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ABSTRACT

We present a spatio-kinematical analysis of the CO (J=2—1) line emission, observed with the
Atacama Large Millimter /submillimter Array (ALMA), of the outflow associated with the most massive
core, ALMAL, in the 70 pum dark clump G010.991-00.082. The position-velocity (P-V) diagram of
the molecular outflow exhibits a peculiar S-shaped morphology that has not been seen in any other
star forming region. We propose a spatio-kinematical model for the bipolar molecular outflow that
consists of a decelerating high-velocity component surrounded by a slower component whose velocity
increases with distance from the central source. The physical interpretation of the model is in terms
of a jet that decelerates as it entrains material from the ambient medium, which has been predicted
by calculations and numerical simulations of molecular outflows in the past. One side of the outflow is
shorter and shows a stronger deceleration, suggesting that the medium through which the jet moves is
significantly inhomogeneous. The age of the outflow is estimated to be 741300 years, after correction
for a mean inclination of the system of ~57°.

Keywords: stars: protostars — stars: jets — ISM: jets and outflows — techniques: imaging spec-
troscopy

1. INTRODUCTION

The jet phenomenon is ubiquitous in the universe as
it is found in many astrophysical contexts over a wide
range of spatial scales. Particularly, in star-forming re-
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gions jets can drive massive molecular outflows that re-
veal the presence of young protostellar objects that are
still accreting material from their parent clouds (see e.g.,
Arce et al. 2007; Bally 2016; Lee 2020). Molecular out-
flows in high-mass star-forming regions have been found
from the earliest stages of evolution in infrared dark
clouds (IRDCs; Sanhueza et al. 2010; Wang et al. 2011;
Sakai et al. 2013; Lu et al. 2015; Zhang et al. 2015; Kong
et al. 2019; Li et al. 2019a; Svoboda et al. 2019) to later
stages with evident signs of star formation (e.g., Beuther
et al. 2002; Zhang et al. 2005; Qiu et al. 2008; Yang et al.
2018; Li et al. 2019b; Nony et al. 2020; Li et al. 2020).
The study of jets and molecular outflows in the context
of star formation is important since they provide cru-
cial information on the accretion history of the central
object. In addition, jets are thought to facilitate the
accretion process by removing angular momentum from
the disk and, eventually, they may also play a role in
quenching the accretion by dispersing the material of
the parent cloud. Furthermore, the study of the phys-
ical processes behind the launching and collimation of
jets in star formation is important in itself since it can
contribute to better understand the jet phenomenon in
other astrophysical contexts.

A powerful tool that is commonly used to study the
spatio-kinematical characteristics of jets and their as-
sociated molecular outflows is the position-velocity (P-
V) diagram. The P-V diagrams of the outflows of low-
and high-mass star-forming regions have revealed the
presence of different components with specific kinemat-
ical signatures. Particularly, it has been found that
many outflows exhibit components whose velocity in-
creases with distance (so-called “Hubble-law”). The
Hubble-law may appear associated with several com-
ponents in such a way that they form a jagged pro-
file, which is referred to as Hubble wedge. The tips
of the spurs of such Hubble wedge are sometimes iden-
tified as discrete components, called knots, whose veloc-
ity decreases with distance from the central source (e.g.,
L1448, HH 211, CARMA-7, W43-MM1(#67); Bachiller
et al. 1990; Palau et al. 2006; Hirano et al. 2006; Plunkett
et al. 2015; Nony et al. 2020). These particular velocity
profiles are explained in terms of internal shocks, within
a collimated outflow or jet, produced by variations in
the mass-loss rate, which in turn are thought to be due
to variations in the mass-accretion rate of the central
source. Arce et al. (2007) summarized the morphologies
of the spatial distributions and P-V diagrams obtained
from models of different types of outflows. In general,
the morphology of the outflows and the shape of their
corresponding P-V diagrams depend on the specific de-
tails of the geometry and physical conditions of the jet as

well as of those of the ambient medium. Thus, it is im-
portant to carry out observations of molecular outflows
to characterize their physical conditions and constrain
the values of the input parameters of the models.

In the ALMA Survey of 70 pum Dark High-mass
Clumps in Early Stages (ASHES: Sanhueza et al. 2019)
we investigate the early stages of high-mass star forma-
tion using the Atacama Large Millimeter /submillimeter
Array (ALMA). In a pilot survey, we carried out high-
angular resolution observations towards 12 massive 70
pm dark clumps. The sample was selected by combining
the ATLASGAL survey (Schuller et al. 2009; Contreras
et al. 2013) and a series of studies from the MALT90
survey (Foster et al. 2011; Sanhueza et al. 2012; Foster
et al. 2013; Jackson et al. 2013; Guzman et al. 2015;
Rathborne et al. 2016; Contreras et al. 2017; Whitaker
et al. 2017). The source selection and fragmentation
properties of the sample are described in detail by San-
hueza et al. (2019).

