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Abstract

Outflows are key indicators of ongoing star formation. We report the discovery of an unanchored forked stream
within the propagating path of an extremely young protostellar outflow in the 70 ym-dark clump G34.74-0.12,
based on Atacama Large Millimeter/submillimeter Array (ALMA) 1.3 mm observations with an angular
resolution of 176 (~5000 au). This outflow originates from a 9.7 M, core, exhibits a fork-shaped stream
structure in its redshifted lobe, which is traced by CO (2-1), SiO (54), and H,CO (3932 2). It has a momentum
of 13 M., km s, an energy of 107 M. km? s 2, and a dynamical timescale of ~10* yr. Significantly, the
enhanced relative abundances of SiO, HZCO, and CH;0H with respect to CO, along with the increased
temperature at the forked point, indicate a collisional origin. The forked point does not coincide with any dust
continuum core >0.1 M. Moreover, CO (2-1) emission also traces three other outflows in this region,
characterized by their masses (0.40, 0.02, and 0.15 M) and momenta (5.2, 0.2, and 1.8 M km sfl), as part of the
ALMA Survey of 70 um dark High-mass clumps in Early Stages project. All the newly discovered morphological
and kinematic features associated with these extremely young protostellar outflows (with timescales of
10°-10* yr) suggest that the initial stages of star formation are more complicated than previously understood.

Unified Astronomy Thesaurus concepts: Infrared dark clouds (787); Star forming regions (1565); Star formation

(1569); Interstellar medium (847); Interstellar line emission (844)

1. Introduction

Infrared dark clouds (IRDCs) exhibit high extinction,
appearing as dark features against the bright Galactic infrared
background, and are considered the most likely birthplaces of
high-mass and low-mass stars (e.g., J. M. Rathborne et al. 2006;
M. M. Dunham et al. 2008; M. Nielbock et al. 2012; S. Ragan
et al. 2012; P. Sanhueza et al. 2013; J. C. Tan et al. 2013;
S. Spezzano et al. 2017; A. T. Barnes et al. 2023; C. Wang &
K. Wang 2023). In particular, 70 ym dark clouds represent
extremely early evolutionary stages of star formation, for their
young (age <5 x 10* yr, G. Sabatini et al. 2021) cold
(I'<25K) and dense (n>10°cm ) environments (e.g.,
P. Sanhueza et al. 2017; Y. Contreras et al. 2018; S. Feng

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 DOL

et al. 2019; P. Sanhueza et al. 2019; E. Moser et al. 2020;
E. Redaelli et al. 2021; K. Morii et al. 2024).

Recent interferometer observations, such as the Multiwave-
length line-Imaging survey of the 70 pum dArk and bright
clOuds (MIAO; S. Feng et al. 2020), the Atacama Large
Millimeter/submillimeter Array (ALMA) Survey of 70 pm
dark High-mass clumps in Early Stages (ASHES; P. Sanhueza
et al. 2019), ALMA-IMF (F. Motte et al. 2022), the ALMA
Three-millimeter Observations of Massive Star-forming regions
(ATOMS; T. Liu et al. 2020), and the ALMA Survey of Star
Formation and Evolution in Massive Protoclusters with Blue
Profiles (ASSEMBLE; F. Xu et al. 2024a), have revealed that
these regions are not completely quiescent with the scale below
10* au. Young protostellar activities, such as, fragmentation
(e.g., P. Sanhueza et al. 2019; H.-L. Liu et al. 2022; X. Mai et al.
2024; K. Morii et al. 2024; F. Xu et al. 2024a; P. Sanhueza et al.
2025), infall (e.g., Y. Contreras et al. 2018; K. Morii et al.
2025), and protostellar outflows (e.g., S. Feng et al. 2016;
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S. Kong et al. 2019; T. Pillai et al. 2019; S. Li et al. 2020;
M. Liu et al. 2021; D. Tafoya et al. 2021; K. Kitaguchi et al.
2024) already appeared in these early star-forming regions.

Of all these initial star-forming kinematic features, the study of
protostellar outflows has evolved significantly. Before the
ALMA era, protostellar outflows were typically detected in
more evolved stages, exhibiting a bipolar, cone-shaped structure
symmetrically ejected from the protostar. Taking advantage of
the high sensitivity of modern interferometers (e.g., ALMA,
NOEMA), bipolar outflows have also been detected in 70 pm
dark regions (e.g., S. Feng et al. 2016). Particularly, some
outflows and jets exhibit curvature or asymmetry, such as
“bends” and “wiggles” (e.g., N. Hirano et al. 2010; K.-S. Jhan &
C.-F. Lee 2016; L. V. Ferrero et al. 2022; S. Takahashi et al.
2024), which may result from intrinsic instabilities, external
interactions, or magnetic fields, though their exact origins remain
uncertain (e.g., N. Hirano et al. 2010; P. Sanhueza et al. 2021;
S. Takahashi et al. 2024).

