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Abstract

Star formation is ubiquitously associated with the ejection of accretion-powered outflows that carve bipolar cavities
through the infalling envelope. This feedback is expected to be important for regulating the efficiency of star
formation from a natal prestellar core. These low-extinction outflow cavities greatly affect the appearance of a
protostar by allowing the escape of shorter-wavelength photons. Doppler-shifted CO line emission from outflows is
also often the most prominent manifestation of deeply embedded early-stage star formation. Here, we present 3D
magnetohydrodynamic simulations of a disk wind outflow from a protostar forming from an initially 60 M, core
embedded in a high-pressure environment typical of massive star-forming regions. We simulate the growth of the
protostar from m, =1 M, to 26 M, over a period of ~100,000 yr. The outflow quickly excavates a cavity with a
half opening angle of ~10° through the core. This angle remains relatively constant until the star reaches 4 M. It
then grows steadily in time, reaching a value of ~50° by the end of the simulation. We estimate a lower limit to the
star formation efficiency (SFE) of 0.43. However, accounting for continued accretion from a massive disk and
residual infall envelope, we estimate that the final SFE may be as high as ~0.7. We examine observable properties
of the outflow, especially the evolution of the cavity’s opening angle, total mass, and momentum flux, and the
velocity distributions of the outflowing gas, and compare with the massive protostars G35.20-0.74N and G339.88-
1.26 observed by the Atacama Large Millimeter/submillimeter Array (ALMA), yielding constraints on their
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intrinsic properties.

Unified Astronomy Thesaurus concepts: Star formation (1569); Stellar winds (1636); Massive stars (732)

Supporting material: animation

1. Introduction

Low-mass stars and their associated accretion disks form
from gravitationally bound cores (Shu et al. 1987) and are
frequently associated with the launching of bipolar jets and
outflows (for reviews, see, e.g., Frank et al. 2014; Bally 2016).
The magnetocentrifugal mechanism (Blandford & Payne 1982;
Pudritz & Norman 1983; Konigl & Pudritz 2000) is widely
thought to be responsible for launching, accelerating, and
collimating these protostellar outflows. In this scenario, the
combination of large-scale magnetic fields with gravity and
rotation results in the ejection, acceleration, and then collima-
tion of gas originating from the surface of the accretion disk. A
number of numerical simulation studies have been performed
to investigate this process across a variety of different
conditions and assumptions (e.g., Shibata & Uchida 1985;
Uchida & Shibata 1985; Romanova et al. 1997; Ouyed &
Pudritz 1997; Ouyed et al. 1997; Krasnopolsky et al. 1999;
Ouyed et al. 2003; Anderson et al. 2006; Zanni et al. 2007;
Staff et al. 2010; Ramsey & Clarke 2011; Tesileanu et al. 2012;
Sheikhnezami et al. 2012; Stepanovs & Fendt 2014; Stute et al.
2014; Staff et al. 2015; Stepanovs & Fendt 2016; Staff et al.
2019; Ramsey & Clarke 2019; Mattia & Fendt 2020a, 2020b;
Gressel et al. 2020). However, alternative theoretical scenarios
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have also been proposed as being relevant for outflow
launching, including the X-wind model, involving the interac-
tion of the protostellar magnetic field with the inner disk (e.g.,
Lovelace et al. 1991; Shu et al. 2000), stellar-wind-driven
outflows (e.g., Matt & Pudritz 2005), and magnetic-pressure-
driven outflows (Lynden-Bell 1996).

Observationally, support for the disk wind model in low- and
intermediate-mass systems has been provided by high angular
resolution observations of a handful of systems, e.g., TMCIA
(Bjerkeli et al. 2016), HH212 (Lee et al. 2017), DG Tau B (de
Valon et al. 2020), and IRAS 2107845211 (Moscadelli et al.
2022). In each case, the launching of the outflow can be traced
to the accretion disk, demonstrating a launching radius that
extends out to scales of up to ~20 au from the central protostar.

The formation of high-mass stars is more difficult to
characterize observationally as there are fewer sources, they
are farther away and they are more obscured by surrounding
gas and dust. Nevertheless, massive star formation is also
typically observed to be associated with the launching of
bipolar jets and outflows (see, e.g., Arce et al. 2007; Tan et al.
2014; Beltran & de Wit 2016; Hirota et al. 2017). For example,
the central sources powering HH 80 and HH 81 (IRAS 18162-
2048) (Marti et al. 1993), and G339.88-1.26 (Zhang et al.
2019) are associated with highly collimated outflows. Another
massive protostar, G35.20-0.74N, has also been found to
launch a highly collimated jet (e.g., Fedriani et al. 2019).
Indeed, Caratti o Garatti et al. (2015) found that outflows from
a number of intermediate- and high-mass protostars appear as
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scaled-up versions of those from low-mass protostars, while
Sandell et al. (2020) also found this to be the case for the
outflow from the massive protostar NGC 7538 IRS1. Wider-
angle molecular outflows have also been observed from
massive protostars (e.g., Beuther et al. 2002; Wu et al. 2004;
Zhang et al. 2013, 2014b; Maud et al. 2015). In general, the
trend is that higher luminosity, i.e., more massive, protostars
tend to have more powerful and more massive outflows with
wider opening angles than their low-mass counterparts.

McKee & Tan (2002) suggested that a combination of
turbulence and magnetic pressure provides most of the support
in a massive prestellar core against gravity. In this turbulent
core accretion (TCA) model, high-mass star formation is a
scaled-up version of low-mass star formation, with accretion
rates expected to be ~10"*to~107> M, yr ', compared to
~107% to ~107 3 M. yr ! in lower-mass cores. If that is the
case, then outflows from forming massive stars can therefore
also be a scaled-up version of the outflows from lower-mass
forming stars.

Other formation scenarios for high-mass stars have also been
proposed. Bonnell et al. (1998) suggested that high-mass stars
form by the collision of multiple smaller objects that formed
close together. Another possibility suggested by Bonnell et al.
(2001) is that massive stars form together in the central region
of dense proto-clusters, where most of the mass is accreted
from a globally collapsing clump (see Tan et al. 2014 for a
review of these scenarios). This could lead high-mass stars to
accrete from smaller disks that change orientation over time,
leading to outflows that also keep changing directions (Goddi
et al. 2020).

