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Fig. 1.— Cartoon showing the basic structure of our model. The
outflow (red region) lies between the wind and the envelope. Ar-
rows (~p

wind

and ~p
envelope

) denotes the ram-pressure of the wind
and the envelope, respectively. With “Wind” we mean the caivty
evacurated by the wind, “Turbulent Envelope” denotes the turbu-
lent envelope, and “Outflow Layer” is the layer which contains the
mixture of gas from the wind and gas from the envelope.

entrainment layer between the wind and the envelope.
In §2 we present the basic physical picture, followed by
a detailed description of our model. In §3 we compare
the image and position-velocity diagram from our model
with existing observations. In §4.1, 4.2 we o↵er a unified
framework to understand outflows from low-mass pro-
tostars and high-mass protostars as well as AGN-driven
outflows. We also discuss the possibility where the wind
is not strong enough to push the envelope, and predict
the existence of “dwarf outflow” in such situations (§4.3).
In §5 we conclude.
Recently, the interaction between a wind and a

turbulent core has been studied with the radiation-
hydrodynamic simulations (O↵ner et al. 2011), focusing
on how the physical structures suggested by the simula-
tions can be reproduced through millimetre-wavelength
aperture synthesis observations. In this work, we present
an explicit treatment of the mixing entrainment process,
and study the consequence of such turbulent entrainment
in producing protostellar outflow.

2. THE MODEL

In our model, the outflowing gas is contained in the
turbulent entrainment layer which develops between the
wind and the envelope (Fig. 1). The wind is collimated,
and its strength reaches a maximum around the z-axis
of Fig. 1. The wind is launched in a region close to
the protostar due to magnetic centrifugal forces. Such a
wind is generally collimated and exhibits universal asym-
potic collimation properties (Shu et al. 1995; Matzner &
McKee 1999). The wind evacuates a cavity and is con-
fined mainly inside it. The ambient matter (envelope)
is still present in regions further away from the outflow
axis. The outflow layer lies between the cavity and the
ambient matter.
The outflow is generated by the interaction between

the wind and the envelope. The wind has a ram-pressure
that points away from the protostar (see ~p

wind

in Fig. 1,

where |~p

wind

| ⌘ p

wind

= ⇢

wind

v

2

wind

). Turbulent motions
occurs ubiquitously in star-forming regions (Plume et al.
1997; Ballesteros-Paredes et al. 2007), and at physical
scales of around a parsec, turbulence dominates the dy-
namical properties of the medium. Turbulence also dom-
inates the envelope, and the ram-pressure of the turbu-
lent envelope is perpendicular to the wall of the outflow
cavity (see ~p

envelope

in Fig. 1).
The turbulent nature of the interstellar medium has

been recognized for years. It have been suggested that
it plays an important role in regulating the star forma-
tion processes inside molecular clouds (Krumholz & Mc-
Kee 2005; Ballesteros-Paredes et al. 2007). Molecular
outflows have been suggested as major drivers of such
turbulent motion (Matzner 2007; Nakamura & Li 2007).
However, how the turbulent motion back-reacts with the
molecular outflow is rarely explored. In this paper, we
study the e↵ect of such turbulent motion on the forma-
tion of molecular outflows by making the following two
suggestions.
First, we propose that the wind and the envelope will

establish hydrostatic balance. This is naturally expected
when the ram-pressure of the wind is comparable to the
turbulent ram-pressure of the envelope. For the outflow
from a protostar, this is indeed the case (§4.1). In our
model, the shape of the outflow is determined by this
balance, and can be numerically calculated (§2.3).
Second, we propose that a turbulent mixing layer will

develop between the wind and the envelope. When the
wind moves relative to the envelope, Kelvin-Helmholtz
instability will occur. When the instability saturates, a
mixing layer will establish. A mixing layer grows as it
absorbs mass and momentum from the envelope and the
wind (§2.4,2.5). The outflow gas is completely contained
in such a mixing layer. Turbulent motion of the ambient
gas will help the growth of the entrainment layer.