One of the ASHES targets is the clump
G010.991-00.082 (hereafter, G10.99—0.08), which is
located at the distance of 3.7 kpc (Pillai et al. 2006;
Henning et al. 2010; Kainulainen et al. 2013; Wang et al.
2016; Sanhueza et al. 2019; Pillai et al. 2019, and refer-
ences therein). This clump has no point sources detected
in the near or mid-infrared either in the GLIMPSE nor
in the MIPS Galactic Plane Survey (Churchwell et al.
2009; Carey et al. 2009). Neither does it have point
sources detected at 70 ym in the HIGAL survey (Moli-
nari et al. 2010), indicating that this clump is at a very
early stage of its evolution (e.g. Sanhueza et al. 2013;
Tan et al. 2013; Sanhueza et al. 2017). A SED fitting
for G10.99—0.08 gives a dust temperature of 12 K and
a mass of 1810 My (Sanhueza et al. 2019). Recently,
Pillai et al. (2019) presented SMA observations toward
G10.99—0.08 and identified structures that seem to
be molecular outflows driven by low-mass protostars.
Li et al. (2020) confirmed the presence of blue- and
red-shifted emission associated with the brightest core
(ALMA1; M ~ 10Mg) suggesting that it is indeed driv-
ing a bipolar outflow, although, given the complexity of
the emission in the region, it was not possible to char-
acterise in detail the observed structures. Nevertheless,
since G10.99—0.08 is a relatively young star-forming
region, it is an attractive target that deserves further
investigation to study the first stages of development of
molecular outflows in a relatively massive core that has
the potential to form a high-mass star in the future.

As part of the series of papers derived from the ASHES
survey, here we present an analysis of the CO (J=2—1)
line emission observed with ALMA toward G10.99—0.08
to study in detail the morphology and kinematics of the
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Figure 1. Locations of the IRDC G11.11—-0.12, the clump G10.99—0.08 and the core ALMA1. Left panel: Three-colour view
of the vicinity of the IRDC G11.11—0.12 obtained with Spitzer IRAC and MIPS data with 5.8 pum (blue), 8.0 pm (green), 24.0
pm (red) from the GLIMPSE and MIPSGAL survey (Churchwell et al. 2009; Carey et al. 2009). Right panel: Moment-0 of
the CO(J=2—1) emission integrated over the velocity range —28<vrsrk(km s~')<+104. The image includes only pixels with
a brightness in the range 4-250 mJy beam*. The white contours indicate the 1.3 mm continuum emission. The contours are
rmsx2x4, with rms=1.5 x 10~* Jy beam ™" and i=3,4,5. .. The black and grey contours represent velocity-integrated emission in
the velocity range —28<vrsrk (km sfl)<—|—26 and 4+26<visrk (km sfl)<—|—104, respectively. The contours are rmsx2 X3, with
rms=1.8 x 107! Jy beam ™! km s~! and i=3,4,5... The filled ellipse located at the bottom-left corner represents the size of the

synthesized beam, Orwrv=1"38x0"'95, P.A.=76°.

bipolar molecular outflow associated with core ALMAI,
whose P-V diagram exhibits a peculiar S-shaped mor-
phology that has not been seen in other molecular out-
flows before. A summary of the details of the observa-
tions used in this work is presented in §2. The descrip-
tion of the analysis of the data and the presentation of a
spatio-kinematical model that explains the observations
are given in section §3. In section §4 we discuss the
physical interpretation of the spatio-kinematical model
and estimate the age and energetics of the molecular
outflow. In this section we also discuss on the nature of
the driving jet. Finally, the conclusions of this work are
presented in section §5

2. OBSERVATIONS

The observations used in the present analysis were car-
ried out on January 28, 2016 using 41 antennas of the
ALMA 12m array with Band 6 receivers (~224 GHgz;
1.34 mm) as part of the project 2015.1.01539.S (P.L:
P. Sanhueza). The array was arranged in configuration
(C36-1 and the maximum and minimum baseline lengths
were 330 m and 15 m, respectively. The corresponding
angular resolution and maximum recoverable scale are

0795 and 8”8, respectively. The data were calibrated
manually with CASA using J1924-2914 (3.05 Jy) and
J1733-1304 (1.65 Jy) as bandpass and gain calibrators,
respectively. The flux was calibrated using Titan. The
continuum emission was produced by averaging line-free
channels in visibility space (see additional details for the
continuum in Sanhueza et al. 2019). Channel maps of
the CO (J=2—1) line with a spectral resolution of ~1.3
km s~! were created after subtracting the continuum
emission from the data cubes. The imaging of the chan-
nel maps was performed setting the multi-scale option
value to 0, 5, 15, and 25 times the size of the pixel of 0/2.
The selection of masks for cleaning was done automat-
ically using the cleaning algorithm YCLEAN developed
by Contreras et al. (2018). The Briggs weighting robust
parameter was set to 0.5, which resulted in a final an-
gular resolution for the images of 1738x0795, PA=76°
(~0.025 pc at 3.7 kpc). The typical channel root-mean-
square (rms) noise level in the resulting channel maps is
~4 mJy beam™1.

3. DATA ANALYSIS AND RESULTS
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Figure 2. ALMA observations of the CO(J=2—1) emission in G10.99—0.08. (a) Same as right panel of Fig. 1. (b) P-V
diagram of the CO(J=2—1) emission obtained by using the slit indicated with parallel pink lines shown in the left panel.
The horizontal axis is the position offset with respect to the position of the continuum peak of the core ALMAI, (J2000)
R.A.=18"10™065736, Dec.=—19°27'45"'88. The ellipses indicate emission aligned in the direction connecting the northern and
southern lobes but that does not follow the S-shaped pattern associated with the bright lobes (see main text).

The clump G10.99—0.08 is embedded in the IRDC
G11.11-0.12, as it is shown in Fig. 1. Pillai et al. (2019)
presented observations carried out with the SMA to-
ward G10.99—0.08, with an angular resolution of ~4"
(~0.07 pc at 3.7 kpc), and found hints of the presence
of a molecular outflow in this clump. Particularly, in
their Figure 2 there is blue- and red-shifted CO(J=2—1)
line emission distributed in a more or less bipolar fash-
ion and centred at the position of the brightest 1.3 mm
continuum peak (core ALMAL). Li et al. (2020) con-
firmed the presence of such a bipolar structure, which
they identified as a bipolar outflow associated with core
ALMA1. The ALMA observations of the CO(J=2—1)
line emission presented in this work clearly reveal two
bright lobes located toward the north and south of core
ALMAL1 (see right panel of Fig. 1).