In contrast to outflows from low-mass protostars, it is still
debated whether or not strong magnetization is required to
drive an outflow from high-mass protostars. For example,
Machida & Hosokawa (2020) found that, in their simulations,
the outflow launching failed or was much delayed unless the
initial cloud was strongly magnetized. In contrast, Beuther
et al. (2020), based on observations, argued for a weak
magnetization in the case of G327.3, despite it also having an
outflow. The direction of the magnetic field in the core is also
debated; in some cases, it has been found to be parallel to the
outflow and perpendicular to the disk (Carrasco-Gonzilez et al.
2010; Sanna et al. 2015), while other studies have found that
the outflow axis is randomly oriented with respect to the core
field (Zhang et al. 2014b). From an analysis of about 200
outflows, Xu et al. (2022) find evidence for preferential
alignment of outflow directions with large-scale B-fields, but
with significant scatter for any given outflow to B-field to
orientation.

Staff et al. (2019) (hereafter Paper I) presented 3D
magnetohydrodynamic (MHD) simulations of disk wind out-
flows from a 60 M. core, but with the protostellar mass,
accretion rate, and mass outflow rate held at fixed values
representing various stages of the protostellar evolution. The
method was to run each simulation for a roughly a local
accretion time to infer the properties of the outflow cavity—
envelope system. However, because of this approximation this
method involved significant uncertainties.

In this paper, i.e., Paper II, we present MHD simulations
similar to Paper I, but importantly we now evolve the
simulation continuously, following the protostellar evolution-
ary sequence consistently as the mass of the protostar grows
from m, = 1 M, to more than 24 M. As in Paper I, we start
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from a 60 M, core embedded in a clump with mass surface
density of ¥ =1gcm * within the framework of the TCA
model of McKee & Tan (2002, 2003). The protostar increases
its mass by accreting material from the envelope through a
disk-like boundary condition. A disk wind (Jaunched from the
accretion disk) is injected into the simulation box, where some
envelope material becomes entrained by the outflow. We
simulate the outflow as it propagates through the envelope to
investigate the interaction between the wind and the envelope
material, and to investigate how much envelope material is
displaced, providing us with an estimate of the star formation
efficiency (SFE). We also compare our simulation results with
observations of outflows from massive protostars.

In Section 2 we describe our numerical methods. We present
our results in Section 3 and discuss their implications in
Section 4. Finally, we summarize our findings in Section 5.

2. Methods

The goal of this work is to simulate a magnetically powered
outflow from a massive, growing protostar. Using the ZEUS-
MP code (Norman 2000), we conduct a 3D, ideal MHD
simulation of an outflow from a massive protostar in the
framework of the TCA model (McKee & Tan 2003; Zhang
et al. 2014a; Zhang & Tan 2018). In brief, ZEUS-MP solves
the equations of MHDs using operator splitting and a staggered
mesh, wherein vector quantities (momentum and magnetic
field) are offset by half a cell relative to scalar quantities (such
as density). Our version of ZEUS-MP uses the method of
characteristics-constrained transport (MOCCT) scheme (Haw-
ley & Stone 1995). ZEUS-MP also uses an VonNeumann &
Richtmyer (1950)-type artificial viscosity to stabilize the code.
In this study, we employed a compressive artificial viscosity
coefficient of 2.0 (gcon in the code). As in Paper I, we
consider an initial core of mass of 60 M. However, in contrast
to Paper I, rather than simulating a sequence of separate models
for different fixed values of protostellar mass, m,, here we
follow the evolution of a single simulation and the resulting
outflow for more than 100,000 yr as the central star grows from
an small initial mass of m, = 1 M. The setup of the simulation
is described below.

2.1. Simulation Domain and Boundary Conditions

We use a Cartesian grid with 168 x 280 x 280 cells in the
X1, X, and x3 directions, respectively, for our “medium”-
resolution simulation. A “high”-resolution simulation is also
run for the earlier phases of the evolution with
336 x 560 x 560 cells (see Section 4.3). A logarithmic grid
(“ratioed” in ZEUS terminology) is employed, where cells
become larger in each direction in a regular fashion as the
distance from the origin increases. This allows us to cover a
fairly large spatial region, while maintaining a reasonably high
resolution in the central region. The x; direction (perpendicular
to the disk and parallel to the outflow) extends from 100 au
above the disk midplane to 26,500 au, while the x, and x3
directions (parallel to the disk plane) extend out to +16,000 au.
Compared to the Paper I simulations, this domain is about
twice as long in the x; direction, and slightly larger in the x,
and x5 directions.

All boundaries, except for the inner x; boundary, are outflow
boundaries. The inner x; boundary is more complicated, as the
outflow is injected through it, and mass can “accrete” onto the
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disk through it. The fastest part of the disk wind is injected in a
circular region with radius ry,; centered on the origin. As in
Paper I, ryy, is related to the size of the disk around the
protostar, r, (see Equation (2) of Paper I). Just outside of the
injection region is a smoothing region, through which material
is also injected. The role of this smoothing region is to
gradually transition from the density and velocity of the
injected disk wind profile to that of the surrounding environ-
ment. The smoothing region has a radius of r,=1.8 riy,
somewhat larger than the value of 7, = 1.3 ri,;j used in Paper I
to ensure that it contains several cells (up to seven cells by the
end of simulation) in the x, and x5 directions at all times. Going
further out is the accretion region, extending from 7, to ryec,
through which material is removed to join the accretion disk at
a controlled rate. Beyond this, we use reflecting boundaries, to
prevent any additional mass from flowing off the grid.

The value of riy; (and thus also r,) increases during the
evolution as the star grows in mass, since ry; o< mﬁ/ 3 in the
fiducial model of Zhang et al. (2014a) in the limit of constant
SFE, a fixed disk to star mass ratio, and a constant profile of the
rotational energy to gravitational energy ratio of the material in
the initial core. The radius of the accretion region, r,., adjusts
over time so that the integrated mass flow rate through the
annulus given by r,.. — r, that has outflow boundary condi-
tions is ritgm = S1ix(1 + 1/3 + 1/10) = 0.72 rirs.. Note, the
term 1/3 accounts for the growth of the accretion disk, which is
assumed to have a mass m, = m, /3. The term 1/10 is present
to account for the injected mass flux of the disk wind that is
immediately returned to the simulation grid through the
injection region. The factor 1/2 is present since we simulate
only one hemisphere. The outer radius of the accretion region,
Tace» 18 adjusted so that the desired accretion rate is achieved via
this region of outflow boundary condition.