2.1. Envelope

The structure of the molecular cloud is inhomogeneous
at a variety of scales. On a parsec, millimeter/sub-
millimeter studies suggest that the density distribution
of molecular gas around the protostar is consistent with
being spherically symmetric, and can be describe as a
power-law ⇢ ⇠ r

� (Keto & Zhang 2010; Longmore et al.
2011).
Following these authors we parametrize the density dis-

tribution of the envelope as

⇢
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By assuming hydrostatic equilibrium, Equation 1 leads
to the distribution of the turbulent velocity �

turb

that
takes the form (McLaughlin & Pudritz 1996; McKee &
Holliman 1999; McKee & Tan 2003)
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The power-law index k

⇢

in Equation 1 is set according
to the observational studies by Beuther et al. (2002);
Mueller et al. (2002); Keto & Zhang (2010); Longmore
et al. (2011). In our canonical model, consulting the
results in Longmore et al. (2011) we set a density of
3.35 ⇥ 10�19 g cm�3 at r = 0.3 pc for Equation 1. The
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Figure 2. (1) Low-velocity 12CO 2–1 emission, integrated from 58 to 64 km s−1 for the blueshifted lobe (blue) and from 74 to 80 km s−1 for the redshifted lobe (red),
with contours starting from 20% and continuing at steps of 10% of the peak emission, and two gray curves bisecting each other at the central mm peak outlines the
shell of a bipolar wide-angle outflow, which is the focus of this paper; (2) high-velocity 12CO 2–1 emission, integrated from 42 to 56 km s−1 for the blueshifted lobe
(blue) and from 82 to 94 km s−1 for the redshifted lobe (red), with contours starting from 20% and continuing at steps of 10% of the peak emission, the gray contours
show low-velocity 12CO emission as shown in panel (1), and a straight gray line delineates the cut for a PV plot shown in Figure 8; (3) 13CO 2–1 emission, integrated
from 58 to 62 km s−1 for the blueshifted lobe (blue) and from 74 to 78 km s−1 for the redshifted lobe (red), with contours starting from 15% and continuing at steps of
10% of the peak emission; (4) Spitzer IRAC color composite image with the 3.6, 4.5, and 8.0 µm emission coded in blue, greed, and red, respectively, the two curves
are the same as shown in panel (1) to denote the molecular outflow shell, and the blue and red arrows mark the orientations of the blue- and redshfited lobes of the
outflow, respectively. In (1) and (3) the corresponding synthesized beam is shown as an ellipse in the lower left. In each panel and hereafter, the central stars denote
the three continuum peaks.

74–80 km s−1 for the redshifted lobe in Figure 2(a), are chosen to
highlight wide-angle structures and to avoid contamination from
diffuse gas in the surrounding, and the high-velocity channels
(Figure 2(b)) are those in the outer line wings. The low-velocity
12CO emission clearly reveals a northwest–southeast (NW–SE)
bipolar outflow centered at the group of the mm peaks and
extending about 1.3 pc from end to end (Figure 2(a)). The
outflow shell highlighted by limb-brightening outlines a quasi-
parabolic structure with a wide opening angle. Both the spatial
separation of the two lobes of such a wide-angle outflow and the
partial overlap of blue- and redshifted emission in the NW lobe
suggest that the flow axis is moderately inclined to the plane
of sky. We suggest the molecular outflow seen in the 12CO
emission as ambient gas swept up by an underlying wide-angle
wind (see Section 4.2). In this context, the NW wind is overall
moving away from us, sweeping up ambient gas to create the
redshifted 12CO outflow, but could be partly moving toward us in
its near side, causing the blueshifted 12CO emission. The patchy
appearance of the blueshifted emission might be attributed to the
localized density structure of the medium. The SE counterpart
of the wind may be expanding into a medium which is less

dense in the far-side and would not create appreciable redshifted
12CO emission. Immediately to the southeast of the bipolar
outflow, there is a minor extension with overlapping red- and
blueshifted emission, which might arise from another outflow.
Meanwhile, the high-velocity 12CO emission coincides with
the inner part of the low-velocity bipolar outflow, with the bulk
blueshifted emission revealing a clump in the middle of the low-
velocity SE lobe and the redshifted emission a conical structure
narrower than the low-velocity NW lobe (Figure 2(b)). The
bipolar outflow is also detected in the 13CO emission with a
morphology similar to but slightly less extended than the 12CO
outflow (Figure 2(c)).

