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Abstract

We have observed the very low-mass Class 0 protostar IRAS 153983359 at scales ranging from 50 to 1800 au, as
part of the Atacama Large Millimeter/Submillimeter Array Large Program FAUST. We uncover a linear feature,
visible in H,CO, SO, and C'®0 line emission, which extends from the source in a direction almost perpendicular to the
known active outflow. Molecular line emission from H,CO, SO, SiO, and CH;OH further reveals an arc-like structure
connected to the outer end of the linear feature and separated from the protostar, IRAS 15398—3359, by 1200 au.
The arc-like structure is blueshifted with respect to the systemic velocity. A velocity gradient of 1.2 km s~' over
1200 au along the linear feature seen in the H,CO emission connects the protostar and the arc-like structure

3 Jansky Fellow of the National Radio Astronomy Observatory.
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kinematically. SO, SiO, and CH30H are known to trace shocks, and we interpret the arc-like structure as a relic shock
region produced by an outflow previously launched by IRAS 15398—3359. The velocity gradient along the linear
structure can be explained as relic outflow motion. The origins of the newly observed arc-like structure and extended
linear feature are discussed in relation to turbulent motions within the protostellar core and episodic accretion events

during the earliest stage of protostellar evolution.

Unified Astronomy Thesaurus concepts: Stellar jets (1607); Star formation (1569); Shocks (2086); Protostars
(1302); Young stellar objects (1834); Interstellar medium (847); Interstellar molecules (849); Astrochemistry (75);

1. Introduction

Millimeter/submillimeter-wave observations are revealing
the complex physical and chemical nature of low-mass
protostellar systems during their earliest evolutionary stage.
For instance, protostellar accretion bursts resulting in a large
instantaneous increase in the protostellar luminosity and
subsequent heating of the protostellar envelope have been
suggested for Class 0 sources based on the observed spatial
distribution of molecular species (Jgrgensen et al. 2013; Hsieh
et al. 2018, 2019). Furthermore, complex structure, consisting
of arc-like features and dense clumps, has been reported around
the very young protostellar core, L1521F (Tokuda et al. 2014;
Favre et al. 2020), and for the first hydrostatic core candidate,
Chamaeleon-MMS1 (Busch et al. 2020). Because the protostars
are deeply embedded in their parent cores, interactions between
a protostellar outflow and surrounding gas may contribute to
such complicated morphologies. Thus, detailing these struc-
tures will provide us with an important clue to elucidating a
dynamic feature in the earliest stage of protostellar evolution.
Given these circumstances, it is increasingly important to
explore carefully and in detail the earliest stage of star
formation for specific sources.

IRAS 15398—3359 is a young low-mass Class O protostellar
source (Ty = 44 K; Jgrgensen et al. 2013) located in the Lupus
1 molecular cloud (d = 156 pc; Dzib et al. 2018). A molecular
outflow driven from the protostar has been found via single-
dish observations in CO emission (Tachihara et al. 1996; van
Kempen et al. 2009). A variety of unsaturated carbon-chain
molecules such as CCH, C4H, and CH5CCH are abundant on
scales of a few thousand au around the protostar. Hence, this
source is classified as a warm carbon-chain chemistry source
(Sakai et al. 2009; Sakai & Yamamoto 2013).

High-resolution observations with the Atacama Large
Millimeter/Submillimeter Array (ALMA) toward this source
have revealed the outflow structure and the disk/envelope
system. A bipolar outflow extending from the northeast to the
southwest (position angle, P.A. 220°) was reported in CCH and
H,CO line emission by Oya et al. (2014). The authors
evaluated the inclination angle of the outflow axis to be 70°
(0° for a pole-on configuration) based on their outflow model.
Thus, the outflow is launched almost parallel to the plane of the
sky. Submillimeter Array (SMA) observations of CO emission
confirm this outflow feature (Bjerkeli et al. 2016b). The
outflow dynamical timescale was derived to be very short,
10°-10% yr (Oya et al. 2014; Yildiz et al. 2015; Bjerkeli et al.
2016b). Significantly, this protostar has a very low dynamical
mass. Oya et al. (2014) and Yen et al. (2017) derived the upper
limit of the protostellar mass to be 0.09 M, and 0.01 M, using
the observed velocity structure of the H,CO and C'®O line
emission, respectively, at a resolution of 0”5 (~80 au). More
recently, a disk structure with Keplerian rotation was observed
in SO line emission at a higher angular resolution (072;
~30au) and the protostellar mass was re-evaluated to be

0.007-0:99% M., (Okoda et al. 2018). The authors reported that
the central velocity of the disk structure, 5.5km s~ ', is slightly
shifted from the systemic velocity of the protostellar core,
~52km s ' (Oya et al. 2014; Yen et al. 2017). They also
estimated the disk mass to be between 0.006 M, and 0.001 M,
from 1.2 mm dust continuum emission, assuming a dust
temperature of 20 K and 100 K, respectively. Despite the
measurement uncertainties, the disk thus appears to have a
lower mass than the mass of the protostar. Kristensen et al.
(2012) and Jgrgensen et al. (2013) previously reported that the
envelope mass is 0.5—1.2 M. Therefore, IRAS 15398—3359
should be in the earliest stage of protostellar evolution.