2.2. Initial Core

We initialize the simulation with a 1 M, protostar located at
the origin of our coordinate system, which is 100 au below the
inner x; boundary. On the grid, we include one hemisphere of a
60 M, core, with a radius of R .= 12,000 au, which is the size
expected for such a core embedded in a clump with a mass
surface density of ¥, =1gcm ?

In the TCA model, the fiducial initial density structure of the
prestellar core is assumed to be spherical, with a power law of
the form p oc r~% with k,=3/2. Thus our density structure is
given by

p(t=0) = p(r/R)7"?, ey

where p, is the density at the surface of the core. Note, in
Paper I, which was mainly considering snapshots of later
phases of the evolution, we adopted k, = 1 as an approximation
of the expected structure that develops in the expansion wave
of the collapse solution For our core with k, =3 / 2, we have

ps=25%x10""gem ™2, ie., ny=1.1 x 106cm assuming a
mass per H of 2.34 x 10 24gcm 3. Beyond R, we adopt a
constant ambient density of 0.1 p,. The material in the core and
its surroundings is initialized to be at rest.

Following Paper I, the initial magnetic field configuration is
the canonical Blandford & Payne (“BP”) configuration
(Blandford & Payne 1982), with a constant field added to it
to ensure that the core flux is ~1mG x R2. The BP
configuration is a force-free, hour-glass-shaped, purely poloidal
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magnetlc field conﬁiguration At the midplane, the BP field
varies as B, ocr

The 1D VCIOClty dispersion of the fiducial 60 M
prestellar core, 1i.e., assuming virial equilibrium, is
1.09(M,./60 M, )1/4(201/1 gcm )4 km s!. In our simula-
tion we adopt an isothermal equation of state w1th an effective
sound speed, i.e., signal speed, of ¢, = 0.90 km s~ '. This choice
is made so that the core is moderately subvirial and will
undergo gravitational contraction.

The gravitational field is treated with a simple approximation
in which the mass of the star and the disk, residing outside of
the simulation domain, are treated as a point mass. For the
contribution of the potential of the envelope material, we
assume a simple model of a fixed core envelope size, i.e., of
radius R, and a fixed power- -law index describing the radial
distribution, i.e., pocr— 3/2_ but with the normalization of the
profile adjusted to match the mass that is remaining in the
envelope.

When the simulation starts, the core immediately begins to
contract as the initial setup is unstable to gravitational collapse.
Initially, the plasma-3 (i.e., where (3= Pgy/Pmag) is slightly
above unity in the core. However, as the envelope collapses,
the plasma-(3 drops below unity, meaning that the magnetic
field starts to dominate. The collapse will therefore not be
spherically symmetric toward the protostar, but instead be
guided along the field lines toward the midplane, notwith-
standing the effects of the outflow and subsequent opening of a
cavity; see Sections 3.1 and 3.2.

2.3. Injection of the Disk Wind

We launch the disk wind through the injection region on the
inner x; boundary, with i, = iim* = 0.05myx. We also
enforce that the injected outflow has the same momentum rate
in the x; direction as in Zhang et al. (2014a). Together, this can
be used to constrain the injected density and velocity in the x;
direction (perpendicular to the injection boundary). As in
Paper I, we then have an injected density

exp(0.0289 rey1/ 1) P Teyt < Xo,

= (2)
Pinj 2. 77( cyl ) ¢pp0 Teyl 2 X0,
X0

and an injected v, velocity
2¢inij*’ (3)

where 7, is the stellar radius, xo = 35.3 r,, 1.y is the distance
from the x; axis, po is the injection density at the axis, and vy
is the Keplerian speed on the stellar surface. ¢, and ¢,; are
time-dependent dimensionless factors that are needed in order
to obtain the desired mass flow and momentum rates of the
inflowing wind, as is discussed in Paper I.

The velocity components of the injected flow in the 2 and 3
directions are set so that the flow is along the direction of the
initial magnetic field lines. The injected flow is also given an
additional toroidal velocity component

, —1/2
Voing = 023 =2— | vk “
’ 22.4ry

Vinj = (rey1 /1)~

The values employed for riyj, po, Hitx, i, and Pipj are given
for protostellar masses of 1, 2, 4, 8, 16, and 24 M, in Table 1.
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Table 1
Values of the Radius of the Injection Region r;, the Injected Density along the Axis po, the Desired Accretion Rate 7., the Desired Injected Mass Flow Rate riiyj, and
the Desired Injected Momentum Rate p;,; Employed at the Lower x; Boundary for Protostellar Masses m.

My Ty Po Tilgee Tilinj Pinj
M) (au 1077 gem™) 107* Mo yr ) 107° My yr Y (107* Mokms 'yrh
1 92 5.8 1.0 1.0 5.9
2 106 4.4 1.4 14 9.9
4 124 1.1 2.0 2.0 9.4
8 150 0.6 2.7 2.7 14.2
16 196 1.5 32 32 412
24 282 1.0 33 3.3 49.5
2.5)(104 8.20 |
2x10* i
| 4
o 15xl0
— 6.93F
X 10*
5000
567
2.5x10*
2x10*
[ 4
o 1.5x10
— 4,40
x 10*
5000
4 3.13
2.5x10
2x10*
=3 4
1.5x10
s 1.87
X 10*

5000

0.60
Log(n/[em™])

-10000 0 10000 ~10000 0
x, [au] x, [au]

Figure 1. Slices of simulation results for density in the x;—x, plane at x3 = 0, with x; corresponding to the outflow axis. The top, middle, and bottom rows show
my =2M. and 4 M., 8 M, and 12 M., and 16 M, and 24 M., respectively.
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Time = 55000 years, m =12 Mo
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Figure 2. Movie showing the temporal evolution of the number density in the x;—x, plane at x; = 0, i.e., the same as the individual time slices shown in Figure 1. The
movie runs for ~19 s and shows the evolution of the outflow cavity over a period of 97,000 yr. In the top-right corner, the simulation time in units of years and the
current protostellar mass are indicated. The real-time duration of the animation is 20 s.

