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ABSTRACT
We have mapped the CO J \ 1È0 emission from molecular outÑows associated with Ðve young stellar

systems of class 0 to class II/III using the BIMA array and the FCRAO 14 m antenna. The systems,
VLA 05487, HH 212, HH 240/241, HH 111, and RNO 91, are all relatively nearby and of low lumi-
nosity, and the majority have emission or optical jet features. The CO outÑow generally forms a shellH2structure around the outÑow axis with the higher velocity emission further out from the source. Two
distinctive kinematic features are evident in position-velocity (PV) diagrams : a parabolic structure origin-
ating at the driving source (e.g., VLA 05487 and HH 111) and a convex spur structure with the high-
velocity tip near known bow shocks (e.g., HH 212, HH 240/241 and HH 111). The parabolic PVH2structure can be produced by a wide-angleÈwind model, while the velocity spur structure can be modeled
with a jet-driven bow shock model. VLA 05487, which is not associated with any bow shocks, showsH2only the parabolic structure and kinematics consistent with the wide-angle wind-driven model. HH 212,
which is associated with a series of bow shock structures, shows a striking morphological coincidenceH2between the and CO emission and velocity spurs in the PV diagram. It is our best example of theH2jet-driven bow shock model, and its kinematics can be qualitatively explained in that context. HH
240/241 is similar to HH 212 and shows a close relationship between the and CO emission. TheH2kinematics of its western lobe can also be explained with the jet-driven model. The kinematics of RNO
91 are similar to VLA 05487 and are broadly consistent with a wide-angle wind-driven model. HH 111
has both parabolic and spur PV structures, a combination that is not easily explained in the simplest
version of either model.

Thus, these observations provide examples of systems that support either the wide-angle wind-driven
or jet-driven model in the simplest interpretation. More detailed calculations are needed to understand
whether one model might be able to Ðt all systems. It is crucial to know if time-dependent or long-lived
jet-driven bow shock models can produce the observed outÑow widths and parabolic PV structures, or if
a wide-angle wind can produce the shock features and velocity spur structures in our observations.
Subject headings : ISM: individual (VLA 05487, HH 212, HH 240/241, HH 111, RNO 91) È

ISM: jets and outÑows È stars : formation

1. INTRODUCTION

Molecular outÑows are associated with stars in the early
stages of stellar evolution (Bally & Lada 1983 ; Lada 1985 ;
Fukui et al. 1993 ; Wu, Huang, & He 1996). The obser-
vational properties of molecular outÑows are summarized
in Masson & Chernin (1993), Bachiller (1996), Cabrit, Raga,
& Gueth (1997), and Richer et al. (2000). In brief, a molecu-
lar outÑow consists of low-velocity molecular material
which traces the interaction between the ambient cloud and
high-velocity material emanating from young and forming
stars. The outÑows are generally bipolar in morphology
and best imaged in CO and other common simple mol-
ecules. In many sources, the velocities in the molecular out-
Ñows increase with distance from the source. At low
velocities, the outÑow appears as a limb-brightened shell
surrounding a cavity, while at high velocities the outÑow
sometimes becomes more jetlike. In typical outÑows, there
is little overlap of blueshifted and redshifted emission within
the individual lobes, suggesting that the molecular outÑow
has small transverse motions compared to motions along

the outÑow axis (Meyers-Rice & Lada 1991 ; Lada & Fich
1996).

A number of models have been proposed to explain the
morphology and kinematics of molecular outÑows. Cur-
rently, the jet-driven bow shock model (Raga & Cabrit
1993 ; Masson & Chernin 1993 ; Chernin et al. 1994) and the
wind-drivenÈshell model (Shu et al. 1991 ; Li & Shu 1996 ;
Shu et al. 2000) are the standards of the Ðeld. In the jet-
driven bow shock model, a jet propagates into the ambient
material and forms a bow shock surface at the head of the
jet. As the bow shock moves away from the star, it interacts
with the ambient material and produces the molecular
outÑow around the jet. A number of simulations have been
carried out to investigate this mechanism (Stone & Norman
1994 ; Suttner et al. 1997 ; Smith, Suttner, & Yorke 1997 ;