The colour map in the right panel of Fig. 1 is a
moment-0 image of the emission integrated over the
velocity range —28<vrpsri(km s™!)<+104, which, as
it is shown below, includes all the CO(J=2—1) emis-
sion associated to the bipolar outflow, and the white
contours indicate the 1.3 mm continuum emission.
The moment-0 image was created using only pixels
with a brightness in the range 4-250 mJy beam™!
to enhance the emission of the bipolar outflow,
nonetheless some extended emission from the ambi-

ent medium is also visible in the image. The black
and grey contours represent velocity-integrated emis-
sion in the velocity range —28<vpgrxk(km s_1)<—|—26
and +26<vpsrk(km s_1)<+104, respectively.  The
derived systemic velocity of the bipolar outflow is
Veys,LsSRK=26.1 km s™! (see below). Thus, the gas of
the northern lobe is moving toward us, while the south-
ern lobe is moving away from us.

In order to scrutinize the spatial distribution and
kinematics of the bipolar lobes, we created a P-V di-
agram using the slit indicated with parallel pink lines
in Fig. 2a. The resulting P-V diagram is shown in
Fig. 2b. The vertical axis is the LSRK radio velocity
and the horizontal axis is the position offset with respect
to the position of the 1.3 mm continuum peak, (J2000)
R.A.=18"10™065736, Dec.=—19°27'45"88. The P-V di-
agram reveals an S-shaped feature crossed by several
horizontal components. Inspection of individual chan-
nels in the data cube shows that the horizontal compo-
nents are due to extended emission of the ambient gas.
On the other hand, the S-shaped feature is associated
with emission from the bipolar lobes seen in Fig. 2a.
It is worth noting that there is emission that extends
northward and southward of the two bright lobes, which
is indicated in Fig. 2a with a dashed and a solid oval,
respectively. The corresponding emission in the P-V di-
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Figure 3. Spatial and velocity distribution of the CO(J=2—1) emission in G10.99—0.08. (a) Peak positions of the CO(J=2—1)
emission for each individual velocity channel obtained by fitting a 2D-Gaussian function. The origin corresponds to the peak
position of the continuum emission (see main text). The negative R.A. offsets are on the right side of the plot. (b) Position
offsets from peak position of the continuum as a function of the velocity offset from the systemic velocity vsys .sRK=26 km s~
For both panels, the colour of the data points are coded according to their velocity gradient, d|v|/d|r|; green for d|v|/d|r|>0
and blue-red for d|v|/d|r|<0. The negative distance offsets correspond to data points with negative Declination offsets. The

error bars represent the nominal errors from the 2D-Gaussian fit.

agram is also indicated with a dashed and a solid oval
(see Fig. 2b). It can be seen that such emission does not
follow the S-shaped pattern associated with the bright
lobes, implying that it is most likely arising in the gas
of the ambient medium.

Interestingly, the S-shaped pattern in the P-V di-
agram of Fig. 2b resembles the P-V diagram of the
evolved star IRAS 16342—3814 (Sahai et al. 2017; Tafoya
et al. 2019). Given the similarity of those two P-V dia-
grams, we undertook an analysis of data of G10.99—0.08
adopting the approach taken by Tafoya et al. (2019),
which is described in the following.

Firstly, from the data cube of the CO(J=2—1)
line we measured the flux density and peak posi-
tion of the emission associated with the bipolar lobes
in every single channel within the velocity range
—28<vpsrk (km s71)<+104, which includes all the
emission of the S-shaped pattern of the P-V diagram,
except the channels with significant contamination from
extended emission. Given that the emission in individ-
ual channels is not well resolved, we fitted a 2D-Gaussian
function to obtain the peak positions. Subsequently, we
calculated the separation of the emission peak positions
from the peak position of the 1.3 mm continuum, which

is defined as the reference position. In Fig. 3a we plot the
declination (Dec.) and right ascension (R.A.) offsets of
the emission peak positions with respect to the reference
position. The points appear clustered in two elongated
structures that correspond to the northern and southern
lobes. A linear fit to the distribution of points in each of
the lobes reveals that while the points of the northern
lobe lie on a line with P.A.=—8° the points of the south-
ern lobe lie on a line with P.A.=—2°. In Fig. 3b we plot
the distance of the emission peak from the reference po-
sition, 7 = 4(Dec.offset® + R.A.offset?)'/2, as a function
of the velocity offset with respect to the reference veloc-
ity. We took the negative solution of the square root for
data points whose Dec. offset is negative. Initially, the
systemic velocity reported in previous works (Sanhueza
et al. 2019; Pillai et al. 2019) was used as the reference
velocity to calculate the velocity offsets. However, the
reference velocity was later redefined in such a way that
a linear fit of the green points in Fig. 3b (see below for
the definition of the colouring code) passes through the
origin of the plot. The resulting reference velocity has
a value of vyer srxk=26.1 km s7!, and it is defined as
the systemic velocity of the outflow. The physical jus-
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tification for interpreting the reference velocity in this
manner is further discussed in §4.