In 2015, we designed the ALMA Survey of 70 yum Dark High-
mass Clumps in Early Stages (ASHES; P. Sanhueza et al. 2019).
At a linear resolution of ~5000au, this survey aims to
investigate the physical and chemical properties of a sample of
51 70 pm dark sources, with distances ranging from 2.4 to
6.1 kpc (P. Sanhueza et al. 2019; S. Li et al. 2020; K. Morii et al.
2021a; D. Tafoya et al. 2021; S. Li et al. 2022; G. Sabatini et al.
2022; T. Sakai et al. 2022; S. Li et al. 2023; N. Izumi et al. 2024).

G034.739-00.119 (hereafter G34.74-0.12) is one of the ASHES
sources, located at a kinematic distance of 5.1 £ 0.5 kpc, estimated
using the Parallax-Based Distance Calculator”® (M. J. Reid et al.
2016). The systemic velocity with respect to the local standard
of rest (Vgys1sr) for G34.74-0.12 is 79.0 km s ! (Y. L. Shirley
et al. 2013). G34.74-0.12 has also been observed as part of the
MIAO project (S. Feng et al. 2020), which investigates a
sample of 26 neighboring (~1 pc), dense (n > 10° cm ™), and
cold (10-30K) 70 pum dark and bright clump pairs. Both
clumps of G34.74-0.12, which are at different evolutionary
stages, are observed in the ASHES survey. At pc scale, IRAM-
30m observations witness a clear spatial anticorrelation
between the distributions of C'®0 J=2-1 and DCO™"
J=1-0 in this region (S. Feng et al. 2020).

In this paper, we report young protostellar outflows,
particularly one exhibiting a forked stream structure in
G34.74-0.12 at a linear resolution of ~5000 au. The observa-
tion and data reduction are described in Section 2. We present
the observational results of the outflows and the forked stream
in Section 3, discuss the possible origins of the forked stream
in Section 4, and summarize our conclusions in Section 5.

2. Observation and Data Reduction

This work uses ALMA data from the ASHES project. ASHES
observations toward G34.74-0.12 were carried out between 2017
November and 2018 May in Band-6 (Project ID: 2017.1.00716.
S). The observations used the 12m array (A. Wootten &
A. R. Thompson 2009) for a 10-pointing mosaic, the Atacama
Compact 7 m Array (ACA; S. Iguchi et al. 2009) for a three-
pointing mosaic, and the total power (TP) antennas to recover
the large-scale structure, with the mapping center at
18"55™09583, +01°33/14”.5 (ICRS). The data set consists of a
set of eight spectral windows (SPWs). Four SPWs were
configured at a bandwidth of 59 MHz and a channel width of

20 http: / /bessel.vlbi-astrometry.org /node /378
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61 kHz, corresponding to a spectral resolution of 0.17 km s .

Two SPWs were configured at a bandwidth of 59 MHz and a
channel width of 31 kHz, corresponding to a spectral resolution
of 0.08 km s'. Two additional broad SPWs were set at a
bandwidth of 1.9 GHz and a channel width of 488 kHz,
corresponding to a spectral resolution of 1.34 km s~ '.

Data calibration was performed using the Common Astronomy
Software Application (CASA; CASA Team et al. 2022) software
package versions 5.1.1 and 6.4.1. The continuum at 1.34 mm
was generated from the line-free channels of the spectral
windows. We use the task “uvcontsub” in CASA to perform
the continuum subtraction for the spectral line data. We used
almica®! (H. B. Liu et al. 2015), a data combine code based on
the Multichannel Image Reconstruction, Image Analysis and
Display (MIRIAD) package,” to combine the data from the
12 m array, the ACA, and the TP in the UV domain.

The spectral line images used in this study are primary beam
corrected. After mosaicking, the rms noise of each line and the
dust continuum is roughly uniform across the target region,
except near the edges. The line information is summarized in
Table 1.

3. Result and Analysis
3.1. Protostellar Outflows and Successive Shocks

We found that the CO (2-1) emission spans a wide velocity
range, from 30 km s~ ! to 120 km sfl, see channel map in
Appendix A (Figure Al). To investigate the gas associated
with the outflows, we integrated the velocity ranges of the
blueshifted and redshifted components from 55 to 71 km s~
and 85 to 92 km s~ !, respectively, in order to exclude emission
from the dense protostellar core and foreground gas. By
measuring the contribution from overlapping Galactic arms
along the line of sight (M. J. Reid et al. 2009), we found that it
introduces no more than a 10% uncertainty to the flux
integrated over the adopted velocity range. At the signal-to-
noise ratio above 8, at least four molecular outflows appeared
(Figure 1, labeled I-1V), which are symmetric to the 1.3 mm
dust continuum cores 1, 2, 4, and 10, respectively. Assuming a
dust temperature of 15 K, these cores have masses of 9.7 M,
6.4 M., 4.1 M, and 3.4 M., (K. Morii et al. 2023). Taking
into account the uncertainties in flux (10%), temperature
(20%), and distance (10%), the estimated core masses have a
total uncertainty of 50% (P. Sanhueza et al. 2017, 2019;
K. Morii et al. 2023). Of the four outflows detected in this
region, outflow I is the most prominent, extending from east to
west with a projected length exceeding 1.1 pc. Several bullet-
like structures appeared in both blue- and redshifted lobes on
the velocity field map (i.e., moment 1, Figure 2), suggesting
the presence of successive shocks.