et al. 1999). In the wind-drivenÈshell model, theVo� lker
young star expels a wide-angle magnetized wind that snow-
plows into the ambient material. The ambient material is
radially swept up by a forward shock that runs ahead of the
wind bubble and produces the molecular outÑow (Shu et al.
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2000 ; Matzner & McKee 1999). If the wind has an axial
density gradient, the core of the wind can take on the
appearance of a collimated jet (Shu et al. 1995 ; Ostriker
1997 ; Shang, Shu, & Glassgold 1998).

These two models have been used to explain the mor-
phology and energetics of a number of molecular outÑows,
e.g., HH 211 (jet-driven model ; Gueth & Guilloteau 1999)
and HH 111 (wind-driven model ; Nagar et al. 1997).
However, neither model can entirely explain the broad
range in observed outÑow morphologies. In particular, the
jet-driven bow shock model produces outÑow lobes that are
too narrow and have excessive transverse velocities,
whereas the wind-drivenÈshell model has difficulties
producing highly collimated outÑows and the observed
shock-heated molecular features at the cavity ends (Cabrit
et al. 1997). The recent detection of multiple cavities in some
CO molecular outÑows (in e.g., L1157 in Gueth, Guilloteau,
& Bachiller 1996) presents further challenges for any steady
state Ñow models.

In this paper, we present detailed CO J \ 1È0 maps of
Ðve outÑow systems with di†erent collimations and sources
in di†erent evolutionary stages. The systems are
VLA 05487]0255 (hereafter VLA 05487), HH 212,
HH 111, HH 240/241, and RNO 91. The driving sources
are class 0/I sources for VLA 05487, HH 212, and HH 240/
241, a class I source for HH 111, and a class II/III source
for RNO 91, allowing us some insight into molecular out-
Ñows at di†erent evolutionary stages. Except for RNO 91,
the molecular outÑows are known to be associated with
jetlike or bow shock structures in allowing us to investi-H2,
gate the direct connection between the molecular outÑows
and protostellar jets. In ° 2 we summarize our observing
and data reduction procedures for the BIMA and FCRAO
CO observations. In ° 3 we present, for each outÑow system,
the integrated and channel maps, the comparison of the Ñux
proÐles between the BIMA and FCRAO observations, and
the position-velocity diagrams cut along the outÑow axis.
In ° 4 we discuss our observations and confront the various
features seen in our observations with those predicted in the
jet-driven and wide-angle wind-driven models. The shell
structure and position-velocity diagrams for these theoreti-
cal models are presented in °° 4.1.1 and 4.1.2 ; readers may
wish to consult this section to preview the characteristic
features of each model prior to examining the data of ° 3.
We conclude in ° 5 with a summary of our observational
results and their relation to the predictions of jet and wind

models. More detailed numerical simulations of jet-driven
and wind-driven outÑow models will appear in a forth-
coming publication.

2. OBSERVATIONS AND DATA REDUCTION

Observations of the CO J \ 1È0 line toward the VLA
05487, HH 111, HH 212, HH 240/241, and RNO 91 regions
were obtained with the BIMA 10-antenna interferometry
array at Hat Creek California from 1996 to 1999, and with
the FCRAO 14 m single dish at Amherst Massachusetts in
1999 April. The driving sources of the molecular outÑows
are listed with their positions in Table 1. For the BIMA
observations, we used cross correlation mode 7 with 256
spectral channels in a bandwidth of 20 MHz. At an observ-
ing frequency of 115.271 GHz, this produces a velocity
resolution of 0.27 km s~1 per channel and a total velocity
coverage of 78 km s~1. For FCRAO observations, we used
the 16 element focal plane array receiver SEQUOIA with
FAAS autocorrelation spectrometers. The spectrometers
were set up with 512 channels in a bandwidth of 40 MHz,
giving a similar velocity resolution to that of the BIMA
interferometry data.

