clearly on both sources. Higher spatial
and velocity resolution data could efficiently determine the
Keplerian rotation from the inner part and possibly allow to
measure protostellar masses (e.g., Lee et al. 2014), and hence
could constrain the evolutionary phases of the stellar cores.

4.2.4. Luminosity and Flux Correlation

The (sub)millimeter and far-IR fluxes contribute more to Lbol
for the Class 0 than that of Class I sources since these fluxes

mostly originate from the envelope and Class 0 should have larger
surrounding material. In Figure 5, luminosities of the Class 0 and
Class I sources are shown as a function of JCMT 870 μm (panel
(a)) and ALMA 1.3mm (panel (b)) fluxes for the non-multiple20

ALMASOP sources (see Dutta et al. 2020). A linear fit only for
the Class 0 sources are also shown in both panels. No obvious
correlation was found between the Class 0 and Class I sources.
One interesting fact is that most of the Class I sources, ∼75%
for 850 μm (panel (a)) and ∼90% for 1.3 mm (panel (b)), are
located above the locus of Class 0 sources (black fitted line).
Our studied targets, G205S3 (Class I: Lbol= 6.4± 2.4 Le) and
G206W2 (Class 0: Lbol= 6.3± 3.0 Le) have similar type of

Figure 3. ALMA C18O maps for G205S3 (a) and G206W2 (b). The black C18O contours are at 3nσ, where n = 2, 3, 4, ... and σ = 0.007 and 0.015 Jy beam−1 km s−1

in panels (a) and (b), respectively. The magenta contours are the 1.3 mm continuum at ∑n=1,2,3,.. 3 × 2n σ, where σ = 8 × 10−5 Jy beam−1 (panel (a)) and 15 × 10−5

Jy beam−1 (panel (b)). The synthesized beams are shown in black (C18O) and magenta (continuum) in the lower left. The red and blue arrows indicate the redshifted
and blueshifted jet axis.

Figure 4. C18O PV diagram along perpendicular to jet axis for (a) G205S3 and (b) G206W2. The source location is at the center of the cross mark. The beam size and
velocity resolution are shown with black rectangle at lower right of each panel.

20 Luminosity of multiple systems is contributed from the different protostellar
components within the common envelope. To reduce the uncertainty in the
correlation, we removed the known multiple sources from this analysis.
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luminosities. However, if we see their location in Figure 5,
G205S3 (black star mark) exhibit lower fluxes than G206W2
(red star mark) in both 870 μm (panel (a)) and 1.3 mm emission
(panel (b)). Here, we note that the use of single-dish data
(JCMT) would reduce the contamination by a possible massive
disk in Class I sources than interferometer (ALMA), and the
low-resolution JCMT data could include significant emission
from the larger scale cloud emission beyond the envelope and
presence of possible multiple sources. Both could potentially
affect the interpretation of flux-luminosity correlation.

A similar type of correlation was also studied for 1.3 mm
fluxes of Class 0 and Class I sources in Reipurth et al. (1993)
and Saraceno et al. (1996). We adopted the single-dish
observations of Class 0 and Class I sample from Saraceno
et al. (1996) in Figure 5(c). We scale down 870 μm JCMT
single-dish observations of G205S3 (black star mark) and
G206W2 (red star mark) from Dutta et al. (2020) to 1.3 mm
fluxes with spectral index 3.0 and 160 pc distance with a
distance correlation from Saraceno et al. (1996). With their
limited number of Class 0 sample, G205S3 is quite convin-
cingly located in Class I cluster and G206W2 is located near
the Class 0 cluster. Such correlations are quite obvious and
could be utilized to distinguish between different spectral
classes. More robust single-dish observations at 1.3 mm of a
larger sample of Class I and Class 0 sources are needed to
constrain the correlation.

4.3. Jets Knots and Accretion Variability

Variable accretion may be due to a circumbinary disk around
a close binary, potentially affecting the final mass budget of the
binary and planet formation (Günther & Kley 2002; Shi et al.
2012). Periodic variations due to pulsed accretion have been
observed in T Tauri binary systems (e.g., DQ Tau: Mathieu
et al. 1997); (UZ Tau E: Jensen et al. 2007). Another Class I,
possibly binary, system LRLL 54361 has pulsed accretion with
a high-accretion rate of 3× 10−6 Me yr−1 (Muzerolle et al.
2013).