The bipolar structure of outflow I is also traced by SiO
(5-4), CH30H (4,-31), HoCO (303-20,), H2CO (322-251),
H,CO (351-250), and HC;N (24-23), see Figure 2. At a
typical outflow temperature of 50 K (S. Feng et al. 2015,
2022), these transitions have critical densities exceeding
2.5x10°cm > (Table 1), indicating that these bullet-like
structures are dense gas.

To characterize the kinematic structure along the outflow
propagating path, we extracted the position—velocity (PV)
diagrams for both outflow I and II, with a slice width of 1'4

2! https://github.com/baobabyoo/almica
%2 hitps:/ /www.astro.umd.edu /~ teuben /miriad/


http://bessel.vlbi-astrometry.org/node/378
https://github.com/baobabyoo/almica
https://www.astro.umd.edu/~teuben/miriad/

THE ASTROPHYSICAL JOURNAL, 990:229 (17pp), 2025 September 10 Lin et al.

' ' ' ' ' 3.5
55 -71 km/s
’ 85 - 92 km/s
1033|40u R & - A 30
2.5
— . 0
2 20" F T 2.0 £
% Outflow I s
S <Q
D j >
A 1.5 Ea
OOII N i
11.0
32'40" < ] 10
[e] 5000 au
. . . . . —10.0
18h55m12s 118 108 09s 08s

R.A. (ICRS)

Figure 1. CO 2-1 outflow contours overlaid on 1.34 mm continuum gray map. The black contours show the emission of the continuum with levels starting from 3o
and increasing in steps of 20 (1o = 0.3 mJy beam ' km s~ '). The blue and red contours represent the blue- and redshifted components, respectively. The integrated
velocity ranges of the blue- and redshifted components are shown in the upper right corner (Vgyq 15 is 79.0 km s~ 1). The contour levels for the blueshifted component
start at 8, while those for the redshifted component start at 240, both increasing in increments of 160 (1o = 0.05 Jy beam ™' km s~ 1). The green, blue, orange, and
magenta bipolar arrows indicate the directions of the outflows, with the outflow IDs labeled. The green and cyan crosses indicate the positions of the identified cores,
with the green cross representing the location of the most massive core 1 (9.7 M,). Core IDs labeled are taken from K. Morii et al. (2023). The synthesized beam is
given in the bottom left.

Table 1
Summary of the Spectral Lines
Specie Transition Rest E,/k* S, ,-j/1,2“ Rerit” Nerit” Velocity rms® Beam
Frequency” (20 K) (50 K) Resolution Size
(GHz) (K) (D?) (10° em ™) (10° em™%) (km sV (mJy beam ') (%"
SiO J=54 217.105 31.26 47.99 9.84 8.03 0.17 9.5 1.69 x 1.25
H,CO Jx, k. = 303202 218.222 20.96 16.31 7.78 5.68 1.34 35 1.68 x 1.24
HC;3;N J=24-23 218.325 130.98 334.19 8.35 6.89 1.34 35 1.69 x 1.24
CH;0H Jx = 4,34 218.440 45.46 13.91 2.16 1.09 1.34 35 1.68 x 1.23
H,CO Jkok. = 322221 218.476 68.09 9.06 7.78 5.68 1.34 35 1.68 x 1.24
H,CO Jk, k. = 321220 218.760 63.11 9.06 7.78 5.68 1.34 35 1.68 x 1.24
c'®o J=2-1 219.560 15.81 0.02 0.04 0.03 1.34 35 1.68 x 1.23
CO J=2-1 230.538 16.60 0.02 0.04 0.03 1.34 35 1.59 x 1.78
Notes.

 Taken from the Cologne Database for Molecular Spectroscopy (CDMS; H. S. P. Miiller et al. 2005).

® The critical densities were calculated under the assumption of optically thin conditions by solving the statistical equilibrium equations for a multilevel system,
which include both downward collision rates (7,;) and excitation rates (i,). The Einstein A coefficients (A;;) and collisional rates (C;;) at 20 K or 50 K are obtained
from the Leiden atomic and molecular database (LAMDA,; F. L. Schoier et al. 2005).

¢ Typical rms at the corresponding velocity resolution.