In the BIMA observations, the VLA 05487 region was
Ðrst observed with three pointings in the C array : one
pointing toward VLA 05487, one toward knot HH 110A,
and one about 1@ to the south of VLA 05487. VLA 05487 is
found to be the source driving the prominent north-south
oriented bipolar CO outÑow detected at low angular
resolution by Reipurth & Olberg (1991). Since the north
lobe of the outÑow is not contaminated by the outÑow of
IRS 1, which is to the south of VLA 05487, we further
observed it with two pointings in the C and D arrays to
study its structure. HH 212 was observed with four point-
ings aligned along the jet axis in the C and D arrays, with
one pointing toward the driving source, one to the north
and two to the south. The HH 240/241 outÑow is 6@ in
extent ; we observed it with Ðve pointings in the C and D
arrays, with the central pointing toward the driving source.
HH 111 was observed with two pointings to the west of the
driving source in the C and D arrays. Since it has small
compact structure near the source, we further observed it in
the B array. RNO 91 was observed with three pointings
with one at the driving source and two to the south in the C
and D arrays.

In each BIMA observation, a phase calibrator was
observed every 10 to 15 minutes in B array, every 15 to 20

TABLE 1

MOLECULAR OUTFLOWS AND THE DRIVING SOURCES.

a d Distance
OutÑow Driving Source (2000) (2000) Class (pc)

VLA 05487 . . . . . . . VLA 05487]0255 5 51 22.68a 2 56 06.0 0/I 460
HH 212 . . . . . . . . . . IRAS 05413[0104 5 43 51.4b [1 02 52 0/I 460
HH 240/241 . . . . . . IRAS 05173[0555 5 19 48.86c [5 52 04.9 0/I 460
HH 111 . . . . . . . . . . HH 111 VLA 5 51 46.28d 2 48 29.4 I 460
RNO 91 . . . . . . . . . . IRAS 16316[1540 16 34 29.3e [15 47 01 II/III 160

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds.

a VLA position provided by Rodriguez et al. 1998.
b 3.5 cm VLA position listed in Claussen et al. 1998.
c 1.3 mm continuum position listed in Reipurth et al. 1993.
d 3.6 cm VLA position listed in Rodriguez & Reipurth 1994.
e IRAS position listed in Myers et al. 1988.
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minutes in C array, and every 20 to 25 minutes in D array to
calibrate the phases of the sources. A planet was also
observed to calibrate the Ñuxes. The data were processed
with the MIRIAD package. Since each observation con-
tained more than one pointing, mosaicking techniques were
used to convert the calibrated data into the dirty maps. The
dirty maps were then deconvolved using the maximum
entropy method with the Gull measure. The Ðnal channel
maps were obtained by convolving the deconvolved dirty
maps with a synthesized beam that best Ðtted the dirty
beam. The channel maps have a synthesized beam size of
about 4A and a noise level of 0.35 Jy beam~1 for the B array
observations, about 8A and 0.75 Jy beam~1 for the C array
observations, and about 15A and 1.75 Jy beam~1 for the D
array observations. B, C and D array observations were
combined to obtain maps of intermediate angular
resolution.

In the FCRAO observations, each outÑow except for
VLA 05487, was observed with full sampling, covering a 6@
region around the driving sources, in position switching
mode. VLA 05487 was not observed. The system tem-
peratures were about 450 K, giving a noise level of 0.2 K.
The data were processed with the CLASS package. Linear
baselines were subtracted from the spectra and the maps
were made with the GRID routine. The maps have an
angular resolution of 46A.

3. RESULTS

Figures 1È5 present CO maps from the BIMA obser-
vations for VLA 05487, HH 212, HH 240/241, HH 111, and

RNO 91, respectively. Figures 6È10 present position-
velocity diagrams cut along the outÑow axis for VLA 05487,
HH 212, HH 240/241, HH 111, and RNO 91, respectively.
We present these maps together to facilitate comparison of
the outÑow features. The following subsections describe the
observational results for each of these outÑow systems in
detail.