(An animation of this figure is available.)

In the smoothing region, at riy; <r<r,, the velocity is
gradually reduced by multiplying it by a factor
w= cosz[g(r — I /(ro — Fy)l. The initial density of the
surrounding envelope is gradually joined with the density in
the injection region by dividing the core density by
1 +w(fjump — 1), where fimp is the ratio of the initial core
density to the density in the injection region.

We note that, especially in the outflow cavity, if the density
in a cell drops too low, the Alfvén time step drops to such a low
value that the simulation effectively grinds to a halt. To avoid
this, it is common practice in outflow simulations to implement
a density floor, which prevents the Alfvén time step from
becoming extremely small. However, including such a density
floor means mass is being artificially added to the grid. In this
work, we have used a density floor that depends on height x;
above the disk, ny fior = (x1/10% au)~! cm™3. The reason for
this choice is that near the inner x; boundary where mass is
accreting, we need a fairly large density floor to maintain a
reasonable Alfvén time step as the magnetic fields are stronger.
High above the disk, the density in the outflow cavity drops to
values much below what the floor needs to be near the inner x;
boundary, and hence the density floor in the outer part of the
simulation box can be lower than in the inner part. We note that
when mass is added to a cell in the simulation, we do not adjust
the velocity of that cell, and as a consequence momentum is
also added to the simulation.

3. Results
3.1. Density, Velocity, and Magnetic Field Structures

We have simulated the evolution of the protostellar core for
~10°yr as the protostar grows from my =1M,. to about
26 M. In Figure 1 we show slices of the density structure in
the x;—x, plane at x3=0. These images show the general
structure of the disk wind outflow cavity as it gradually carves
open a larger and larger volume from the initial core infall
envelope. Concurrent with this evolution of the outflow cavity,
we also see the collapse of the infall envelope down toward the

central midplane base of the core. A movie showing the
evolution of this structure is shown in Figure 2. During the
course of the evolution the range of densities present in the
simulation extends from ny ~ 4 cm > (in the outflow cavity) to
>10% cm ™~ (in the inner infall envelope).

Figure 3 shows the magnitude of the outflowing velocity
along the x; direction, i.e., v{ > 0.9 km s~ for the same slices
through the simulation domain shown in Figure 1. At any given
evolutionary stage, the highest velocities are found close to the
central axis of the outflow cavity. At the earliest stages shown
in Figure 3, ie., my=2M,., these velocities are already
~2000kms~"'. By the later stages with m, =24 M., these
velocities have risen to ~5000 kms ™"

Figure 4 shows the magnitude of the total magnetic field
strength for the same slices through the simulation domain
shown in Figure 1. The largest magnetic field strengths are
~100mG near the base of the outflow and inner infall
envelope. In the outflow cavity, the magnetic field strength is
much lower than in the infall envelope, with values at low as
~0.01 mG.

3.2. Evolution of the Outflow Cavity Opening Angle

To evaluate the opening angle of the outflow cavity at a
given height x|, we first calculate the area A in the x,—x3 plane
of the outflowing matter that has v; >0.9kms~'. We then
approximate the outflow as having a conical shape with a
circular cross section of area A =7 r2, giving r = \JA/7, and
then find the half opening angle of that cone,
tan(Goupow) = r/x. In Figure 5 we show the evolution of the
calculated opening angle over time for several different heights
above the disk. These direct estimates of the opening angles are
stopped when the outflow cavity region approaches the lateral
edges of the simulation domain. Beyond this point, shown with
dashed lines, we make an approximate estimate of the opening
angle at a given height via linear extrapolation from the closest
lower height where the geometry of the outflow is still
contained within the domain. Given the apparent direction of
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Figure 3. Slices in the x;—x, plane at x; = 0 of simulation results for total velocity, v, but only showing cells with v; > 0.9 km s™' to highlight outflowing gas. The
top, middle, and bottom rows show m, =2 M, and 4 M., 8 M, and 12 M., and 16 M., and 24 M, respectively.

curvature of the outflow cavity toward the outflow axis, e.g.,
see Figure 3 for m, = 16 M, we expect that this method will
tend to overestimate the opening angle.

From our results we see that the outflow cavity opening
angle is larger at lower heights (e.g., at 5000 au), and is smaller
at larger heights due to collimation of the outflow. In other
words, the outflow cavity is not truly conical (as is evidenced in
Figures 1 and 2). Considering a fiducial height equal to the
initial radius of the core, i.e., 12,000 au, we see that the outflow
cavity opening angle has achieved a value of about 10° at the
earliest stages of the simulation, i.e., when m, =2 M. It then
rises slowly until m, ~ 4 M,. After this it increases at a slightly
faster rate, reach about 42° by the time m, = 18 M, i.e., the
last stage where it can be directly evaluated in the simulation
domain. An extrapolation based estimate at m,. =24 M, yields
eoutﬂow = 500-

In Figure 5 we also compare our results to those of
Paper I (without preclearing), which were calculated at the top
of the grid in those simulations, i.e., at a height of about

12,000 au. We note that in Paper I, with models run at fixed
my, it was somewhat uncertain at which time to evaluate the
results for the opening angle. Paper I also considered a case
“with preclearing” that attempted to allow for the earlier
stages of evolution and these yielded larger opening angles at
the later stages, i.e., about 50° at m, = 16 M., and 78° at
24 M. We find that our new simulations with a continuous
evolution followed from low to high values of m, yield
moderately smaller cavity opening angles than the results of
Paper I, with the biggest differences being at the highest
masses.

We also compare our results to the opening angles predicted
by the semi-analytic model of Zhang et al. (2014a), following
the method of Matzner & McKee (2000), which is based on the
condition of whether the material in a given direction can be
accelerated to the escape speed. We find that our numerical
results predict a moderately narrower outflow cavity geometry
than this semi-analytic model, with the difference being about
20° by the end of the simulation.