(i.e., the synthesized beam size), using the “pvextractor”
tool.”* The PV diagram of SiO (5-4) along outflow I, as shown

2 hup: //pvextractor.readthedocs.org

in Figure 3, reveals several wedges/knots in both the
blueshifted lobes (i.e., B1, B2, and B3) and redshifted lobes
(i.e., R1 and R2). In both lobes, we do not observe a significant
increase in observed velocity with distance from the driving
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Figure 2. The intensity-weighted velocity map (moment 1) of SiO (54), H,CO (3¢3-202), HoCO (355-251), HoCO (35,1-22), CH30H (4,-3;), and HC;N (24-23).
Black contours represent their integrated intensity levels. SiO (5-4): start from 60 and increase in steps of 160 (1o = 0.028 Jy beam™! km s~}); H,CO (303—202):
start from 60 and increase in steps of 60 (1o = 0.025 Jy beam ™' km s~); H,CO (322-251): start from 40 and increase in steps of 40 (1o = 0.020 Jy beam ™! km s™1);
H,CO (35,1—2,9): start from 40 and increase in steps of 40 (1o = 0.022 Jy beam ! km s~ '); CH;0H (4,-3,): start from 40 and increase in steps of 40 (1o = 0.026 Jy
beam ' km s~ '); HC3N (24-23): start from 40 and increase in steps of 1.50 (1o = 0.024 Jy beam ' km s~ '). The blue and red contours represent the blue- and
redshifted lobes of outflow I, II, III, and IV, respectively, as labeled in Figure 1. The green cross indicates the position of the most massive core 1, and the cyan crosses
indicate the position of cores 2, 4, and 10. The orange arrow in the SiO (5—4) map represents the path for the outflow I. Yellow crosses mark the positions of knots B1,

B2, B3, R1, and R2. The synthesized beam is given in the bottom left.

source (Core 1) within individual knots. This feature differs
from typical “Hubble wedge” (i.e., an apparent increase in
velocity with distance from the source), commonly reported in
protostellar outflows (e.g., H. G. Arce & A. A. Goodman 2001;
Y. Cheng et al. 2019; T. Nony et al. 2020).

Moreover, we extracted the SiO (5-4) line profiles from
knot R2, knot B2, and central core 1 within a single beam
area, as shown in the right panel of Figure 3. Along the E-W
direction (B2-corel-R2), the SiO line profiles show broad
blue- and redshifted velocity components (>20kms ).
These broad line wings, despite originating from the 70 pym
dark region, are comparable in intensity to those observed
in outflow regions associated with high-mass protostars

(K. Qiu et al. 2007; P. Sanhueza et al. 2010; S. Feng et al.
2016; A. Lopez-Sepulcre et al. 2016). The line profiles of
all the detected lines in knots (B3-R2) are shown in
Appendix D.

We note that outflow I exhibits an unanchored forked stream
structure in its redshifted lobe (Figure 1). This forked stream
structure is significant in the channel maps of CO (2-1) and
SiO (5-4; Fork-N and Fork-S, labeled in Figures 4 and A2).
Moreover, the north stream of the forked structure is also
presented in CH3OH (42—31), HZCO (30’3—20,2), HzCO (32’2—
2,1), and H>CO (351-2,0) maps (Figure 2). Both streams
appear to originate from outflow I. We will discuss their
origins in Section 4.3.
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3.2. Outflow Parameters

To characterize the physical structure of outflows, we first
obtained their temperature maps by using H,CO (393-22),
H,CO (3,,-2,.1), and H,CO (3,12, ,0) lines. These p-H,CO
transition lines serve as an effective probe for estimating the
kinetic temperature of molecular gas (Y. Ao et al. 2013;
X. D. Tang et al. 2017; S. Feng et al. 2019; N. Izumi et al.
2024; F. Xu et al. 2024b). We tried the rotation diagram
method under the assumptions of optically thin and local
thermodynamic equilibrium (LTE), as well as non-LTE
approximations, to derive two kinematic temperature maps
for the entire region. The non-LTE temperature map is derived

using the RADEX modeling method (F. F. S. van der Tak et al.
2007). The details of the two methods are described in
Appendix B. Although both methods show high agreement for
the blueshifted lobes (~55 K), the temperature derived from
LTE is 20% lower than that derived from the non-LTE large
velocity gradient (LVG) at the knot R2, where the forked
stream structure appeared (100 K, Figure 5). Such differences
are likely attributable to the assumptions of optically thin and
the adopted H, volume density, which is also noticed at
N. Izumi et al. (2024). For accuracy, we used the LVG
temperature map (Figure 5) afterward.

Assuming LTE and a beam-filling factor of unity, we
derived the masses, momenta, energies, and outflow rates of
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Figure 5. The temperature maps obtained from the non-LTE method using
RADEX. The black contours represent the intensity of H,CO (3,1-2,),
starting at 40 and increasing in steps of 40 (1o = 0.022 Jy beam ' km s~ ').
The black cross indicates the position of the core 1, 2, 4, and 10. The
synthesized beam is given in the bottom right.

the redshifted and blueshifted lobes for all the outflows from
CO (2-1; listed in Table 2) using caleu® (S. Li et al. 2020).
All related equations are presented in Appendix C. We adopt
an excitation temperature of 64 K based on the average value
from the LVG map. Given that CO emission may not trace
low-density outflow components effectively, along with
optical depth effects and sensitivity limitations, the derived
outflow parameters may be uncertain by up to an order of
magnitude (S. Li et al. 2020). Note that these parameters are
not corrected for the inclination angle of outflows. Assuming a
random orientation of the outflows in three-dimensional
spherical space, we adopt a mean inclination angle of 57.3,
following (S. Li et al. 2020; D. Tafoya et al. 2021). The
derived outflow parameters (e.g., momentum and energy) will
be affected by a factor of a few (~1.2-3.4).