3.1. V L A 05487
Located in the Orion dark cloud L 1617, VLA 05487 is at

a distance of 460 pc. A bipolar CO J \ 1È0 outÑow, extend-
ing 10@ to the north[south, was found in this region at low
angular resolution and the IRAS data show an infrared
source, IRAS 05487]0255, which was proposed to be the
driving source (Reipurth & Olberg 1991). About 25A to the
west of the formal position of IRAS source, there are two
bright K-band sources, IRS 1 and IRS 2 (Davis, Mundt, &
Eisloe†el 1994) ; about 25Ato the southeast is the HH 110 jet
region. Near infrared images in emission toward the IRSH2sources revealed that IRS 2 is associated with a bipolar jet
aligned with the CO outÑow and IRS 1 with a jet to the
south (Garnavich et al. 1997). Recent VLA observations
found that VLA 05487 coincides with IRS 2 (Rodriguez et
al. 1998). It is virtually certain that VLA 05487 is the source
driving the CO outÑow and associated jets ; it is likelyH2that it is also the source of the IRAS infrared emission
(Rodriguez et al. 1998).

Figure 1 presents the CO J \ 1È0 emission in the BIMA
observations overlaid on a gray-scale image provided byH2Garnavich et al. (1997). A bipolar conical emission structure

FIG. 1.ÈCO outÑow emission for VLA 05487 in the BIMA observations overlaid on a gray-scale image provided by Garnavich et al. (1997). The lineH2in each panel indicates the direction of the jet centered at VLA 05487 (IRS 2). (a) The CO emission integrated over the entire line proÐle, from 0.17 to 17.40H2km s~1. (b) The red emission (dashed line) integrated from 9.32 to 17.40 km s~1 and the blue emission (solid line) integrated from 8.30 to 0.17 km s~1. (c)
Channel maps to the red and blue showing the low-velocity outÑow emission. (d) Two channel maps in the red wing showing how the outÑow emission
changes with increasing red-shifted velocity. For (a) and (b), the contours start at 10 Jy beam~1 km s~1 with a step size of 4 Jy beam~1 km s~1. For (c), the
contours start at 0.6 Jy beam~1 with a step size of 0.2 Jy beam~1. For (d) the contours start at 1.5 Jy beam~1 with a step size of 0.5 Jy beam~1. The beam size
is for (a), (b), and (d), while for (c).11A.82 ] 7A.28 9A.97] 4A.91



928 LEE ET AL. Vol. 542

FIG. 2.ÈCO outÑow emission of HH 212 in the BIMA observations overlaid on a gray-scale image provided by Zinnecker et al. (1998). The lineH2indicates the direction of the jet centered at IRAS 05413[0104. The labels, NB3, NB1/2, SB3, and SB4, denote the locations of bow shocks asH2 H2enumerated by Zinnecker et al. (1998). (a) The CO emission integrated from [4.2 to 5.5 km s~1. This velocity range includes both the red and blue outÑow
emission. (b) The red emission integrated from 1.96 to 5.51 km s~1. (c) The blue emission integrated from [4.5 to 1.7 km s~1. (d) and (e) Channel maps at two
redshifted velocities. ( f ) The emission at [3.7 km s~1 averaged over 3 km s~1 velocity interval to improve the signal-to-noise ratio. The contours in panel (a)
start at 2 Jy beam~1 km s~1 with a step size of 2 Jy beam~1 km s~1. The contours in (b) and (c) start at 1.5 Jy beam~1 km s~1 with a step size of 1.5 Jy
beam~1 km s~1. For (d) and (e), the contours start at 2.5 Jy beam~1 with a step size of 1 Jy beam~1. For ( f ) the contours start at 0.6 Jy beam~1 with a step
size of 0.3 Jy beam~1. The beam size is 9A.4] 7A.2.

is seen in the integrated CO emission centered at VLA
05487. The CO emission surrounds the jet from VLAH205487 and extends with the major axis aligned with the jet
axis, clearly indicating that VLA 05487 is the driving
source. The emission is symmetric about VLA 05487, with
the red emission to the north and blue to the south. The CO
outÑow has the same orientation as that found by Reipurth
& Olberg (1991) ; our maps highlight the region of the
outÑow close to the source. At the bottom left corner of Fig.
1a, there is a second elongated emission region extending
from northeast to southwest. This emission is associated
with the HH 110 knots detected by Reipurth et al. (1993)
and is not related to VLA 05487. There is also a little red
emission associated with IRS 1 to the south in the blue lobe
of the VLA 05487 outÑow (see Figs. 1b and 1c).