Due to these unique physical and chemical characteristics,
IRAS 15398—-3359 was selected as a target of the ALMA
Large Program FAUST (Fifty AU STudy of the chemistry in
the disk/envelope system of solar-like protostars*’). This
program aims at revealing the physical and chemical structure
of 13 nearby protostars (d = 137-235 pc), at scales from a few
thousand au down to 50 au, by observing various molecular
lines. In addition to lines of fundamental molecules (e.g., C'*0
and H,CO) and complex organic molecules, some shock tracer
molecules, such as SO, SiO, and CH;OH, are included in this
program to reveal possible interactions between the outflow
and the ambient gas: these species are thought to be liberated
from dust grains or to be produced in the gas phase within
shocked regions.

Taking advantage of the chemical diagnostic power of
FAUST obtained by observing these shock tracer lines with
high sensitivity, we have found a secondary outflow feature
launched from IRAS 15398—-3359, which provides a novel
insight into the earliest stage of protostellar evolution. In
Section 2 we present the relevant observations. Next, in
Section 3 we discuss the results of our spatial and spectral
investigation. We analyze and discuss these findings in
Sections 4 and 5, respectively, before concluding the paper in
Section 6.

2. Observations

Single-field observations for IRAS 15398—-3359 were
conducted between 2018 October and 2019 January as part
of the ALMA Large Program FAUST. The parameters of the
observations are summarized in Table 1. The molecular lines
analyzed in the frequency range from 217 to 220 GHz (Band 6)
are listed in Table 2. We used the 12 m array data from the two
different configurations (C43-5 and C43-2 for sparse and
compact configurations, respectively) and the 7 m array data of
the Atacama Compact Array (ACA /Morita Array), combining
these visibility data in the UV plane. In total, the baseline
lengths range from 7.43 to 1310.74 m. The adopted field center
was taken to be (O/Q()()(), 52000) = (15h43m02§242’ —34°09’
06”805), which is close to the protostellar position. The

40 http: / /faust-alma.riken.jp
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Table 1
Observation Parameters

Band 6 (C43-2) Band 6 (7 m Array of ACA)

Parameter Band 6 (C43-5)
Observation date(s) 2018 Nov 23
Time on source (minute) 47.10

Number of antennas 45

Primary beamwidth (arcsec) 26.7

Total bandwidth (GHz) 0.059
Continuum bandwidth (GHz) 1.875

Proj. baseline range (m) 15.03—1310.74
Bandpass calibrator J1427—-4206
Phase calibrator J1626—2951
Flux calibrator J1427—-4206

Pointing calibrator J1650—-2943, J1427—4206
Resolution (arcsec) (P.A. (deg)) 0.338 x 0.280 (63.9)
rms (mly beam ™! channel ") 1.8

2019 Jan 6 2018 Oct 24, 25

12.63 28.75, 28.77

47 10

26.7 45.8

0.059 0.062

1.875 2.000

12.66—425.02 7.43—-46.74

J1427-4206 J1229+40203, J1427—-4206
J1517-2422 J1517-2422

J1427-4206 1122940203, J1427—-4206
114274206 1122940203, J1427-4206, J1517—-2422
1.140 x 0.921 (79.9) 8.210 x 4.780 (69.2)

44 24.0

backend correlator for the molecular line observations was set
to a resolution of 122 kHz and a bandwidth of 62.5 MHz. The
data were reduced in Common Astronomy Software Applica-
tions (CASA) package 5.4.1 (McMullin et al. 2007) using a
modified version of the ALMA calibration pipeline and an
additional in-house calibration routine (G. Moellenbrock et al.
2021, in preparation) to correct for the T,y and spectral line
data normalization.*! Self-calibration was carried out using
line-free continuum emission, for each configuration. The
complex gain corrections derived from the self-calibration were
then applied to all channels in the data, and the continuum
model derived from the self-calibration was subtracted from the
data to produce continuum-subtracted line data. A self-
calibration technique was also used to align both amplitudes
and phases (i.e., positions) across the multiple configurations.
Images were prepared by using the fclean task in CASA, where
Briggs weighting with a robustness parameter of 0.5 was
employed. The primary beam correction was applied to all the
images presented in this paper. Since the maximum recoverable
scales are 1278, any structures extending more than that size
could be resolved out. The rms noise levels are 2 mly
beam ' channel ! for H,CO, SiO, CH;0OH, and C'®0, and 3 mJy
beam ' channel ! for SO. The original synthesized beam sizes
are summarized in Table 2. The uncertainty in the absolute flux
density scale is estimated to be 10% (Francis et al. 2020).

3. A Possible Secondary Outflow
3.1. Primary Outflow in the Northeast to Southwest Direction

Figures 1(a) and 2(a) show the moment O maps of the H,CO
and SO line emission, respectively. The outflow structure along
the northeast to southwest axis (P.A. 220°) is seen in the H,CO
emission, as reported previously (Oya et al. 2014; Bjerkeli et al.
2016b). Contrastingly, the SO emission is concentrated around
the protostar (Okoda et al. 2018, 2020) with little emission
within the outflow except for a localized knot (Blob D in
Okoda et al. 2020) seen in the southwestern lobe, which could
be formed by the impact of the outflow on ambient gas. The
CH;OH and C'®0 line emission traces part of the outflow in
Figures 2(b) and (c). The knot can also be seen in the CH;OH
emission (see also Okoda et al. 2020). Along with these
previously known structures, we have found an additional

“*1 hitps: / /help.almascience.org /index.php?/Knowledgebase / Article/
View/419

spatial feature extending toward the southeast and northwest of
IRAS 15398—-3359.