Using the velocity at the full width at zero intensity (FWZI)
and the projected length measured at the 8o level (see
Appendix C), the dynamical timescales for both outflow I and
11 are estimated to be ~ 10* yr, while those for outflow III and
IV are ~10° yr, indicating that they are extremely young,
similar to the other young protostellar outflows (e.g., S. Feng
et al. 2016; M. Liu et al. 2021; A. Martinez-Henares et al.
2025). Assuming a CO abundance ratio with respect to H, as
10°* (G. A. Blake et al. 1987), the total outflow masses of
the double-sided lobes defined by Miope = Mieq + Mpiue, are
estimated to be ~ 0.8-1.0 M, for the outflow I and 0.1-0.4 M,
for the outflow II. Although Outflows I and II spatially overlap
near Core 1, the overlapping region consists of the blueshifted
component of Outflow I and the redshifted component of
Outflow II (see Figure 1). Since the fluxes are integrated over
distinct velocity ranges for each outflow, there is no overlap in
velocity space. Therefore, the mass associated with each
individual outflow lobe can be clearly distinguished and
calculated independently. Compared to the median outflow
mass (0.02 M.) and median energy (2.1 x 10** erg) reported
in the ASHES pilot survey (S. Li et al. 2020), outflows I, II,
and IV in our study appear to be more massive and energetic
than the majority of outflows previously identified, indicating
relatively strong star-forming activity in this region. In
contrast, outflow III falls below the median in both mass and
energy. This discrepancy likely results from our higher derived
temperature (~64 K, Figure 5) relative to their 15 K assump-
tion, as well as differences in integrated flux and central core
mass. However, our estimated outflow masses and energies are
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several orders of magnitude lower than those reported in other
studies toward more evolved regions (e.g., D.-J. Liu et al.
2021; K. Yang et al. 2024).

We derive the mass loss rate of the wind (M,,) from Foy/v,,,
where F,, represents the mechanical force, and v,, is the wind
velocity. Protostellar winds launched from accretion disks are
thought to drive the outflows (R. E. Pudritz & C. A. Norman
1986; J. Bally 2016). Here we adopt a typical wind velocity of
500 km s (H. J. G. L. M. Lamers et al. 1995; S. Li et al.
2020; A. L. Rosen 2022). Subsequently, we measure the mass
accretion rates (M,..) as M, = kM,, where k is the ratio
between the M,.. and M,,. Theoretical models suggest that jets
typically carry away approximately 30% of the infalling
material (K. Tomisaka 1998; M. N. Machida & T. Matsumoto
2012; J. C. Tan et al. 2014), with the remaining mass accreting
onto the protostar, corresponding to a mass accretion to mass
ejection ratio of ~ 3. Therefore, we adopt k=3 in our
analysis. We derived that the M, in G34.74-0.12 is on the
order of 107°M_, yr~', which is approximately equal to the
maximum value found in the ASHES pilot sample, where
values range from 10~°M_, yr—' to 107°M_, yr—' (S. Li et al.
2020). These values are several orders of magnitude lower
than those found in more evolved high-mass star-forming
regions, where typical mass accretion rates are on the order of
10°-10* M yr ' (e.g., T. Liu et al. 2017; X. Lu et al. 2018;
F.-W. Xu et al. 2023), indicating that the ongoing accretion
activity in G34.74-0.12 is relatively weak compared to that in
more evolved regions. The accretion rates in G34.74-0.12
suggest central stellar masses of ~1 M., (J. Muzerolle et al.
2003; M. R. Krumbholz et al. 2014).