THE ASTROPHYSICAL JOURNAL, 947:40 (17pp), 2023 April 10

2.5x10"
2x10*
1.5x10*

x, [au]

10*

2000

2.5x10"
2x10*
1.5x10*

10*

x, [au]

5000

2.5x10*
2x10"
1.5x10"

x, [au]

10
2000

—10000 0
x, [ou]

10000

Staff et al.

_1.00 i|||

—2.00

—-3.00

—4.00

~5.00
Log(B/[E])

—10000 Q
x, [au]

Figure 4. Slices of simulation results for magnetic field strength, B, in the x;—x, plane at x3 = 0. The top, middle, and bottom rows show m, =2 M. and 4 M., 8 M,

and 12 M, and 16 M, and 24 M., respectively.

3.3. Mass and Momentum Fluxes of the Outflow

We evaluate the rate at which mass flows out of the top of
the simulation box at the x,—x3; boundary face via
(1 / 2) Moutflow = f pvidA, i.e., performing the summation over
the actual area of the outflow with no assumption of it being
circular and equating this to half of the total mass flux in a
bipolar protostellar outflow. The evolution of this outflowing
mass flux is shown in Figure 6(a).

Initially, there is a transient phase with a fairly high-mass
flux out of the simulation box of ~4 x 107> M, yr7l while the
outflow cavity is being cleared out. After this the mass flow rate
grows from about 2 x 107> M, yr ' to ~1 x 10~* M, yr ' by
the time the star has reached ~10 M. We note that the mass
flux exhibits moderate, ~30%, fluctuations during this
evolution. After this the mass flux stops increasing and exhibits

more dramatic fluctuations during the evolution to
my =16 M. After this, it shows a more steady, smooth
decline, which is mostly caused by the outflow -cavity
expanding beyond the size of the top face of the simulation
domain. For this reason, we do not calculate the mass flow rate
out of the grid for masses beyond ~20 M; i.e., at this stage a
significant amount of mass is now leaving across the side
boundaries (as can be observed in the movie in Figure 2 and in
Figure 3).

Figure 6(b) shows the ratio of the mass flux leaving the top
of the simulation domain to the mass injected at the base of the
outflow. After the initial peak associated with first breakout of
the outflow, this ratio is about 2, but then rises up to a peak just
below 10 when m, =10 M.. At higher masses it generally
declines, but with large fluctuations, eventually reaching values
near 2 again.
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Figure 5. Outflow cavity opening angle measured at different heights above the disk (solid lines). Extrapolated estimates (dashed lines) are needed once the cavity
nears the simulation boundary at a given height (see the main text). Also shown are the outflow cavity opening angles found in the numerical models of Paper I
(without preclearing; squares) and the semi-analytic models of Zhang et al. (2014a) (crosses).

Figure 6(c) shows the time evolution of the total mass that
has left the top of the simulation domain. We find that more
than 4 M, has left the grid as part of the outflow by the time the
protostar reaches 20 M,

Figure 7(a) shows the momentum flux passing through
the top of the simulation domain, evaluated as p = f pvidA.
As in Figure 6, we cut off the measurements when substan-
tial mass and momentum start to leave the domain through
the side boundaries. We find that the momentum flux
leaving the domain stays approximately constant at about
0.005 M. kms 'yr~', until the star reaches ~7 M. Then it
increases to reach nearly 0.02 M, kms™'yr~' when the star is
~16 M. It then continues to increase, but at a slower rate.
However, at this stage we begin to lose track of the mass that is
leaving through the sides of the domain.

Figure 7(a) also shows the injected momentum flux at the
base of the outflow. In general, as expected, we see a very good
agreement between the injected and ejected momentum fluxes,
with the largest deviation occurring at late times due to some
outflow material leaving via the sides of the domain. The ratio
of these momentum fluxes is shown explicitly in Figure 7(b).

Figure 7(c) shows the total momentum that has left via the top
of the simulation domain. This grows steadily to reach
~800 M. kms ™" by the time the protostar has reached ~20 M.,

3.4. SFE

Here we evaluate the SFE, i.e., the ratio of the final stellar
mass to the initial core mass, which is implied by our
simulation results. After 100,000 yr, the protostar has grown to
my =226 M. Thus we estimate that &, > 0.43. This is a lower
limit since in our model the disk has a mass of
mgisk = (1/3)my, 29 M. and a significant portion of this
material is expected to be able to accrete to the star. If the
only process diverting material from the accretion disk is
injection into the disk wind with #s1,, = 0.1y, then the final
stellar mass would be at least 34 M, i.e., & > 0.56. It is
possible that a larger fraction of material could be diverted from
the accretion disk if other forms of feedback, especially disk
photoevaporation, are significant. However, Tanaka et al.
(2017) considered such models and found that disk

photoevaporation was relatively unimportant compared to the
disk wind mass flux for this mass and accretion rate regime.

The above estimates are still likely to be lower limits, since
there is still 12 M, (3 M, from the initial core and 9 M, from
the surrounding clump) remaining in the simulation domain,
i.e., 24 M, in the global, mirrored domain. One expects that a
significant fraction of this material would be accreted to the
central protostar. In the case that all of the remaining initial
core mass is accreted, i.e., 6 M, then this would thus result in
an SFE of & ~ 0.67.

Comparing the semi-analytic model of Zhang et al. (2014a),
they also reached a final value of m, =26 M. Thus, with the
same considerations of residual disk accretion, they expect to
reach & > 0.56. However, their model at this point would be
exhausted of gas and so this would be the final estimate of the
SFE. Thus we conclude that the expected SFE from our
numerical model is moderately (~20%) larger than that
predicted by the semi-analytic model. This is consistent with
the generally smaller outflow opening angles found during the
course of the evolution in the numerical model compared the
Zhang et al. (2014a) semi-analytic model (see Figure 5).

However, we note that in the fiducial TCA model of McKee
& Tan (2003), the initial core is expected to interact with a
significant amount of surrounding clump gas during its collapse
to a protostar, so with this consideration the results of Zhang
et al. (2014a) for the final stellar mass, m,y are also lower
limits. If the SFE is defined with respect to the initial core mass,
then the values of & would also be lower limits.