3.2. Arc-like Structure in the Southeast Direction

Part of the H,CO line emission and a majority of the SO line
emission are extended in the southeastern direction (P.A. 140°),
which is also close to the disk/envelope direction (P.A. 130°)
of the IRAS 15398—3359 protostar reported by Oya et al.
(2014), Yen et al. (2017), and Okoda et al. (2018). The H,CO
emission appears to bend toward the south about 8” (~1200 au)
from the protostar. The moment 0 map of the SO emission
shows an arc-like structure around the southeastern part
(Figure 2(a)), where the northern tip of the arc corresponds
to the bending point seen in the H,CO emission. Although the
arc-like structure is near the edge of the field of view for the
ALMA 12 m data, it lies within the field of view of ACA data.
Hence, the observed structure is real.

Along with the H,CO and SO line emission, the SiO and
CH;OH line emission is found to trace the arc-like structure
around the southeastern part. In contrast to the H,CO and SO
line emission, the SiO emission is not detected toward the
protostar, and mainly traces the southeastern part of the arc-like
structure (Figure 2(d)). These features are also apparent in the
molecular line profiles (Figure 3) toward four positions within
the arc-like structure and at the protostellar position, as
indicated in Figure 2. The line width of the SiO emission is
slightly broader at position D (0.9 km s~ ') than at positions A,
B, and C (0.3—0.8 km sfl). Faint emission from CH;OH is
also detected in part of the arc-like structure in addition to the
previously observed outflow cavity wall (Figure 2(b)). While
the CH3;0H emission looks faint in the moment 0 map, its
spectrum is clearly detected in the arc-like structure, as revealed
in Figure 3.

In Figure 4, we present the velocity channel maps of the
H,CO, SO, SiO, and CH3;0H line emission from the
3.9 km s~ ' panel to the 5.5 km s~ ' panel, where the systemic
velocity of the protostellar core is 5.2km s~ ' (Yen et al. 2017).
The velocity channel maps reveal the arc-like structure. The
CH;O0H emission is seen clearly in the velocity maps at 4.7 and
5.1km s~!. On the other hand, the arc-like structure is not
evident in the C'%0 emission, as shown in the line profiles and
the velocity channel maps (Figures 3 and 4(e)). The c'®o
emission usually traces cold and dense clumps of gas with
relatively high column density. Although marginal emission
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Table 2
List of Observed Lines”

Molecule Transition Frequency (GHz) SpA(D?) EJ ' (K) Beam Size
H,CO" 305202 218.2221920 16.308 21 0735 x 0”30 (P.A. 69°)
SO° N; = 564;5 219.9494420 14.015 35 0735 x 0”30 (P.A. 65°)
sio? 5-4 217.1049190 47.993 31 0”735 x 0”30 (P.A. 63°)
CH;0H® 453312 218.4400630 13.905 45 0735 x 0”29 (P.A. 69°)
8o 2-1 219.5603541 0.024399 16 0735 x 0729 (P.A. 65°)
Notes.

 Line parameters are taken from CDMS (Endres et al. 2016). The beam size for each line is obtained from the observations.

® Miiller & Lewen (2017).
¢ Klaus et al. (1996).

4 Miiller et al. (2013).

¢ Xu et al. (2008).

" Klapper et al. (2001).
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Figure 1. (a) Moment 0 map of the H,CO line emission. Contour levels are
every o from 30, where o is 6 mJy beam™'. The line intensities are integrated
from 3.7 to 5.7 km s~ ' to focus on the arc-like feature and linear structure.
White cross marks show the five locations where molecular line profiles are
produced (see Figure 3). The circle at top right represents the synthesized beam
size. The dashed arrow represents the direction of the PV diagram.
(b) Schematic picture of the molecular distributions.

may be detected around the southeastern extent in the map of
55km s~ ', the low C"®0 column density (calculated in
Section 4.2) ensures that the arc-like structure is not part of an
adjacent prestellar core.

3.3. Shocks in the Arc-like Structure

The SO, SiO, and CH5;OH line emission are known to be
enhanced in the gas phase by shocks and are often detected in
active outflow-shocked regions (e.g., Bachiller & Pérez
Gutiérrez 1997), although SO and CH;0H are also present in
quiescent starless cores (e.g., Spezzano et al. 2017; Punanova
et al. 2018). A typical example of such a shock region in a low-
mass star-forming region occurs in the outflow driven from the
Class 0 protostar, IRAS 2038646751, in L1157 (Mikami et al.
1992; Gueth et al. 1996; Bachiller & Pérez Gutiérrez 1997).
Outflows often produce shocked emission at locations where
they interact with ambient gas. In these outflow-shocked
regions, the chemical composition of the gas is drastically
changed, mainly due to liberation of molecules from dust
grains and subsequent gas-phase reactions. In L1157, the
shocked region in the blueshifted outflow lobe (L1157-B1) is
traced by SO, SiO, CH30H, H,CO, HCN, CN, and SO, line
emission (Mikami et al. 1992; Gueth et al. 1996; Bachiller &
Pérez Gutiérrez 1997; Codella et al. 2010, 2020; Podio et al.
2017; Feng et al. 2020). Enhancement of the same molecules
has also been reported for other protostellar outflows: e.g.,
L1448-C/L1448-mm (Jiménez-Serra et al. 2005; Hirano et al.
2010), HH211 (Hirano et al. 2006), NGCC1333-IRAS4A
(Wakelam et al. 2005), and BHR71 (Gusdorf et al. 2015). Since
SiO is a robust shock tracer, the observed arc-like structure to
the southeast of IRAS 15398—-3359 should also be a shocked
region. We also detect enhancement in the abundance of other
species, SO and CH3;OH (Figures 2(a) and (b)), which is
consistent with the enhancement reported toward the shocked
region, L1157-B1. Furthermore, the morphology resembles a
bow shock, somewhat similar to those revealed by the
simulations (Smith et al. 1997; Lee et al. 2001) and the
observation (HH46/47; Arce et al. 2013).