4. Discussion
4.1. Molecular Abundances in the Outflow Regions

For the species SiO, CH;0H, H,CO, and HC3N detected in
the outflow region, all exhibit enhanced intensities in the
outflow knots compared with the central protostar, particularly
at knot R2. Assuming LTE, optically thin, and a beam-filling
factor of unity, we use Equation (C1) to measure the column
densities of these species (SiO, CH3;0H, H,CO, and HC;N)
and CO at different knots. The excitation temperature is
adopted uniformly for all molecules and is calculated from the
average kinetic temperature derived from LVG analysis across
the different knots. We derive the relative abundances with
respect to CO (Ny,01/Nco) of these species for these species at
knots B3, B2, B1, R1, and R2, spanning from the blueshifted
lobe to the redshifted lobe of outflow I (Figure 6). Within the
velocity range from Vi -2 10 Viys1se+2 km s~!, the gas
emission arises from a combination of both the protostar and
its associated outflow. To have the outflow-dominated
component and derive the corresponding molecular abun-
dances, we integrated the emission in the velocity range of
[Viys,1sr-19,Veys 1s5-4]  km s~! as the blueshifted lobe, and
[Viysasrt3,Viys1srt21] km s~ ! as the redshifted lobe, based on
detection thresholds of 1o for H,CO (3¢ 3—202), CH;0H (4,—
31), and HC3N (24-23), and 20 for SiO (5-4) and CO (2-1).
The relative abundance uncertainties are mainly attributed to
the temperature uncertainty derived from RADEX LVG
modeling and an estimated 10% uncertainty in flux calibration.

CH;O0H shows the highest abundance with respect to CO in
the entire region, followed by H,CO, SiO, and HC;3;N
(Figure 6). We find that these abundances are roughly
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Figure 6. Molecular abundance relative to CO toward six different positions
along the outflow I. The uncertainties in the relative abundance estimate arise
from the temperature uncertainty derived from RADEX LVG modeling and a
10% uncertainty in the flux calibration. The downward arrow indicates the
upper limit.

consistent with those observed in other young outflow regions
(e.g., S. Feng et al. 2015; A. E. Higuchi et al. 2015;
A. M. Burkhardt et al. 2016; S. Li et al. 2020). Except for
HC;N, all other species show similar distributions along the
distance from central core 1 to the outer regions, with
abundance enhancements observed in both blue- and red-
shifted knots compared to the central position. On the
redshifted side, their enrichment pattern differs from that on
the blueshifted side. In particular, at the second knot (R2),
where outflow I begins to exhibit a forked stream structure, the
relative abundances of H,CO, CH3OH, and SiO are largely
enhanced compared to the center, although HC3;N exhibits a
slightly decreasing trend.

4.2. The Forked Stream Structure

To investigate the velocity distribution of two outflow
streams, we extracted the PV diagrams along two curve paths 1
and 2 (green dashed guideline in Figure 4). Figure 7 shows that
from the point where the forked stream appears (R2) to the
ends of the forked streams, the velocities exhibit a similar
distribution, indicating that both outflow streams have the
same origin. For comparison, we also present the PV diagram
of the outflow II in Figure 7, which was extracted from the
path along the outflow direction (blue dashed guideline in
Figure 4). Similar to outflow I (Section 3.1), outflow II also
exhibits bullet/knot structures, particularly in its redshifted
lobe. In contrast to outflow I, which does not show a “Hubble
wedge” structure, outflow II exhibits at least three obvious
“Hubble wedge” structures (gray dashed guideline in
Figure 7(c)) in the redshifted component. This structure is
similar to those found in previous studies (N. Hirano et al.
2006; M. Audard et al. 2014; K. Morii et al. 2021b; S. Dutta
et al. 2024; E. Guzman Ccolque et al. 2024) and may be
associated with episodic shocks.

Lin et al.

As the CO (2-1) line is optically thick (see self-absorption
features in the line profiles in Appendix D) and we cannot
confirm whether the outflow is precessing, we adopt a
simplified approach by connecting the central protostar
directly to the symmetric outflow splitting point (marked by
a blue solid triangle). This axis divides the forked structure
into two streams (Figure 8(a)). We also extract five PV
diagrams perpendicular to this axis toward the forked stream
structure (Figures 8(b)—(f)). Although the PV diagrams reveal
that the southern stream exhibits higher velocities than the
northern stream along path c, both streams generally show
similar velocity distributions, indicating that they originate
from the same outflow.

4.3. Possible Origins of the Forked Stream Structure

The forked stream structure found in G34.74-0.12 differs
from the X-shape structures commonly observed as cavity
walls of outflows from both low /intermediate-mass stars (e.g.,
R. Bachiller et al. 2001; S. Feng et al. 2020; S. Ohashi et al.
2022; S. Dutta et al. 2024; C.-F. Liu et al. 2025) and high-mass
stars (e.g., X. Chen et al. 2017; R. Fedriani et al. 2020; X. Pan
et al. 2024). A precessing jet, whose direction gradually alters
over time (e.g., S. Hirano & M. N. Machida 2019; S. Paron
et al. 2022), as well as misaligned outflows from a binary
system (e.g., C. Hara et al. 2021), can also produce an X-shape
structure. However, these mechanisms cannot fully explain the
observed unanchored forked stream structure in G34.74-0.12,
as the forked point, located 10” (~0.25 pc) away from the
launching center.

The northern and southern streams are found to have masses
of 0.12 M, and 0.14 M, respectively (Table 2). Both streams
carry comparable energy, with values of 3.99 and
5.15 M, km? s, respectively. To examine whether a dust
core along the outflow projection is responsible for the
observed forked structure, we checked the 1.3 mm dust
continuum emission at the corresponding location, but could
not find >3¢ detection. This may be due to sensitivity
limitations, with a mass surface density sensitivity of 0.32 g
cm 2 at 3.50 derived by (K. Morii et al. 2023), or a low-
density core that is resolved out by interferometers.