In a similar way to the results obtained by Tafoya
et al. (2019), the data points shown in Fig. 3b reveal
two kinematical components: one with intermediate ve-
locities offsets, in the range —41<vogser(km s71)<+48,
and whose velocity gradient is positive, i.e., d|v|/d|r]
> 0; and another component with higher velocity
offsets, in the ranges —54<vogeer(km s71)<—41 and
+48<Vofset (km s71)<+78, and whose velocity gradi-
ent is negative. The data points in Fig. 3b are colour-
coded according to their velocity gradient: green for
d|v|/d|r|>0 and blue or red for d|v|/d|r|<0'. In accor-
dance with Tafoya et al. (2019), the kinematical com-
ponent with positive velocity gradient is referred to as
“low velocity component” (LVC), since it has relatively
lower velocities offsets, and the component with nega-
tive velocity gradient, which has higher velocity offsets,
is referred to as “high velocity component” (HVC). It
is worth noting that, although the LVC is represented
with green colour, it contains material that is both
blue- and red-shifted with respect to the systemic ve-
locity. From Fig. 3a it can be seen that, similarly to
TRAS 16342—3814 (see Figure 1 of Tafoya et al. 2019),
despite the different kinematical signatures of the LVC
and HVC, they appear aligned in the same direction on
the sky. On the other hand, the distribution of the data
points in Fig. 3b exhibits a morphology that resembles
the S-shaped pattern of the emission in the P-V dia-
gram of Fig. 2b, although rotated 90°. This is because
the emission peak positions lie basically along one single
direction, which makes the plot of Fig. 3b equivalent to
a P-V diagram.

4. A MOLECULAR OUTFLOW DRIVEN BY A
DECELERATING JET FROM CORE ALMAL1

The simplest spatio-kinematical model that, in princi-
ple, can explain the morphology of the S-shaped seen in
the P-V diagram of Fig. 2b considers a single outflow of
material expanding with constant velocity and a large
precession angle. In this model, the S-shaped pattern
results from the projection effect of the material expand-
ing along different directions. The resulting morphology
of the outflow is also an S-shaped bipolar structure with
some material moving in directions near the line-of-sight
and some other material moving nearly on the plane of

the sky (e.g., Sahai et al. 2017). However, Fig. 3a shows
that the HVC and LVC are aligned along narrow, linear
structures. Thus, in order to simultaneously explain the
morphologies of the P-V diagram and the spatial dis-
tribution of the emission, the constant-velocity model
would require a precession angle ~90°, i.e., the outflow
would need to be precessing on a plane that is oriented
almost perfectly perpendicular to the plane of the sky,
which is very unlikely. Furthermore, this model neglects
the fact that the velocity of the gas in the outflow would
depend on the hydrodynamic interaction with ambient
gas.

Other typical outflow models, such as the unified
wind-driven model that includes a collimated as well
as wide opening angle wind (e.g., Shang et al. 2006;
Banerjee & Pudritz 2006; Machida et al. 2008) predict
P-V diagrams that do not resemble the S-shaped pat-
tern seen in Fig. 2b (see e.g., Hirano et al. 2010). Sim-
ilarly, spatio-kinematical models such as biconical out-
flows (e.g., Cabrit & Bertout 1986, 1990) and expanding
bipolar bubbles (e.g., Shu et al. 1991; Masson & Chernin
1992), can be easily ruled out since the resulting mor-
phologies of their P-V diagram differs from the ones seen
in Fig. 2b.

Tafoya et al. (2019) demonstrated that it is possible
to explain the spatial distribution and S-shaped P-V di-
agram of the CO(J=2—1) line emission of the evolved
star IRAS 16342—3814 with a spatio-kinematical model
that includes two components: i) a collimated high-
velocity component that decelerates with distance from
the central source and ii) a coaxial slower and less colli-
mated component whose velocity increases with distance
from the central source. As mentioned in the previous
section, §3, the outflow of core ALMAT1 has components
with the same kinematical characteristics of those of the
evolved star IRAS 16342—3814. In addition, the mor-
phologies of the spatial distributions and the P-V di-
agrams of both sources exhibit remarkable similarities.
Thereby, we propose that the CO(J=2—1) line emis-
sion of the outflow of core ALMA1 can be explained by
the spatio-kinematical model presented by Tafoya et al.
(2019) 2.

The physical interpretation of the spatio-kinematical
model that Tafoya et al. (2019) proposed for
IRAS 16342—3814 is given in terms of a jet-driven
molecular outflow in which the HVC corresponds to
molecular gas entrained along the sides of the jet

I The colouring code adopted here is the same as the one used
by Tafoya et al. (2019). The blue and red colours of the com-
ponent with d|v|/d|r|<0 indicate that the emission is blue- and
red-shifted with respect to the reference velocity. However, for
the component with d|v|/d|r|>0 only green colour is used.

2 It should be pointed out that the spatio-kinematical model pro-
posed by Tafoya et al. (2019) is not incompatible with the unified
wind-driven models (Shang et al. 2006), provided that the wide
opening angle wind is not present, or it is too weak to be detected.
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and 50<Voffses (km sfl)<80, respectively.