The line width of the SiO emission in typical shocked
regions is generally broad (~10km s™'; e.g., Mikami et al.
1992; Bachiller & Pérez Gutiérrez 1997). Here, however, the
SiO emission has a narrow line width of about 1 km s~ ' toward
the arc-like structure (Figures 3 and 4(c)). The lack of a broad
line width may be evidence that the shock is relatively old and
that the turbulent motions produced within the shock region
have dissipated. Such a fossil shock has been suggested as the
explanation for similar observations of the sources HH7-11
(SVS13-A) and NGC 2264 by Codella et al. (1999) and Lépez-
Sepulcre et al. (2016), respectively. This hypothesis will be
further discussed in relation to the origin of the arc-like
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Figure 2. (a)—(d) Moment 0 maps of the SO, CH;0H, C'SO, and SiO line emission. Contour levels are every o from 30, where o is 4 mJy beam ' km s, 3 mly
beam ' km s~!, 4 mJy beam ' km s, and 3 mJy beam ' km s, respectively. See Figure 1 caption for additional details.

structure in Section 5.2. We note that narrow line width of SiO
can also be interpreted in terms of magnetohydrodynamic
C-shocks (Jiménez-Serra et al. 2004, 2005, 2008, 2009).
IRAS 15398—3359 is located at the edge of the Lupus 1
molecular cloud, as can be seen in large-scale dust continuum
and CO observations (Tothill et al. 2009; Gaczkowski et al.
2015; Mowat et al. 2017). A protostellar source has never been
found through infrared observations (Rygl et al. 2013) toward
the southeastern region of IRAS 15398—3359 where the arc-
like structure resides. Furthermore, submillimeter continuum
emission is not detected at this location in our data sets, nor has
ALMA previously uncovered continuum emission at this
location (Jgrgensen et al. 2013; Oya et al. 2014; Okoda et al.
2018). Combined with the previously mentioned lack of
significant C'®0 emission, these null results suggest that there
is no nearby enhancement of dense gas to the southeast of
IRAS 15398—-3359. Thus, the arc-like structure likely
originates from the interaction of an outflow oriented along
the northwest to southeast axis ejected from IRAS 15398
—3359 and its natal ambient gas. If this is the case, a detectable

counter-lobe might be expected to the northwest of IRAS
15398—-3359. A hint of this counter-lobe can be seen in the SO
emission, as described in the next subsection.

3.4. Linear Structure in the Northwest to Southeast Direction

Focusing on the vicinity of the protostar, within 5”, a linear
structure is seen in the H,CO emission, connecting the
southeast arc-like structure to the protostar and continuing
toward the northwest (Figure 1(a)). This structure is more
clearly identified in the velocity maps at 4.7 and 5.1 km s~
(Figure 4(a)). Investigating this linear structure near the
protostar, we find that the geometry is not simply an extension
of the disk/envelope system related to the primary outflow
(Figure 5). The linear structure is slightly inclined by about 10°
from the disk/envelope axis (P.A. 130°) reported previously
(Oya et al. 2014; Yen et al. 2017; Okoda et al. 2018), and their
origins (« and (8 in Figure 5(a)) are offset by 1”"-2" (~150
—300 au) from the disk/envelope axis. This feature is also seen
weakly in C'®0O emission over the same velocity range of
4.5-5.7 km s~ (Figure 5(b)).
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The SO emission also shows evidence of an extension to the
northwest in the velocity maps of 5.1 and 5.5 km s
(Figure 4(b)). This emission is extended from the protostar
along the same orientation as the linear structure (P.A. 140°) in
the 5.1 km s~' channel map (Figure 5). At 5.5km s ',
additional emission appears further toward the northwest and
shows a slight offset from the above axis. In contrast to the
emission from H,CO, SO is more structured and less
continuous in the vicinity of the protostar. Nevertheless, the
observed SO emission is consistent with the geometry seen in
the H,CO emission. The morphology near the protostar in the
H,CO and C'®0 emission and the apparent symmetry in the SO

emission strongly suggest that these features are part of an
outflow structure, rather than a structure formed from gas
accreting toward the protostar as seen in the source Per-emb-2
by Pineda et al. (2020).

The possible secondary outflow is verified by the velocity
structure. Figure 6(a) presents the position—velocity (PV)
diagram for the H,CO emission along the northwest to
southeast axis (P.A. 140°), centered at the protostellar position.
The position axis is approximately along the linear feature seen
in the H,CO emission (Figure 1(a)). The velocity toward the
northwest remains roughly constant and only slightly blue-
shifted with respect to the systemic velocity. In contrast, toward
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the southeast there is a clear velocity gradient, with the
emission becoming more blueshifted with increasing distance
from the protostar and toward the arc-like structure. Further-
more, as seen in the PV diagram, the velocity width increases
up to about 1 km s~ ! at the southeastern terminus (Position A;
Figure 1(a)). This location is coincident with the northern tip of
the arc-like structure. A similar velocity structure can be seen in
the PV diagram for the C'"0 emission (Figure 6(b)). The
velocity gradient is calculated to be about 1.2 km s over
1200 au, assuming that the systemic velocity is 5.2km s .
This gradient is unexpectedly large if identified as infalling
motion to the protostar. A more natural explanation is that the
velocity gradient is associated with outflow motion. The lack of
a redshifted component in the northwestern part is puzzling but
may be due to less gas being affected by the outflow.
Alternatively, this could be reproduced if accretion of material

is not symmetric (Zhao et al. 2018). The slight shift of the
points of origin of the linear structure near the protostar
(Figure 5) can also be understood if these points of origin are
part of this secondary outflow.