3.5. Outflow Mass Spectra

One method of comparing our model results with observed
systems is via the distribution of outflowing gas mass with the line-
of-sight velocity, i.e., “mass spectra”, since this can be inferred
from observations of CO emission lines. Note, in this paper we
will not make synthetic CO spectra of our models, deferring this
step to a future work. To produce the distribution of mass with the
line-of-sight velocity, we need to produce a “global” simulation
domain, which is achieved by mirroring our simulation grid about
the x; = 0 boundary, i.e., the disk plane. In this way we produce a
symmetric bipolar outflow structure, which we then view at



THE ASTROPHYSICAL JOURNAL, 947:40 (17pp), 2023 April 10

(E) aT . . -
S 12t .
©
= 1} .
b
2 08¢ 1
3 06 .
£ o4l ]
S o02f 1
0
0
(b) 10 T T T
9_ -
8, -
s /T 1
E 6 1
g 5¢f ,
3 4t 1
E 4| il
2_ -
1_ -
0 1 1 1 1
0 5 10 15 20
m- [Me]
(C) 4.5 T T
— 4_ ]
O] L _
< 35
5 3 7
5 25 1
S 2 ’
o 15T .
1 ]
05 ]
0 1 1 1 |
0 5 10 15 20
m- [Mo]

Figure 6. (a) Top: evolution of the outflow mass flux through the top of the
simulation domain (x,—x3 face at x; = 25,000 au) (purple solid line). The red
dashed line shows the injected mass flow rate of the outflow. (b) Middle: ratio
of the mass flow rate out of the top of the simulation box to the injected mass
flow rate at the base of the outflow. (c) Bottom: evolution of the total mass that
has left the top of the simulation domain by being swept up by the outflow.

various angles, Oy, to the outflow axis. Note, ., =0° is
defined as a line of sight that is parallel to the outflow axis.
Figure 8 shows the mass spectra within the global domain at
various evolutionary stages. Note, these spectra include all gas,
i.e., both outflowing and infalling material. We have chosen
three values of 6., that are part of the grid of uniformly
sampled grid of cos Oy values in the radiative transfer (RT)
models of Zhang & Tan (2018). The mass spectra show a sharp
peak at low velocities, and, except for 6., values close to 90°,
long tails to larger velocities. As the protostellar mass
increases, we find more mass at larger velocities. For
my > 16 M., the largest velocities are >3000kms ' when
the system is viewed close to the outflow axis. One point to
note is that between 2 M, and 4 M, the maximum velocities
decrease somewhat. This is due to the protostellar radius
(which also sets the inner disk radius) growing from 3.45 R, at
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Figure 7. (a) Top: evolution of the outflow momentum flux through the top of
the simulation domain (x,—x3 face at x; = 25,000 au) (purple solid line). The
red dashed line shows the injected momentum flux at the base of the outflow.
The green solid line shows the momentum flux injected in the semi-analytic
model of Zhang et al. (2014a). (b) Middle: evolution of the ratio of the
momentum flux through the top of the simulation domain to the injected
momentum flux at the base of the outflow. (c) Bottom: evolution of the total
momentum that has left the top of the simulation domain.
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2 M, to 20.5 R, at 4 M. The injection velocity of the outflow
is proportional to the Keplerian speed at the launching point
(Vkep 0 m4’* r~1/2; Equation (3)). Hence, the highest velocity
outflow is launched from the inner disk and, as the inner disk
radius expands, the velocity of the material launched from the
inner disk decreases, even though the central mass is growing.
We use these mass spectra in the next subsection to make

detailed comparisons to some observed massive protostars.

3.6. Comparison with Observed Outflow Mass Spectra

In Figures 9 and 10 we compare the simulation outflow mass
spectra to equivalent outflow mass spectra of G35.20-0.74N
and G339.88-1.26 (hereafter G35.2 and G339) as derived from
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Figure 8. Distribution of outflow mass with the line-of-sight velocity for material within a global (i.e., mirrored) simulation domain at various evolutionary stages (i.e.,
protostellar masses) and as viewed at different inclination angles, 6y;., = 1278, 61°4, and 88°6.

Atacama Large Millimeter/submillimeter Array (ALMA)
observations of CO(2-1) line emission by Zhang et al. (2022)
and Zhang et al. (2019), respectively. Note, the observed line
emission from these sources was extracted from regions of
~25,000 au in radial size centered on the protostars, similar to
the size of our simulation box. We consider a velocity range of
+50kms™' and exclude the inner £10kms™', which is
affected by the presence of ambient clump gas.

To quantify the differences between the models and
observations, we calculate the reduced X2 between the two,
following the method of Zhang & Tan (2018) (developed for
spectral energy distribution fitting), as

1 M data — Misim |
2 i,data i,sim
==l

2 - 5)
where N is the number of data points, m; gu, and m; ¢ are the
mass in the ith velocity bin in the observed data and in the
simulation, and o is the uncertainty in the observed data. The
uncertainty in the data is assumed to be comprised of a
systematic uncertainty of 40% and a noise level that is
~6 % 1073 M /(km s_l) (for both G35.2 and G339). Note that

10

while the mass spectra are shown in log space, we perform the
X~ fitting in linear space.

As seen in Figure 9, G35.2’s outflow mass spectrum at
negative velocities is affected by a significant absorption
feature at —20km s~', which may be due to other molecular
cloud components along the line of sight. Thus, for this source
we restrict fitting to only the positive velocity range. Figure 10
shows that G339’s mass spectrum at positive velocities is
similarly affected by absorption features and so here we only fit
to the negative velocity range.

Each of the panels in Figures 9 and 10 shows the models at a
particular evolutionary stage as seen over the full range of viewing
angles, i.e., uniformly sampling cos Oy, from 0.025 to 0.975 in
steps of 0.05. We can see that at small values of m, the models
generally fail to match the observational data. In particular, they
underpredict the amount of outflowing gas at low and intermediate
velocities. For G35.2, there is a better agreement in the shape of the
mass spectrum when m,. ~ 16 M, to 24 M., although the model is
systematically low by a factor of about 3. For G339, the shape of
the mass spectrum has a best match when m, ~ 20 M, but is
again low by about a factor of 3. We note that such systematic
offsets could be explained, at least in part, by uncertainties in the
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Figure 9. The mass velocity spectra from the simulation compared to those from observations of G35.20-0.74N (Zhang et al. 2022) for velocities less than

+50 km s~ L

conversion of CO(2-1) line flux to mass. The difference could also
simply be due to the observed systems having more massive
protostellar cores, i.e., involving an initial core mass that is
>60 M. Within the context of the TCA model, there is also the
additional parameter of 3, which could be varied from the
fiducial value of 1 gcm 2 assumed here.