(steady-state entrainment; De Young 1986; Chernin
et al. 1994), and the LVC is associated with entrained
material that carries momentum transferred through the
leading bow shock (prompt entrainment). This inter-
pretation is supported by the results of Smith et al.
(1997), who carried out numerical simulations of jet-
driven bipolar outflows and obtained two kinematical
components that correspond to the HVC and LVC seen
in IRAS 16342—3814 and G10.99—0.08 (see their Figure
4). Although it should be noted that in their simula-
tions the speed of the HVC remains constant across the
outflow, thus the P-V diagram has a X-shaped, instead
of an S-shaped, morphology. Another piece of evidence
that is consistent with the jet-driven outflow interpreta-
tion is the profile of the mass spectrum, m(v), since it
has been found that such outflows exhibit a power-law
variation of mass with velocity, i.e., m(v)xv~" (Raga
& Cabrit 1993; Lada & Fich 1996; Cabrit et al. 1997,
and references therein). We obtained the mass spec-
trum of the outflow of core ALMAI1 and it is shown
in Fig. 4. The molecular mass was calculated using
the measured flux density of the CO(J=2—1) emis-
sion from the outflow in channels with no contamina-
tion by emission of the ambient material. Since the
blue-shifted lobe seems to be suffering more contam-
ination by emission of the ambient material, Fig. 4
shows only the mass spectrum of the red-shifted lobe.

. The light-blue and orange dashed lines are power-law fits to the data in the velocity ranges 10<vogset (km s71)<50,

Optically thin emission, LTE conditions, an excitation
temperature of Tox=12 K (Sanhueza et al. 2019; Li
et al. 2020), and a fractional abundance of CO relative
to Hy f(CO)=10"* were assumed in the calculations.
The points exhibit significant spread but they indicate
that the data can be described by a double power-law,
m(v)oxv~7, with y=1.1540.03 (Pearson’s correlation co-
efficient 7=—0.78) for vogset<50 km s~ (LVC), and
v=1.7540.20 (r=—0.40) for Vogset>50 km s~1 (HVC).
This double power-law is predicted by the numerical
simulations of jet-driven bipolar outflows (Smith et al.
1997). The slopes of the power law of the outflow of
core ALMAL are slightly shallower than those of other
sources (e.g., Rodriguez et al. 1982), but it has been
found that the slope steepens with age and energy in
the flow (Richer et al. 2000). Thus, the shallower slopes
in Fig. 4 would agree with the values expected for a
young outflow embedded in a 70 pym dark massive clump
at the early stages of high-mass star formation. More-
over, Solf (1987) proposed a similar model to explain the
spatio-kinematical properties of the jet associated with
the source HH24-C in the low-mass HH24 complex. As
Solf (1987) mentions, the shape of the P-V diagram of
HH24-C, obtained from one half of the outflow, resem-
bles that of the Greek capital letter A. This is exactly
the shape of the P-V diagram for each of the lobes of core
ALMAL (see Fig. 3b). In addition, from Fig. 3b it can
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(a) Schematic representation of the spatio-kinematical model of the molecular outflow of core ALMAL in

G10.99—0.08. The green region indicates the LVC, whose velocity increases with distance from the central source. The blue and
red regions indicate the HVC, which decelerates as a function of distance from the central source. The observer is located on the
left side of the diagram. (b) Kinematical age of the blue- and red-shifted parts of the HVC, as function of their inclination angle,
obtained from Equation A1l. The blue and red solid lines correspond to the blue- and red-shifted part of the HVC, respectively.
The black line indicates the difference between the blue and red lines. The ages were calculated assuming a relative inclination
of the lobes of (fg — 0r)=6°. The vertical dashed line indicates the absolute inclination angles of the lobes for which their ages
are equal, 7=1300 years. The age is indicated by the horizontal dashed line.

be seen that the velocities at the tips of the lobes are the
same for both HVC and LVC, strongly suggesting that
there is a common mechanism that drives them simul-
taneously. Given all these arguments, we conclude that
the bipolar lobes seen in core ALMAL are very likely due
to the presence of a young jet-driven molecular outflow.

Finally, we point out that, under this interpretation,
the green points in Fig. 3b would correspond to the en-
trained material whose velocity field follows a Hubble-
law, as it is seen in several other molecular outflows.
Thus, the velocity offset at the origin of the outflow is
expected to be close to zero, which justifies the definition
of the velocity reference given in the previous section §3.

4.1. Timescale of the molecular outflow

Fig. 3b shows the current configuration of positions
and velocities for the different parts of the molecular
outflow of core ALMA1. As Tafoya et al. (2019) pointed
out, this type of plot only provides an instantaneous pic-
ture of the velocity field in the outflow at present time
and cannot be used to trace the velocity history of the
gas, unless the deceleration law as a function of time
is known for each part of the outflow. Nonetheless, de-
spite of this limitation, important information of the

kinematics of the outflow can be extracted by making
some reasonable assumptions, which we describe in the
following. From Fig. 3b it can be seen that the blue- and
red-shifted parts of the HVC have material moving with
a maximum velocity, Vyay,(B,r] @t the minimum posi-
tion offset, rmin B,r), Where the subscripts [B, R] stand
for blue- and red-shifted part, respectively. Correspond-
ingly, the minimum velocity, vinin,[B,R], is reached at the
maximum position offset, rax B,r]- This means that,
if one assumes that the driving jet has been launched
with a constant velocity throughout its life, the mate-
rial located at the tip of the jet has suffered a decelera-
tion. Thus, using the size of the HVC and assuming a
constant deceleration, the age of the outflow can be esti-
mated. However, before attempting to estimate the age
of the outflow, some considerations on its geometrical
characteristics are necessary.