The JCMT Transient Survey (Herczeg et al. 2017) has been
monitoring Class 0 and I protostars in submillimeter continuum

for over 4 yr, with monthly cadence (Johnstone et al. 2018; Lee
et al. 2021). G205S3 is a JCMT-monitored variable, with an
extrapolated episode timescale ∼8 yr, and an implied 10%
mass accretion rate variability (Lee et al. 2021). Similar
variability properties are found in the mid-infrared (mid-IR)
(Park et al. 2021). G206W2 is not included in the JCMT
sample and it is too bright for inclusion in the mid-IR analysis
by Park et al. (2021). Extracting the light curve from the
NEOWISE catalog (W. Park 2021, private communication)
reveals a long-timescale secular change in brightness.
The G205S3 SiO jet knots imply ejection episodes 54 10

30
-
+ yr

apart (Δrcorr/Vj,corr; Section 3.1), longer than the extrapolated
accretion event uncovered by the JCMT. A statistical ensemble
analysis of the JCMT protostars suggests that these burst events
typically occur every ∼50 yr, consistent with the G205S3 knot
separation. Repetitive ejection may be related to episodic
accretion of dense clumps created by instabilities within a
massive disk or magnetorotational instabilities (Machida et al.
2011; Bae et al. 2014; Vorobyov & Basu 2015). Alternatively,
embedded planetesimals or a circumbinary disk due to an
unresolved binary might create periodic accretion signatures
(Bonnell & Bastien 1992; Muñoz & Lai 2016). However,
observationally no binary has been detected in the G205S3
system so far. G206W2 exhibits ejections with a 17 10

30
-
+ yr

timescale, more closely matching the extrapolated mid-IR light
curve. Further high spatial resolution outflow studies and
continued mid-IR through submillimeter monitoring are
required to better diagnose the underlying accretion-ejection
scenarios.

5. Conclusions

We detect SiO jet emission and a moderately high mass-loss rate
of ∼0.59× 10−6 Me yr−1 for the isolated Class I source, G205S3.
These outflow features are more typically seen in younger, Class 0
sources like the representative source G206W2 (Mj∼ 5.54× 10−6

Me yr−1). We estimated a high inclination (i∼ 40°) of G205S3.
Perhaps G205S3 has been misidentified as Class I from the SED of
observed fluxes due to its high inclination. However, the compact
1.3mm continuum, C18O emission, location in the bolometric

Figure 5. Flux vs. bolometric luminosity for Class 0 (red circle) and Class I (black square) for the ALMASOP sources (panels (a) and (b)) from Dutta et al. (2020).
The solid lines in panels (a) and (b) indicate the best-fit correlation for the Class 0 sources only. The star marks indicate Class 0 (G206W2 in red) and Class I (G205S3
in black) sources, studied in this paper. Panel (a) utilizes JCMT 850 μm fluxes and panel (b) utilizes the ALMA 1.3 mm fluxes. In panel (c), G205S3 and G206W2 are
compared with the Class 0 and Class I sample of Saraceno et al. (1996). The solid black line is the best fit for the Class I sources and the brown line is the best fit for
Class 0 sources.
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luminosity and submillimeter fluxes diagram, lower SiO-to-CO
abundances (∼4× 10−3) in the jet are consistent with a Class I
system. The SiO-to-CO abundances, mass-loss rate, and bolometric
luminosity indicate that the jets from both the sources, G205S3 and
G206W2, are possibly launched from the innermost dust-poor
zones. The measured values of outflow forces, FCO∼ 3.26× 10−5

Me km s−1 yr−1 for G205S3 and ∼3.834× 10−4 Me km s−1 yr−1

for G206W2 infer that G205S3 could be a Class I, whereas
G206W2 is possibly a Class 0 source. The episodic ejection could
be due to the presence of an unknown binary, a planetary
companion, or dense clumps in a circumbinary disk, which also
could trigger such high accretion. Alternatively, some special
environmental conditions or rare orbital parameters may be in play
that favors the high-accretion rate. Further high-resolution near-IR
and ALMA observations are needed.
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