One may expect that the secondary outflow would be
detected in the '2CO lines, which are the most commonly
observed outflow tracers. Indeed, a faint blueshifted component
near the arc-like structure on the southeastern part can
marginally be seen in the interferometric *CO (J = 2 — 1)
observations by Bjerkeli et al. (2016b) and Yen et al. (2017).
This would be a remnant of part of the arc-like structure. On the
other hand, the linear structure and its extension to the
northwest are not seen in the '*CO emission. The velocity shift
is so close to that of the ambient gas that they are likely to be
resolved out. The absence of the redshifted emission in the
northwestern part is puzzling, as mentioned above.
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4. Analyses of the Secondary Outflow
4.1. Dynamical Timescale of the Outflow and Outflow Mass

We have identified a linear structure along the northwest to
southeast axis (P.A. 140°) as well as an arc-like structure
further to the southeast. A northwestern counterpart can
marginally be seen in SO emission. This extended feature is
most likely a secondary outflow, which has not been previously
identified. Collimated features similar to the linear structure
seen near the protostar are expected to form around young
protostellar sources (e.g., Machida et al. 2008; Inutsuka 2012;
Velusamy et al. 2014; Busch et al. 2020).

We evaluate the dynamical timescale of the secondary
outflow from the PV diagram of the H,CO emission
(Figure 6(a)). The distance in the plane of the sky and the
shift in line-of-sight velocity from the systemic velocity are
1200 au and ~1.2 km s_l, respectively. Thus, the timescale is
estimated to be ~5000 x cot(i) yr, where i is the inclination
angle of the outflow axis (i = 0° for pole-on). Considering the
morphology of the observed secondary outflow, the axis may
be close to the plane of the sky (i =90°) and the dynamical
timescale is regarded as an upper limit. The observed feature
might also be a relic of a previous fast outflow, considering
the relatively narrow observed line width (see Section 5.2). In
this case, the observed velocities might be significantly lower
than they were in the past, and the calculated dynamical
timescale would be an overestimate. Note that the dynamical
timescale of the primary outflow (P.A. 220°) is reported to be
10%-10° yr (Oya et al. 2014; Yildiz et al. 2015; Bjerkeli et al.
2016b). Hence, the secondary outflow would likely have
formed before the primary outflow. The dynamical timescale
of the secondary outflow is comparable to the time for
depletion of SiO onto dust grains: 10°~10 yr if the H, density
is roughly 10°-10°cm ™ (e.g., Caselli et al. 1999). Thus, if
SiO molecules were liberated from dust grains in the past by
shocks related to a secondary outflow, they would be able to
survive in the gas phase until the present day. We roughly
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Table 3
Column Densities [10'* cm ™2

Molecule Protostar” A€ B Cc° D¢
H,CO 0.4-2 0.2-2 0.2-2 0.2-3 0.2-3
SO 0.4—1 02— 2 0.3-3 0.5-5 0.4-3
SiO <0.03¢ 0.01-0.8 0.02—1 0.07-5 0.05-3
CH;0H 0.7-6 1-6 2-9 3-20 2—10
c'®o 55—64 <14 <0.8¢ <29 <29
Notes.

 The positions are shown in Figures 1 and 2.

® The temperature and the H, density are assumed to be 54 K (Okoda et al.
2020) and 10°~107 cm >, respectively. A range of column density is shown for
each molecule.

¢ The temperature and the H, density are assumed to be 20—80 K and
10°-10° cm 3, respectively. A range of column density is shown for each
molecule.

4 The 3¢ upper limits, where o is shown in Figure 3.

estimate the total mass within the observed secondary
structure seen in SO emission to be 10 °—10"* M., where
we use the apparent size and an assumed H, density of
10°-10° cm ™ based on the critical densities of the observed
lines. Similarly, we estimate the mass of the primary outflow
from the H,CO emission to be 10~*—107° M., assuming the
same range of H, density.

4.2. Molecular Abundances around the Arc-like Structure

In order to compare the molecular abundances of the IRAS
153983359 with other outflow shock regions, we derive the
lower limits to the abundance ratio for several molecules
relative to C'80 at the four positions (A-D) and the abundance
ratio at the protostar position (Figures 1 and 2). Positions A and
D are the bending points from the linear structure toward the
arc-like structure and the south of the arc-like structure,
respectively, while positions B and C are the local peak
positions of CH30H in Figure 2(b). We calculate the column
densities of H,CO, SO, SiO, and CH;0H as well as the upper
limit of C'®0 by using the non-LTE radiative transfer code,
RADEX*? (van der Tak et al. 2007), toward these positions,
assuming that the gas temperature is 20—80 K and the H,
density is 10°~10° cm* (Table 3). Regarding the C'*O column
density at the four positions, we use the upper limits to the
intensity and the mean line width of other molecular lines
(H,CO, SO, SiO, and CH;0H). Any extended component
traced by the C'®0 emission at the systemic velocity may be
resolved out. In this case, the upper limits to the C'®0 intensity
might be underestimated. However, we here discuss the
molecular abundances in the arc-like structure, which is
blueshifted from the systemic velocity by 0.5km s~'. Such a
compact structure should be observed even in the C'®O
emission without the resolved-out problem. Moreover, the
maximum recoverable size (1278) is larger than the arc-like
structure (at most 10”). For these reasons, the resolved-out
effect should not affect the molecular abundances significantly.
For the protostar position, the C'®0 column density is derived
to be (5.5—6.4) x 10"° cm ™2, where the gas temperature and