One characteristic of the outflow of core ALMA1 that
is readily seen from Fig. 3 is that the northern and south-
ern lobes have different spatial extents as well as differ-
ent velocity offsets. While the maximum position off-
set for the southern lobe is 3”7, it is only 279 for the
northern lobe. Similarly, the maximum velocity offsets
for the southern and northern lobes are 78 km s~! and
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Table 1. Physical parameters for the kinematical components in the molecular outflow of core ALMA1

Component M P FEx M F L
Designation Mg Mg km s™* ergs Mg yr—? Mg km s™1 yr~? Lo
HVC 1.7-2.0x107%  1.1-1.3x107! 7.1-8.5x10** 1.9-2.3x107° 1.2-1.5x1074 6.9-8.2x1071
LVC 2.6-3.6x107% 0.9-1.2x107! 3.2-4.2x10*® 3.0-4.2x107° 1.0-1.4x10~4 3.1-4.0x1071
Northern Lobe 2.2-3.0x107% 1.0-1.2x107! 4.6-5.7x10** 2.5-3.4x107° 1.1-1.4x10* 4.3-5.3x107!
Southern Lobe 2.0-2.7x1072% 1.0-1.2x107! 5.8-7.0x10*® 2.4-3.2x107° 1.2-1.5x107* 5.7-6.9x107!
Combined 4.2-57x107%  2.0-2.4x107' 1.0-1.3x10**  4.9-6.6x107° 2.3-2.9%x107% 1.0-1.2

NoTE—The values were calculated assuming an inclination of the northern and southern lobes Og=54°, 5=60°, respectively,
and an excitation temperature in the range Tex=10-30 K. The physical parameters are computed as follows: M=) M;,
p=5"Mvi, Bp=3 (Miv?)/2, M= M;/Ar, Fn=p/Ar and Lm=FEi/A7, where the subscript i is the channel number and
AT is the time that it takes to the gas to move from ryin,B,R] tO I'max,[B,R]-

54 km s~!, respectively. However, these values are only
projections of the position offset onto the plane of the
sky and the velocity offset onto the line-of-sight direc-
tion, respectively, implying that the difference of size
and velocity offset between the northern and southern
lobes could be due to projection effects, i.e., one lobe
may be more inclined than the other. Consequently, the
inclination angles of the lobes, [0g, 0r], with respect to
the plane-of-the-sky are needed to calculate the intrin-
sic values of the size and velocity offset (see Fig. 5a). In
Appendix §A we show that it is possible to constrain the
relative inclination of the lobes (6 —0g ), which can then
be used to further constrain their absolute inclination,
by assuming that the launch velocity of the driving jet is
the same for both lobes, i.e., vi s=vi r=Vi, and that the
blue- and redshifted parts of the jet have the same age,
i.e., Tjet,B=Tjet,r=7- In the following subsection, §4.2,
we provide arguments that support these assumptions.

Using the observed values of the projected sizes and
line-of-sight velocities of the lobes, it is found that
their relative inclination angle is restricted to the range
0°<(fp — 6r)<9.5°. Furthermore, for each given value
of (0 — Or), there are only two pairs of inclination an-
gles for the lobes. For example, if (fg — 6r)=1°, the
inclination angles of the northern and southern lobes
are either [fp=85°, Or=84°] or [A5=3°, Or=2°] (see Ta-
ble 2). This means that if we assume that the lobes
are almost aligned with each other, their axis would lie
basically either on the line-of-sight direction or on the
plane-of-the-sky. However, this is an unlikely configu-
ration since it would imply either unrealistic initial ve-
locities and extremely short kinematical time scales, or
too large sizes for the lobes (see Table 2). On the other
hand, if one considers an average inclination of the lobes
equal to the mean inclination angle, (0 + 6r)/2=57.3°
(e.g., Bontemps et al. 1996; Beuther et al. 2002; de Vil-

liers et al. 2014), equation A2 gives a relative angle
of (fp — Or)~6° and the resulting age and size of the
outflow are 21300 years and ~0.2 pc, respectively (see
Fig. 5b).

4.2. Energetics of the molecular outflow

From Table 2 it can be seen that regardless of the
relative inclination between the lobes, the final veloc-
ity of the northern lobe, v, is lower than that of the
southern lobe, v¢ r. This difference could simply be in-
dicating that the southern part of the jet is intrinsically
faster than the northern part, or it could be indicating
that the later is preferentially decelerated by ambient
material. One way of investigating whether the initial
velocities and ages for both parts of the jet are indeed
equal or not is by means of comparing the momentum
and mechanical force carried by the lobes. If the launch
velocities and ages are the same for both parts of the
jet, the momentum and mechanical force for both lobes
should be the same too.

In order to calculate the energetics of the molecular
outflow of core ALMA1, we followed the same proce-
dure as Tafoya et al. (2019). Firstly, we assumed that
all the velocity vectors within each lobe are parallel
to the outflow axis, thus their de-projected magnitude
iS V=Vofiset /8in Oine. We adopted an inclination of the
lobes g =54°, Ag=60°, which, as discussed in the previ-
ous subsection, §4.1, results in an age of the outflow of
Tiet=1300 years. Subsequently, we calculated the values
of the physical parameters shown in Table 1 for each in-
dividual velocity channel, ¢, assuming LTE conditions,
optically thin emission and an excitation temperature
in the range T,x=10-30 K. Finally, we added the values
of the channels that correspond to a particular compo-
nent, namely northern lobe, southern lobe, HVC and
LVC. The entrainment rate, M, mechanical force, Fj,,
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Figure 6. Mechanical force as a function of bolometric luminosity. The plot has been adapted from Figure 7 of Maud et al.
(2015), Figure 4 of Beuther et al. (2002) and Figure 4 of Zhang et al. (2005). The blue asterisk indicates the value for the

outflow of core ALMAL.