One possibility is that the two streams of the forked
structure result from a collision with the surrounding gas
structure as the outflow propagates. This structure appears in
the velocity range of 85-98 km s~ ' in the CO 2—1 channel map
(Appendix A). At the 8¢ level, we notice that a filamentary
structure with a width of ~0.05 pc extends from southeast to
northwest, spatially coincident with the northern stream of the
forked structure along the line of sight. Therefore, the northern
stream may result from a collision between the filament and
the outflow. However, this structure only detected with a peak
intensity of ~8¢ in the image of CO (2-1), which traces low
critical density gas, but is not significant (<30) in the images
of SiO (5—4), H,CO (39 5—20.2), H,CO (32,-25,1), H,CO (35,1—
2,0), CH30H (4,-3,), and HC3N (24-23), which all trace gas
at higher critical densities, regardless of whether in the 12 m
only or 12 m + 7 m + TP combined images.

According to the PV diagram (Figure 7), there is no
significant velocity difference from the central protostar to R2,
which excludes the possibility that a later, faster shock has
collided with a former, slower one. Given the sudden increase
in gas temperature and molecular line intensities from R1 to
R2 along the outflow, it is more likely that these features result
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from a collision between the outflow and a nearby dense gas
structure, rather than from shock processing alone.
Therefore, the redshifted lobe of outflow I is likely
interacting with either the surrounding dense gas or the nearby
thin filamentary structure. When the high-velocity outflow
propagates and encounters a high-density gas structure, it can
form a cone-shaped structure surrounding the cloud. In
projection, the two sides of this cone may appear as forked
stream structures along the line of sight. Such forked structures
have been predicted in the simulation of jet-cloud collisions
(e.g., E. M. de Gouveia Dal Pino 1999; P. Hartigan et al.
2009). This scenario is similar to the deflected jet seen in HH
110/HH 270, which has been proposed to be the result of the
collision between a jet and a nearby dense cloud (B. Reipurth

et al. 1996). Observational studies have provided further
evidence of interactions between outflows and their surround-
ing molecular core (J. A. Lopez-Vazquez et al. 2025), as well
as interactions between the outflows (L. A. Zapata et al. 2018;
1. Toledano-Juarez et al. 2023). However, direct evidence of
collisions between outflows and clouds remains rare, espe-
cially in cases exhibiting distinct forklike structures.

Another possible explanation is the influence of ambient
pressure  gradients. The pressure-confinement model
(W. A. Baan & T. An 2025) suggests that ambient pressure
gradients play a crucial role in shaping outflow morphologies.
When the ambient pressure remains constant, outflows
maintain their collimated structure, as observed in outflows
II, III, IV, and the blueshifted lobe of outflow I, which exhibit
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no signs of expansion. However, in regions where the ambient
pressure decreases with distance, the outflow expands to
maintain the pressure equilibrium with its surroundings. The
redshifted lobe of outflow I appears to have initially undergone
supersonic expansion near the source (core 1) before entering a
region of nearly constant pressure, where it evolved into a
parallel flow. At the outer edge of the cloud, the outflow
encountered a sharp pressure drop at knot R2, triggering
renewed expansion and widening, accompanied by significant
energy dissipation. The pressure balance between outflow and
the ambient medium likely resulted in the forked morphology,
with the two sides of the fork marking the boundary layers of
the flow. This process highlights the crucial role of ambient
conditions in shaping outflow dynamics.

5. Conclusions

In the context of the ASHES project, we used ALMA
observations with a linear resolution of ~ 5000 au to
investigate the 70 pym dark clump G34.74-0.12 at 1.3 mm,
covering a 1 pc x 1 pc region. Our main conclusions are
summarized as follows: (1) At least four outflows are detected
by CO (2-1) in this young protostellar clump, which are
spatially coincident with the dust continuum core with masses
ranging from 3.4 to 9.7 M. These outflows have dynamic
timescales of 10°~10* yr, indicating that they are extremely
young. The two most intense outflows, I and II, have momenta
of 13 and 5 M, km s~ ', energies of 107 and 46 M., km? s,
respectively. (2) Along the direction of the most intensive
outflow (outflow I), from the protostellar center to the shocked
knots, the relative abundances of SiO, H,CO, and CH;OH
with respect to CO generally exhibit an increasing trend. (3)
Outflow I exhibits a fork-shaped structure in its redshifted
lobe, with momenta of 8 and 5 M, km s~ ! and kinetic energies
of 74 and 33 M. km® s~ ' in the two streams. At the forked
point (knot R2), both molecular emissions and temperature are
enhanced. This structure could be the result of jet/outflow-
cloud interaction or pressure gradient.
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Appendix A
Channel Maps