42 The collisional rates of H,CO, SO, SiO, CH;0H, and C'%0 are originally
calculated by Wiesenfeld & Faure (2013), Lique et al. (2006), Balanca et al.
(2018), Rabli & Flower (2010), and Yang et al. (2010), respectively.
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the H, densitg are assumed to be 54 K (Okoda et al. 2020) and
10°-10" cm ™, respectively. Then, the abundance ratios relative
to C'%0 are evaluated from the column densities, where the
same temperature is assumed for the molecular species and
Cc®0.

Only lower limits are obtained for the abundance ratios at all
the four positions. Nevertheless, the abundances of SO, SiO,
and CH30H are found to be significantly enhanced in the
shocked region in comparison with the protostar position
(Table 4). Moreover, the abundance ratios are as high as those
reported for L1157-B1 (Table 4), further supporting the
outflow shock. We note, however, that the physical conditions
of L1157-B1 are likely different from those of IRAS 15398
—3359. L1157-B1 shows a broad line width of SiO. Hence, we
also compare the SiO abundance of the arc-like structure to that
of the shocked region with the narrow SiO line in the Class I
protostellar source, HH7-11 (SVS13-A) (Codella et al. 1999;
fges ~ 10% yr). We estimate the SiO abundance relative to H, by
using the nominal C'®0 fractional abundance of 1.7 x 10’
(Frerking et al. 1982). In Table 4, the abundance of the arc-like
structure is much higher than that found for HH7-11 (SVS13-
A). This result seems to be related to the shorter timescale of
the secondary outflow than that of the HH7-11 (SVS13-A)
outflow, ~10° yr (Lefloch et al. 1998).

5. Origin of the Secondary Outflow
5.1. Scenario 1: Two Outflows Driven by a Binary System

It is well known that some Class 0 protostellar sources
contain a binary or multiple system (e.g., Tobin et al. 2016b,
2018). A possible explanation for the secondary outflow is that
IRAS 15398—-3359 is a binary system, launching outflows in
two different directions with respect to the plane of the sky.
Such binary /multiple systems launching more than one distinct
outflow in different directions have been previously observed
within IRAS 16293—2422 Source A (van der Wiel et al. 2019;
Maureira et al. 2020), BHR71 (Zapata et al. 2018; Tobin et al.
2019), NGC 1333 IRAS2A (Tobin et al. 2015), and NGC 2264
CMM3 (Watanabe et al. 2017). In all these cases, however, the
binaries are separated by more than 40—50 au. Most binary
sources observed to have a circumbinary disk/envelope
structure show only a single outflow or parallel outflows,
e.g., BHBO7-11 (Alves et al. 2017), L1448 IRS3B-a, b (Lee
et al. 2015; Tobin et al. 2016a), and L1551NE (Reipurth et al.
2000; Lim et al. 2016). An exception is the case of VLA
1623A. Hara et al. (2020) report that this source is a close
binary system with a separation of 34 au, and two molecular
outflows are inclined by 70° to each other across the plane of
the sky.

A high-resolution observation (~30au) of IRAS 15398
—3359 with ALMA by Okoda et al. (2018) shows a single peak
in the dust continuum, indicating that this source is not a wide
binary. In addition, they find a well defined Keplerian disk
structure with a size of 40 au in the SO line. If IRAS 15398
—3359 is a close binary system instead of being two
independent systems that happen to be accidentally aligned in
the line of sight of our observations, it poses the very difficult
question of how to create such a complex system from a
molecular cloud core. In principle, a single molecular cloud
core can have a very complicated distribution of internal
angular momentum, but there is no theory to explain the
formation of binary stars with an apparent separation much
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Table 4
Relative Molecular Abundance Ratios with Respect to the C'*0 Emission

Molecule Protostar® A? B® ct D* L1157-B1° HH7-11 (SVS13-A)
[H,CO]/[C"*0) 0.005—0.03 >0.2 >0.2 >0.1 >0.1 0.5—1

[SO1/[C"*0] 0.007-0.02 >0.2 >0.4 >0.3 >0.2 0.5-0.8

[SiO]/[C"*0] <0.001 >0.01 >0.03 >0.04 >0.02 0.1

[CH;0H]/[C"®0] 0.01-0.1 >1 >2 >2 >1 0.8—4

X(SiO)* [1079] 1.7 5.1 6.8 3.4 17 0.08—0.3¢

Notes.

a . . . .
These values are derived by assuming the same temperature for the two molecular species for the ratio.

® The abundance ratios in the outflow-shocked region of L1157-B1. Values are extracted from Bachiller & Pérez Gutiérrez (1997).

€ X(Si0) indicates the SiO abundance relative to H, estimated by using the normal C'®0 abundance, 1.7 x 10~ (Frerking et al. 1982).