and mechanical luminosity, L,,, were calculated using
the times that it takes to the gas to move from ry;, B R
t0 Tmax,[B,R], Which are estimated to be 850 and 800 yr
for the red- and blue-shifted lobe, respectively. The re-
sulting values of the physical parameters are listed in
Table 1. The derived molecular mass for the outflow
is lower than the one estimated by Pillai et al. (2019),
but their observations had lower angular resolution and
were more affected by contamination of emission of the
ambient material. As a matter of fact, in our analy-
sis we do not consider the emission at the base of the
outflow because of contamination of emission of the am-
bient material (see Fig. 2b). Thus, the values of the
molecular mass shown in Table 1 should be considered as
lower limits. Nevertheless, using the mass (M~10 Mg;
Sanhueza et al. 2019; Pillai et al. 2019) and bolometric
luminosity (Lpoi~470 Le)? for core ALMAT1, and tak-
ing our estimation of the total mechanical force from
Table 1, which is a dynamical quantity that is not sig-
nificantly affected by a poor sampling of the outflow,
we find that core ALMAL1 follows the mechanical force
versus core mass and bolometric luminosity correlations
obtained from molecular outflows in low- and high-mass
star-forming regions (see Fig.6).

3 The luminosity is derived following equation 3 of Contreras et al.

(2017)

In addition, the values of the momentum and mechan-
ical force for the northern and southern lobes listed in
Table 1 are, within the uncertainty range, basically the
same. Thus, we conclude that, even though the final ve-
locities of the northern and southern lobes are different,
they must have been ejected simultaneously and with
the same initial velocity, as suggested in §4.1.

4.3. Nature of the deceleration of the HVC

There is now a plethora of observations of molecu-
lar outflows in low and high-mass star-forming regions
that have revealed a rich variety of spatio-kinematical
properties (e.g., Bachiller 1996; Arce et al. 2007; Kong
et al. 2019; Zapata et al. 2019; Nony et al. 2020; Lee
2020; Li et al. 2020). As mentioned before, it is com-
mon that collimated molecular outflows exhibit compo-
nents with a Hubble-law velocity profile and/or com-
plex Hubble wedges, some of which may contain decel-
erating knots (e.g., Bachiller et al. 1990; Plunkett et al.
2015; Nony et al. 2020). Nevertheless, to the best of our
knowledge, there has not been reported in the litera-
ture any other molecular outflow in a star-forming region
whose P-V diagram has the S-shaped morphology seen
in G10.99—-0.08. Particularly, the part of the P-V dia-
gram that corresponds to the decelerating HVC, which
we interpret as entrained material along the sides of the
jet, is not seen in other outflows. One may wonder what
is the origin of the deceleration of the HVC and what
are the particular physical conditions of the molecular
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outflow of core ALMA1 that result in such a peculiar
P-V diagram. The driving jet of the outflow, in prin-
ciple, could be launched magnetocentrifugally, as it is
proposed in the unified wind-driven model (Shang et al.
2006), although without the wide opening angle compo-
nent (or with one that is too weak to be detected). Given
the short age of the outflow of ALMA1 (~1000 years),
it could be argued that the presence of the decelerat-
ing HVC occurs mainly at an early phase of the outflow
when there is more material available to be entrained
along the sides of the jet, i.e., the jet has not completely
cleared out the inner parts of the lobes. However, simi-
lar time-scales have been estimated for outflows of cores
with a wide range of masses (1-100 Mg, Nony et al.
2020) and they do not show the S-shaped morphology
seen in the outflow of core ALMA1. Consequently, the
short age of the outflow does not seem to be the only
factor for having such a P-V diagram. Chernin et al.
(1994) found that a jet with Mach number <6 slows
down rapidly by delivering energy and momentum as it
entrains ambient material along its sides, which would
account for the deceleration of the HVC. We thus pro-
pose that the observed deceleration of the HVC is likely
due to the presence of a jet with a low Mach number
that decelerates as it interacts with the ambient mate-
rial. We also note that, given that the energetics of the
outflow of core ALMA1 do not deviate from the trend
seen in other outflows (Bontemps et al. 1996; Beuther
et al. 2002; Zhang et al. 2005), future observations with
high angular resolution should reveal more outflows with
characteristics similar to that of G10.99—0.08.

On the other hand, we have so far assumed that the
driving jet has been launched with a constant velocity
throughout its life. However, an alternative possibility
that could explain the observed deceleration of the HVC
is that the parts of the jet launched at earlier times (the
ones further away from the protostar) were ejected at
a lower velocity than those launched at later times (the
ones closer to the protostar). This interpretation would
imply that the jet is not ejected at a constant velocity,
possibly shedding some light on the mass-accretion rate
of the protostar, as we describe in the following. Since
we do not know exactly the evolutionary stage of the
protostar on the pre-main sequence track, we assume the
accreting protostar is at ZAMS for the sake of estimat-
ing its mass. Considering the bolometric luminosity of
the clump G10.99—0.08, L1,,)~470 Lg, and ignoring the
contribution of the accretion luminosity Lacc, i-€., Lacc
< L,, which is valid for more massive stars with typical
accretion rates, the ZAMS mass of the star would be
Myzanms~5 Mg (Schaller et al. 1992). This implies that
the current mass of the protostar is <5 My, assuming

that all the luminosity from the clump is produced by
a single protostar. Typically, one can consider that the
initial velocity of the jet is comparable to the Keple-
rian velocity of the accretion disk at the jet launching
location Pelletier & Pudritz (1992). Therefore, the in-
crease in jet speed over time would imply an increase
in dynamical mass of the central object over time, if
assuming that the jet is launched at the same location
(e.g., see Figure 6 from Rosen & Krumholz 2020). Based
on the velocity differences seen in Fig. 3, the increase of
dynamical mass, which is proportional to (Viax/Vmin)>,
would be a factor of 2-3 times the initial mass. This
would mean that there has been a significant increase
in protostellar mass over the time scale of ~1000 years,
implying an upper limit for the mass-accretion rate of
<2x1073Mg yr~!. This value is rather large consid-
ering the physical parameters of the outflow listed in
Table 1, which makes it unlikely that the increase of
the jet speed over time is due only to the increase in
dynamical mass of the central object. Nonetheless, the
combined effect of not having a constant launch veloc-
ity together and deceleration of the jet by the entrained
material may explain the S-shaped P-V diagram of this
source.