Spitzer IRAC images often reveal outflow cavities through
scatted light in the 3.6 µm band and molecular outflow driving
agents (e.g., underlying jets or winds) through shocked H2
emission in the 4.5 µm band (Qiu et al. 2008). In Figure 2(d),
the IRAC three-color composite image of the G240 central area
yields a NW–SE nebula in the 3.6 and 4.5 µm emission. The
north to south shell of the nebula appears prominent in the
3.6 µm band (blue) and coincides well with the north to
south edge of the 12CO outflow, suggesting its emission being
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Background
Molecular outflow is the phenomenon where large amount of molecular gas
moves away from the protostar. Observationally, they can be classified into the
collimated one and uncollimated ones. The uncollimated outflows are usually
interpreted using the wind-driven shell model.

The wind-driven shell model consider the interaction between the wind from the
protostar and the envelope. According to this model, a thin shell forms between
the wind and the envelope. The shell absorb momentum from the wind, and
expands outward. The envelope matter are swept by the shell, and go into the
outflow.

In the wind-driven shell model the envelope matter is swept passively by the
wind. However, it is observationally found that the envelope is turbulent, and
estimations suggest that the ram-pressure from such turbulent motion in not
neglectable. Such ram-pressure may halt the expansion of the shell.
Also, in the frame work of the wind-driven shell model, it is not clear why
outflows de-collimate as they age.

Left: Outflow from low-mass protostars as observed in Arce et al. (2006). Many
of them are uncollimated.

Right: Cartoon illustrating the wind-driven shell model. The wind stays
at the inner part, the envelope stays at the outer part, and the shell stays
in-between. From Shu et al. (1991).

The Model
We consider the interaction between the wind from the central part of the
protostar and the envelope.

Due to such interaction, a cavity will be form inside the envelope, and the
boundary of the cavity is determined by the balance between the turbulent
ram-pressure of the envelope the ram-pressure of the wind (See the left figure).

A turbulent entrainment layer will be developed between the wind and
the envelope (see the red region in the left figure).

The outflow gas is completely contained in the entrainment layer between
the wind and the envelope.

Left Cartoon illustrating our wind-driven turbulent entrainment model. ~p

wind

stands for the ram-pressure of the wind |~p
wind

| = ⇢

wind

v

2

wind

and ~p

envelope

stands
for the turbulent ram-pressure in the envelope |~p

envelope

| = ⇢

envelope

�

2. � is the
turbulent random velocity.
The red region denotes the entrainment layer.

Right: Example of density structure from our model. The boundary be-
tween the envelope and the outflow layer is denoted by the white solid line. The
thickness of the outflow layer is scaled up by a factor of three for a better view.
Density in unit of g cm�3.

Energy and Momentum Balance Inside the Outflow

The mass and momentum conserva-
tion of our model can be written as:
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Figure: Illustration of the geometry
of our outflow. The grey region is
the outflow entrainment layer.

Excitation and Radiative Transfer
First, we calculate the excitation condition with RADEX. Given the excitation
condition, we calculate the 3D position-position-velocity datacube with ray-
tracing method.

Comparison Between the Models
Both models consider the interaction between the wind from the protostar and
the envelope.

Wind-driven Entrainment Model

• The wind and the envelope
are in hydrostatic balance.

• The outflow is the envelope
gas entrained by the wind.

• The density of the outflow is
comparable to the density of
the envelope.

Wind-driven Shell Model

• The wind sweep the envelope
away.

• The outflow is the envelope
gas swept by the wind.

• The density of the outflow is
higher than the density of the
envelope.

Predictions

Upper Left : Interferometer image of CO(3-2) line from our model.
Upper Right : Interferometer image of HCO+(4-3) line from our model.
Lower Left : Image of high-mass protostars G11.92 (Cyganowski et al. 2011).
Lower Right : Calculated CO(3-2) PV slice along the outflow from our model.

The gas kinematic is traced with molecules like the CO and the HCO+.
The CO(3-2) have a relative low critical density (⇠ 5 ⇥ 104 cm�3), and trace
the whole outflow. The HCO+(4-3) have a relatively high critical density
(⇠ 106 cm�3), and trace the dense gas.

In the future, interferometer observations with transitions of high critical den-
sity (e.g. the HCO+(4-3)) will help to constrain the model.
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