Figures Al and A2 show the channel maps of CO (2-1) and
SiO (5-4).
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Appendix B
Temperature Map

We performed both the LTE and non-LTE analysis to derive
the temperature map of the shocked region, as shown in
Figure 5. Assuming LTE and all three H,CO lines are optically
thin, we obtained the rotational temperature (7,,) in the
outflow regions from the rotation diagram. For the non-LTE
analysis, we adopted the Large Velocity Gradient (LVG)
approximation (V. V. Sobolev 1957). The non-LTE statistical
equilibrium radiative transfer code RADEX (F. F. S. van der
Tak et al. 2007) and a related solver myRadex>> were used in
this work. Considering that the beam-filling factors are unity
for all lines and a full width at mean half-maximum (FWHM)
line width of 4 km s~ ' in the fitting, we run grids of models
and get the best-fit parameters from the MultiNest algorithm
(F. Feroz & M. P. Hobson 2008). The number density of H,
was set to 10> cm . Collision rates were taken from Leiden
Atomic and Molecular Database (LAMDA, F. L. Schoier
et al. 2005).

Appendix C
Outflow Parameters and Equations

The column density of the molecule is calculated using the
following equation:
3h XP\ s

3 2 v
Sﬂ' Sijﬂ gu eXp(k:Tex) — 1

« w
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where kg is the Boltzmann constant, / is the Planck constant,
Q represents the partition function, B, represents the Planck
function, v is the rest frequency, p denotes the electric dipole
moment, S;; is the line strength, E,, is the upper state energy, g,

Nmol =
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is the statistical weight of the upper level, W is the integrated
intensity, Tcymp refers to the temperature of the cosmic
background radiation (2.73K), and 7., is the excitation
temperature.

We list the basic physical parameters for outflows in
Table 2, including the outflow mass (M), momentum (Pgy,),
energy (Equ), and outflow rate (Myy). The outflow mass (M)
is calculated from:

Mou = d°X 3ty fQ Nnot ()2, (C2)

where the d is the source distance, ) is the total solid angle,
Xmol 18 the abundance ratio of the molecule with respect to H,,
my, is the mean mass per H, molecule, and the N, is the
column density of the molecule. The P, and E,, can be
estimated from:

Byt = Myyv

1
Euut = EMuut V27

(C3)
(C4)
The dynamical age and outflow rate can be estimated with:

lout

B Vmax(B) — Vmax (1)) /2 ’

tdyn (CS)

where [, is the projected outflow physical length, vi,.x () and
Vmax (r) are the maximum velocities of blueshifted and
redshifted emission, respectively.

The outflow rate (M) and mechanical force (F,,) can be
estimated from:

Mo = Houe, (C6)
tdyn
Fou = Poul/tdyn- (C7)


https://github.com/fjdu/myRadex
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Table 2

Outflow Parameters®

Lin et al.

Mass (M)

Energy (Eou)

Outflow rate (Mo

Outflow Line Momentum (Pou)
M) (M, km s™") (M., km® s7%) M yr")

Blue® Red? Blue® Red? Blue® Red? Blue® Red?
I CO (2-1) 0.55 0.43 7.8 4.90 73.91 33.08 5.20%x107° 4.09%107°
I SiO (5-4) 0.39 0.45 6.50 4.58 63.76 28.21 3.68x107° 424x107°
Fork-N° CO (2-1) 0.12 0.84 3.99
Fork-S® CO (2-1) 0.14 1.06 5.15
I CO (2-1) 0.16 0.24 217 3.03 21.66 24.45 1.60x107° 241%x107°
I SiO (5-4) 0.09 0.04 1.31 0.49 11.56 3.37 9.44x10°° 441x107°
I CO (2-1) 0.01 0.01 0.14 0.06 1.35 0.38 6.92x107° 4.62x107°
v CO (2-1) 0.09 0.06 1.30 0.46 13.04 1.93 1.29%107° 8.57x107°
Notes.

% The CO abundance is adopted as 107* (G. A. Blake et al. 1987), and the SiO abundance is adopted as 1078 (S. Li et al. 2020). The excitation temperature is derived
using the LVG method.
“Fork-N"" and “Fork-S” refer to the northern and southern streams of the forked structure in outflow I.

€ Velocity range of the blueshifted component is [50, 75] km s
d Velocity range of redshifted component is [82, 100] km s™ .

1

Appendix D
Line Profiles in the Knots

The line profiles of the detected lines in the blueshifted
knots (Figures D1-D3) and redshifted knots (Figures D4, D5)

are presented.

Figure D1. The line profiles extracted from a synthesized beam toward knot B1.
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Figure D2. The line profiles extracted from a synthesized beam toward knot B2. The vertical red dashed line represents the systemic velocity (79.0 km s~ ') of G34.74-0.12.
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Figure D3. The line profiles extracted from a synthesized beam toward knot B3. The vertical red dashed line represents the systemic velocity (79.0 km s~ ') of G34.74-0.12.
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