In order to further explore these possibilities and to
better understand the physical characteristics of molec-
ular outflows that exhibit a decelerating HVC, observa-
tions with higher angular resolution, together with new
models and numerical simulations, will be crucial. Re-
cently, Tafoya et al. (2020) obtained high resolution im-
ages with ALMA of a jet-driven molecular outflow in the
the evolved star W43A, which also exhibits an S-shaped
P-V diagram. The sharp images allowed them to clearly
disentangle the different components of the molecular
outflow, revealing an extremely collimated decelerating
HVC. Future observations with higher angular resolu-
tion may allow us to unveil the structure of the molecu-
lar outflow of core ALMA1 too.

5. CONCLUSIONS

In this work we have carried out a spatio-kinematical
analysis of the CO(J=2—1) line emission of the molec-
ular outflow associated with the relatively massive core
ALMAI1 embedded in G10.99—0.08. The P-V diagram
has a peculiar S-shaped morphology that is explained
by means of two components with different kinemati-
cal characteristics: an inner axial high-velocity compo-
nent that moves with high velocity but decelerates, and
a co-axial component moving with lower velocity but
whose velocity increases with distance from the central
source. The spatio-kinematical model is interpreted as
a jet-driven molecular outflow. The high-velocity decel-
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erating component is associated with material moving
near in the axis of the flow entrained by the underlying
jet, or it could be the molecular component of the jet
itself. The lower velocity component is interpreted as
material lying in zones further away from the axis of the
flow ambient but because of the entrainment by the in-
ner gas it appears as if it was being accelerated. This in-
terpretation is supported by the mass spectrum derived
from the emission of the molecular gas. From an anal-
ysis of the P-V diagram profile we conclude that there
is a relative angle between the axis of the the blue- and
red-shifted lobes. Assuming an overall mean inclination
angle of the outflow of ~57°, the relative angle between
the lobes is ~6°. For such an inclination, the resulting
age and size of the outflow are ~1300 years and ~0.2 pc,
respectively. Further calculations and numerical simu-
lations are necessary to better understand the physical
characteristics of molecular outflows that have S-shaped
P-V diagrams. In addition, higher angular resolution
observations are necessary to better constrain the input
parameters of the models.

Finally, we stress the fact that molecular outflows with
very similar spatio-kinematical characteristics to those
of the outflow of core ALMAL1 are seen in evolved stars
too. This shows that, despite being found in different as-
trophysical contexts, molecular outflows may be studied
with a unified approach, which encourages us to develop

more synergies between different fields of astronomy to
broaden our knowledge on the physical processes under-
lying their formation and evolution.
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APPENDIX

A. APPENDIX

Consider the jet of core ALMA1, traced by the emission of the HVC, moving along a direction that has an inclination
angle 0r g with respect to the plane of the sky, where the subscripts B and R indicate the blue- and red-shifted part
of the jet, respectively (see Fig. 7). If both parts of the jet were launched with the same initial velocity, vi, and the
material at the tip of the jet has slowed down with a constant deceleration to a final velocity, v¢ B r), over a distance,
IB,Rr, then the travel-time (i.e., the age for each part of the jet), Tjct[s r), is given by

QZB,R (Al)

T =
jet,[B,R]
Vi + V¢ [B,R]

Assuming that the blue- and red-shifted parts of the jet were launched simultaneously, i.e., 73 = Tr, and considering
from Fig. 3 that Ig R = I'max,[B,r]/cOSOR,B and V¢ [B R] =Vmin,[B,r]/SIN Or,B, One obtains the following equation:

2 rmax,B/COS 9B 2 rmax,R/COS 9R
vi + Vmin,B/tan 0B vi + Vmin,R/tan GR

(A2)

Since the red-shifted part of the jet seems to have suffered less deceleration, the launch velocity can be approximated
aS ViRVmax,R/sin0r and solve numerically #g=0g(fr) from equation A2. Using the numerical values of Ty [B,R]s
Vinin,[B,R] ad Vmax r from Fig. 3, it is found that equation A2 has real solutions only for 0° < (0 — Or) < 9.5°.
Therefore, it can be concluded that the relative inclination angle of the northern and southern lobes is less than /9.5°.
Furthermore, for a given difference, (6 —60r), there are only two possible pairs of angles, O g, that solve Equation A2.
The values of 0 g for given values of (6 —6g) are listed in Table 2. From Table 2 it can be seen that for (fg —0g) = 0,
both Og g are either close to 0°, which would imply an initial velocity for the jet of ~2000 km s=!, or 90°, which
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Figure 7. Diagram of the configuration of the blue- and red-shifted parts of the jet in the molecular outflow of G10.99—0.08.
The initial velocity of the jet, vi, is assumed to be the same for both parts. The observer is located on the left part of the

diagram.

results in total length of the outflow of ~0.6 pc. It is worth noting that for the relative angle (fg — 6r) ~ 9.5° there
is only one pair of angles that solves equation A2, [fg=20° and #5=29.5°], which would imply an age of the outflow

of 7 = 350 years.
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