Given the above considerations, we do not attempt to adjust
our models further to find a better match to the data, since such
a step will likely require running a much larger grid of
simulations to explore the M, and X parameter space.
Nevertheless, with the context of the models we have
presented, there is formally a best-fitting model for each of
G35.2 and G339. To illustrate these and the dependence of x>
on the model parameters, in Figure 11 we plot x> versus
c0s Byiew for all the considered models at various evolutionary
stages. Again, we can see that the observations are more

11

consistent with higher protostellar masses. However, in these
higher-mass cases, we note that the goodness of fit does not
depend very sensitively on the viewing angle.

3.7. Comparison to Other Observational Metrics of Massive
Protostars

The mass flow rate out of the s1mulat10n box (see Figure 6)
starts out at a few x 107> M yr~' for the first ~50,000 yr until
the star reaches ~10M,, before increasing to more than
10~* M, yr ! and becoming quite variable during the latter parts
of the simulation. The momentum flux out of the simulation box
(Figure 7) is, meanwhile, about 5 x 10> M. kms ™' yr! for the
first ~40,000 yr until the star reaches ~8 M., after which the
momentum rate grows steadily to ~2 x 107> M kms ' yr !,
and also shows time-variable behavior. Such values are in
general agreement with observations of outflows from massive
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protostars (Wu et al. 2004; Maud et al. 2015; Fedriani et al.
2019), although it should be noted that there are significant
uncertainties associated with the observational derivation of
these mass and momentum fluxes.

There have been a few measurements of magnetic field
strengths in the outflows of massive protostars. In Orion Source
I, which is thought to be 10-20 M., protostar (e.g., see the
discussion in Hirota et al. 2020), the magnetic field strength
was estimated to be 30 mG on a scale of a few hundred au. This
is in reasonable agreement with our simulations on similar
scales (Figure 4).

4. Discussion
4.1. Comparison with Previous Simulation Studies

Here we discuss how our simulation results compare to those
of other relevant studies of massive star formation, mostly
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restricting our consideration to those including protostellar
outflow feedback with MHD simulations. The simulation we
have presented, in addition to its initial core, has a well-defined
boundary condition during the evolution for the input
protostellar outflow, which is tied to the evolution of the
fiducial massive protostar in the TCA model (McKee &
Tan 2003; Zhang et al. 2014a). One comparable non-MHD
simulation is that of Kuiper & Hosokawa (2018), who
presented a simulation of a massive protostar forming from a
surrounding mass reservoir from 100 M. to 1000 M. The
simulation code Pluto (Mignone et al. 2012) was utilized with a
logarithmically spaced spherical coordinate grid assuming axial
and midplane symmetry of the system. Feedback from
radiation pressure, ionization, and injected protostellar outflows
was included. However, the simulation did not include
magnetic fields. With this caveat in mind, their most
comparable case involved a 0.1 pc radius core with mass of
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Figure 11. Dependence of x> derived from fitting our simulated mass spectra
for different evolutionary stages (i.e., various values of m,,) to the observational
data of the massive protostars G35.2 (top) and G339 (bottom) as a function of
the cosine of the viewing angle.

100 M, which formed a star with mass of 66 M., when only
protostellar outflows were included, dropping to a minimum
value of 51 M., when outflows and radiation pressure were both
implemented.

In contrast, the following simulation studies generally
present the collapse of a fully 3D gas structure to a sink
particle representing a protostellar source. For example, Rosen
& Krumholz (2020) performed radiation MHD simulations of a
collapsing 150 M, core (significantly more massive than the
60 M., core we consider in this study), and followed the
evolution until the star reached a mass of 33.64 M. They
found that once the stellar mass reached about 30 M., radiation
pressure created by the central star starts driving an expanding
bubble. Radiative effects like this could potentially be relevant
in our case if we continued the simulation beyond 30 M, (see
also Tanaka et al. 2017).

Commercon et al. (2021) compared collapse simulations of a
100 M, core in several scenarios: without magnetic fields, with
ideal MHD, and with ambipolar diffusion. In the case of the
nonmagnetized simulation, they found a very weak outflow
dominated by episodes of accretion bursts. In their ideal MHD
simulation, they found that an increased pressure in the central
region, due to increased stellar luminosity and build up of the
magnetic field, almost causes the outflow to disappear when the
protostar reaches ~10M.. However, this behavior is not
observed in their nonideal MHD simulation.

Mignon-Risse et al. (2021b, 2021a) performed radiation
MHD collapse simulations also of a 100 M., core. Mignon-
Risse et al. (2021a) focused on the outflow. They found mass
outflow rates of ~107> — 10~* M, yr'. The momentum rate
that they found was ~10~* M km s~ 'yr~!, which is much
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smaller than the ~107°-102 M km s~ yr~! that we measure
in our simulation. We also note that our model involves the
momentum rate growing as the protostellar mass grows, while
they found a roughly constant momentum rate with time. Also,
contrary to our work, the opening angle in their simulations for
the most part decreased with time.

4.2. The Role of the Magnetic Field

In ideal MHD, the gas is forced to follow the field lines. This
therefore creates a natural separation between the outflowing
gas and the collapsing envelope, because the field lines found
in the outflow are anchored in the injection region. To
demonstrate this we performed a test simulation with the same
setup, but without a magnetic field. In Figure 12, we show
slices of the density structures and velocity fields of the
outflowing gas for simulations with and without a magnetic
field after 39,000 yr (i.e., when the protostar has reached 8 M,).
A consequence of the lack of a magnetic field is a less
collimated, slower outflow, which interacts with much more
envelope material, causing a larger mass flow rate out of the
simulation box as more envelope material is entrained in the
outflow. We also find that the outflow cavity is much less
distinct, i.e., in its density contrast with the infall envelope, in
the simulation without a magnetic field. Because of this, there
is no high-velocity outflow, and the momentum flow rate at a
height of 25,000 au is smaller than in the simulation with a
magnetic field. Interestingly, the outflow pushes more material
sideways when there is no magnetic field to confine it, forcing
envelope material farther away from the protostar where the
gravitational force is weaker, causing the envelope to collapse
more slowly. As a consequence, the envelope “puffs up”
sideways in the no-magnetic-field simulation, and at 39,000 yr
it extends beyond the side boundaries (see the density panels in
Figure 12).