9 These values are reported in Lefloch et al. (1998), Codella et al. (1999).

smaller than the above ALMA resolution (~30au) and with
very different rotation axes. Indeed, MHD simulations by
Matsumoto et al. (2017) reveal that a single outflow is launched
in the case of a complex angular momentum distribution in the
core. Note also that it is very unlikely that two, almost
orthogonal, outflows would be launched from the circumbinary
disk. We thus conclude that the binary hypothesis for the
secondary outflow is unlikely, although we cannot completely
rule out the possibility of a tight binary (<30 au) system or that
of a binary system whose components are aligned close to the
line of sight. More observations at higher resolution will be
required to investigate the multiplicity of IRAS 15398—-3359.

5.2. Scenario 2: Outflow Outburst and Reorientation

A second possible explanation for the observed secondary
structure is a past reorientation of the outflow launched from a
single protostar. Assuming that the likelihood of outflow
reorientation is random, the observed orthogonality of the
secondary and primary outflows suggests a low expectation for
this specific geometry, especially if the secondary outflow lies
nearly in the plane of the sky as in the case of the primary
outflow. This difficulty can be mitigated if the secondary
outflow is a relic and the fast-moving component expected
along the outflow has already been dissipated. In this case, the
observed outflow direction may be significantly inclined with
respect to the plane of the sky and the observed velocity may be
close to the true velocity of the present relic.

The dissipation timescale of the high-velocity component
can be roughly calculated as (Codella et al. 1999)
8pr

lis = —

, 1
oy (1

where p/p, is the ratio of the mass density of the shocked gas
to that of the ambient gas, r the size of the shocked region, and
v the shock velocity. In the case of IRAS 15398—3359, we
assume the shock velocity to be 10 km s~ ' and employ the size
of the shocked region of 300 au according to a typical width of
the arc-like structure (Figure 1). In addition, the ratio p/p; is
assumed to be 10. The turbulent dissipation timescale is
estimated to be ~4000 yr based on the above assumptions. This
timescale is comparable to the dynamical timescale of the
secondary outflow (~5000 x cot(i) yr). Thus, the absence of
the high-velocity component seems reasonable.

It is further worth pointing out two specific features of IRAS
15398—3359 in relation to the reorientation hypothesis. First,
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the protostellar mass is reported to be 0.007 M, on the basis of
the disk Keplerian motion (Okoda et al. 2018). This mass is
lower than the expected mass of the first hydrostatic core
proposed by star formation theories (0.01-0.05 M,; Larson
1969; Masunaga et al. 1998; Saigo & Tomisaka 2006;
Inutsuka 2012). Thus, IRAS 15398—-3359 appears to be in
the earliest stages of protostellar evolution, a notion reinforced
by the significantly larger reported envelope mass, 0.5—1.2 M,
(Kristensen et al. 2012; Jgrgensen et al. 2013). Second, past
episodic accretion events have been suggested for this source
by Jgrgensen et al. (2013) and Bjerkeli et al. (2016a). Jgrgensen
et al. (2013) find a ring structure of H3CO™ at a scale of
150—200 au around the protostar. The lack of H>*CO™ interior
to the ring is inconsistent with the present heating rate from the
central protostar; however, a previous burst of enhanced
luminosity due to an accretion burst would have removed that
H'®CO™ through chemical reaction with sublimated H,O from
dust grains. The authors predict that the accretion burst
occurred 10°-10° yr ago, consistent with the dynamical
timescale of the primary outflow (Oya et al. 2014; Bjerkeli
et al. 2016b). Bjerkeli et al. (2016a) report that the HDO
(19,1—000) emission is localized on the cavity wall in the
vicinity of the protostar, interpreting that this is also due to a
past accretion burst. The timescale for the outflow reorientation
would be similar to the interval of episodic accretion in the case
when the angular momentum of the gas in a molecular core is
nonuniform (see below).

Assuming that the secondary structure reflects a previous
change in the outflow direction for IRAS 15398 —3359, can the
observed velocity and orientation of the feature be reconciled?
Relatively high-velocity shocks (>5—20km s~ ') are required
to liberate SiO from dust grains (e.g., Caselli et al. 1997;
Jiménez-Serra et al. 2008). Thus, the low velocity shift of
~1km s~ of the SiO arc-like structure needs to be considered
carefully.

As discussed above, the possibility that the secondary
outflow velocity is underestimated due to the structure lying
very close to the plane of the sky is small. Alternatively, a more
likely hypothesis is that the observed secondary outflow
represents a relic structure that is no longer powered by current
mass ejection from the protostar and inner disk. Thus, the fast
component of the secondary outflow should have dissipated
through interaction with ambient gas, leaving only the observed
motions close to the systemic velocity. This is also the reason
why we can see the linear structure from the vicinity of the
protostar. Previous observations of low-velocity features in
SiO have also suggested this hypothesis (Lefloch et al. 1998;
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Codella et al. 1999; Lépez-Sepulcre et al. 2016). The relatively
narrow line widths observed for the shock tracer lines described
in Section 3.2 are consistent with this picture.

We must also reconcile the orientation of the secondary
outflow, which is almost perpendicular to the angular
momentum axis of the currently accreting gas. If the angular
momentum of the episodically accreting gas varies with time,
the direction of the outflow axis may change drastically, even
as much as observed in this source. According to Misugi et al.
(2019), the angular momentum of the gas in a molecular core is
related to the degree of centroid velocity fluctuations within the
parental filamentary molecular cloud, resulting in the relation
between angular momentum and cloud mass determined by the
Kolmogorov power spectrum of weak (i.e., subsonic or
transonic) turbulence. In this analysis, the total angular
momentum of a star-forming core is a vector sum of the
various angular momenta of turbulent fluid elements whose
directions are almost randomly oriented. The summation over
angular momentum vectors inevitably includes cancellation of
opposite components of angular momentum vectors.