4.3. Effect of Numerical Resolution

To examine the dependence on numerical resolution, we
ran the same simulation setup with twice as many cells in each
direction (i.e., 336 x 560 x 560 cells; see Section 2.1), but
keeping the other parameters the same. In this higher-
resolution simulation, the smallest cells are now roughly
6 au on each side, compared to roughly 12 au in our primary
“medium”-resolution simulation. This higher-resolution simu-
lation is much more computationally expensive, and it was not
feasible to run it for the entire evolution (i.e., up to ~24 M.).
Instead, we compare the results between the two resolutions at
t=39,000 yr, when the star has reached 8 M. In Figure 13,
we compare the logarithm of the number density, and the
velocity field of the outflowing gas (where v; > 0.9 kms '),
in a slice through the middle of the grid (x3 =0).

The medium- and high-resolution simulations are qualita-
tively and quantitatively similar. For example, the opening
angle of the outflow in the high-resolution simulation measured
at 12,000au is 17°0, compared to 20°0 in the medium-
resolution simulation. Note, while the low-density part of the
outflow cavity appears slightly larger in the slice of the high-
resolution simulation shown in Figure 13, the cavity defined by
the outflowing gas is in fact slightly smaller. At 39,000 yr, in
the high-resolution simulation we find that 1.5 M, has left the
simulation box with the outflow through the outer x; boundary,
while in the medium-resolution simulation 1.2 M, has left the
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Figure 12. The effect of magnetic fields on the outflow structure is illustrated by a comparison of the number density in an x;—x; slice at x3 = 0 and time 39,000 yr,
when the protostar is 8 M, for a case without a magnetic field (|B| = 0) (left panels) and with a magnetic field (i.e., our fiducial model) (right panels). The upper panels
show the density structure; the lower panels show the velocity field of the outflowing gas.

box. These example diagnostics indicates a fairly good of McKee & Tan (2003), which involves the core being

agreement between the higher- and medium-resolution pressure confined by an ambient clump medium with a mass

simulations. surface density of ¥.; = 1 gcm™ 2. In contrast to the “snapshot”

approach of Paper I that investigated particular stages, we have

5. Conclusions followed the full, self-consistent evolution for 100,000 yr as the

We have presented a 3D MHD simulation of a magnetically protostar grows from m, = 1 M, to about 26 M, following the

powered disk wind outflow from a massive protostar located at protostellar evolutionary track of Zhang et al. (2014a), which

the center of a core with an initial mass of 60 M, and a radius sets both the accretion rate to the star and the mass and
of 12,000 au. Such a core is the fiducial case of the TCA model momentum injection rate to the disk wind outflow.
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Figure 13. The effect of numerical resolution is illustrated by a comparison of the density structure in the x; —x, plane at x; = 0 at 39,000 yr (m, = 8 M., for the high-
resolution simulation (left panels) and fiducial medium-resolution simulation (right panels). The upper panels show the density structure; the lower panels show the
velocity field of the outflowing gas.

We find that the protostar drives a powerful, collimated outflow becomes more powerful causing the cavity to open up
outflow that breaks out of the core at relatively early times, i.e., gradually, reaching opening angles of about 50° by the end of
within ~1000 yr of the start of the simulation. At the scale of the simulation. This disk wind outflow feedback thus
the initial core, the outflow has an opening angle (from the dramatically affects the density structure and morphology of
outflow axis to the cavity edge) of just over 10° until the protostar. While we have not performed RT calculations on
my =4 M., at 21,000 yr. Thereafter, as the protostar grows in these simulations (deferring this step for a future work), the RT
mass and contracts toward the zero-age main sequence, the models of Zhang et al. (2014a) based on a semi-analytic core
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and outflow structure already illustrate the importance of such
cavities for determining the infrared images and spectral energy
distributions of the protostars.

The outflow also is the main factor determining the SFE
from the core. We find a lower limit to this SFE of &, = 0.43,
but, considering the presence of a massive accretion disk and
residual infall envelope, we estimate that the final value could
reach as high as & >~ 0.7. Such values are moderately higher
than the efficiency assumed of 0.5 in the fiducial TCA model of
McKee & Tan (2003).

Inside the outflow cavity we find that the magnetic field is
relatively weak, ~1074-107 G, while it retains its initial core
value of ~107> G just outside the outflow cavity. Near the base
of the outflow, however, we find magnetic field strengths of
~0.1 G. The magnetic field structure we have implemented acts
to help separate the outflow from the collapsing core, limiting
the amount of the envelope material being entrained in the
outflow.

The mass flow and momentum rates of our simulation are
~2x 10772 x 107 Moyr ! and ~2x 10772 x 1072 M.,
kms~'yr~ !, respectively, with these values controlled by the
boundary conditions we have implemented, but also compar-
able to rates measured from observed massive protostars. We
have also compared the distribution of outflow mass with
velocity, i.e., outflow mass spectra, of our simulations out to
velocities of 50 km s~ " with two example massive protostars,
G35.2 and G339, observed by ALMA. This comparison
indicates that such observations have diagnostic power to
constrain model parameters related to the evolutionary stage,
i.e., my, and viewing angle, i.e., ;... While precise agreement
between the models and observations is not found (and is not
expected given the potential systematic uncertainties in
measure mass from CO line emission and from the limited
range of the TCA model parameters explored in our
simulation), we do find quite striking agreement in the shape
of the outflow mass spectra for some models. Further
diagnostic tests involving full synthetic position—position—
velocity cubes of synthetic CO line emission will be presented
in a follow-up paper.
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