The identification of such an origin for the core rotation has
important implications, because the actual collapse process of
the core is not homologous but rather undergoes a “runaway”
process where a central dense region collapses first and the
outer regions accrete onto the central region later. Thus,
episodic accretion events with very different angular momenta
are expected to occur during this runaway collapse process.
Applying this model to the early evolution of the IRAS 15398
—3359 protostellar core, and recognizing that the mass of the
central protostar is extremely low, there should only have been
a very few discrete episodic accretion events and random
reorientations of angular momentum. Moreover, Okoda et al.
(2018) report that the central velocity of the disk structure
observed with the SO line is 5.5 km s_l, which is shifted 0.3
km s~ from the systemic velocity of the protostellar core at
5.2km s ' (Yen et al. 2017). This previous result may also be
naturally caused by the continual accretion of fluid elements
that have various momenta as well as various angular
momenta. The observed secondary outflow feature provides
plausible observational evidence for this picture. It is interest-
ing to note that a change in the angular momentum axis of the
accreting gas has also recently been suggested observationally
for some other young protostellar sources (Sakai et al. 2019;
Zhang et al. 2019; Gaudel et al. 2020).

If the rotation axis is misaligned with the global magnetic
field direction, the MHD simulations show that the directions
of the jet/outflow and disk change randomly over time
(Matsumoto & Tomisaka 2004; Hirano et al. 2020; Machida
et al. 2020). Since the misalignment can naturally be caused by
the above picture, this mechanism would also contribute to the
outflow reorientation of this source. Note that the global
direction of the magnetic field around IRAS 15398—-3359 is
almost in the primary outflow direction (Redaelli et al. 2019).

5.3. Future Directions

Unfortunately, the above interesting theoretical process is
not yet well studied theoretically because most of the numerical
MHD simulations for the formation of protostars and disks
have been performed with the simplest initial condition for the
rotation, i.e., rigid-body rotation throughout the core (e.g.,
Inutsuka 2012; Tsukamoto 2016; Wurster & Li 2018; Machida
& Basu 2019). Such turbulent motion, however, could be

11

Okoda et al.

important for variation of angular momentum within the core as
well as the thermal pressure of the gas.

We propose the reorientation scenario as one possibility to
account for this observation. To understand the interesting
feature of the secondary outflow, we will need additional
observations to investigate other possibilities carefully, parti-
cularly the existence of the close binary system (<30 au). For
testing the close binary hypothesis, centimeter-wave observa-
tions at a high angular resolution (<30au) are essential to
resolve the components without obscuration from the optically
thick dust continuum. Mosaic observations with ACA would
be useful to explore the environment around this source in
detail. It is also interesting to observe the velocity field of the
parent core at a high angular resolution in order to investigate
the distribution of the angular momentum as previously done at
a larger scale for other sources (e.g., Caselli et al. 2002).
Furthermore, observations in other molecular lines (CCH, CS,
¢-C3H,, NoH™, and H®CO™ etc.) would promote our under-
standing of the newly found structures, and these are now in
progress in the FAUST program.

6. Conclusions

We have uncovered an interesting feature in a direction
almost perpendicular to the primary outflow in IRAS 15398
—3359. This is most likely the relic of a secondary outflow
ejected from the single protostar at the center of this system.
The observational results of this paper present an important
implication for the earliest stage of star formation. The main
results are listed below.

1. We have identified an arc-like structure in SO, SiO, and
CH;OH line emission. Since these molecular species are
known to be shock tracers, the arc-like structure is most likely a
shock region produced by a relic outflow. The molecular
abundances of H,CO, SO, SiO, and CH;OH in the arc-like
structure are clearly enhanced in comparison with those at the
protostar position, and they are consistent with those reported
for shocked regions in the source L1157-B1.

2. The H,CO, SO, and C"80 line emission produces a linear
feature around the protostar. The SO emission also reveals an
additional structure to the northwest. In the PV diagram of the
H,CO and c'®o emission, the velocity increases with
increasing distance from the protostar toward the southeast.
Such morphological and kinematic features are consistent with
those expected from an outflow.

3. We roughly estimate the dynamical timescale of the
secondary outflow to be ~5000 x cot(i) yr (i=0° for pole-
on). The timescale is similar to that of depletion of SiO onto
dust grains, which is 10°-10* yr.

4. As previously reported by Okoda et al. (2018), the
Keplerian disk structure around IRAS 15398—-3359 is seen in
the SO line emission at a resolution of 30 au, and the dust
continuum maps show only a single peak. Given this geometry,
the launch of two almost orthogonal outflows from the
circumbinary disk (<30au) is very unlikely, although we
cannot completely exclude a tight binary hypothesis. Observa-
tions at higher resolution are needed to examine the possibility
further.

5. We thus hypothesize that the secondary outflow is a relic
of a past reorientation of the outflow launched from a single
protostar. The narrow line width of the SiO emission implies
that the arc-like structure has dissipated the turbulent motions
associated with the earlier shocks. The change in the direction
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of the outflow axis may be related to a nonuniform distribution
of internal angular momentum in the molecular core, advected
onto the central region via episodic accretion. Such events may
occur during the earliest stages of protostar formation like
IRAS 15398—-3359.
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