The cloud ambient velocity in this region is about(Vlsr)8.5 km s~1. Figure 1c shows two channel maps at velocities
close to this velocity, one to the red (10.3 km s~1) and one
to the blue (6.3 km s~1). The emission at these velocities
forms a narrow shell structure around the jet axis. As the
velocity increases to the red, the emission structure becomes
conical and moves away from VLA 05487 along the jet axis,
as shown in Figure 1d.

Figure 6 shows a position-velocity (PV) diagram for the
CO emission cut along the jet axis, with a gray-scale image
of the jet shown along the left side. The vertical dashedH2line indicates the ambient velocity and the horizontal
dashed line indicates the driving source position. Owing to
the interferometerÏs insensitivity to extended emission, the
emission is resolved out around the ambient velocity. The
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FIG. 3.ÈCO emission from the HH 240/241 region in the BIMA observations overlaid on a gray-scale image provided by Davis et al. (1997). The lineH2indicates the major axis of the CO outÑow. The triangle marks the position of IRAS 05173[0555. (a) The CO emission integrated over the entire line, from
13.13 to 1.70 km s~1. (b) The red emission integrated from 13.13 to 9.32 km s~1, and the blue emission integrated from 7.03 to 1.70 km s~1. (c) and (d) Each
shows two channel maps at di†erent velocities. The velocity are given in the upper left corner of each panel. For (a) the contours start at 16 Jy beam~1 km s~1
with a step size of 8 Jy beam~1 km s~1. For (b), the contours start at 10.0 Jy beam~1 km s~1 with a step size of 5 Jy beam~1 km s~1. For panels (c) and (d), the
contours start at 4.5 Jy beam~1 with a step size of 1.8 Jy beam~1. The beam size is 12A.11] 8A.53.

northern half of the PV diagram shows a tilted parabolic
structure opening up from the source. This structure is
clearest in the north lobe of the outÑow because it is not
contaminated by the outÑow associated with IRS 1. The PV
diagram also shows that the maximum velocity increases
with increasing projected distance along the jet axis. Since
the CO emission appears as shell structures in the channel
maps, the emission mostly arises from an excavated shell. In
the southern lobe, the emission near the source peaks
around the jet and is associated with a broad range ofH2velocities.

3.2. HH 212
HH 212 is a highly symmetric two-sided jet systemH2driven by IRAS 05413[0104 in the Orion molecular cloud

(Zinnecker, McCaughrean, & Rayner 1998). The jet system

is about 240A long (0.6 pc), with matched pairs of knotsH2and bow shock structures along the jet axis. IRAS
05413[0104 itself is a low-mass (0.4 cold (B 30 K),M

_
),

low-luminosity (14 source (Zinnecker et al. 1992). It isL
_

)
argued to be a class 0/I source in terms of the ratio of the
millimeter-wave luminosity to the bolometric luminosity
(Claussen et al. 1998). It is associated with a strong 1.3 cm
water maser moving with velocity of 64 km s~1
(Wouterloot & Walmsley 1986 ; Claussen et al. 1998), highly
collimated shocked SiO emission along the jet, and an
extended C18O ““ disk ÏÏ or ““ torus ÏÏ perpendicular to the jet
axis (Marvel, McCaughrean, & Sargent 2000, in
preparation). Recent observations in (1,1) alsoNH3revealed a rotating edge-on Ñattened VLA ammonia core
with an axis ratio of 2:1 toward the driving source
(Wiseman et al. 1999). Based on the relative magnitude of
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FIG. 4.ÈCO emission for the HH 111 region on top of a gray-scale (]continuum) image provided by Coppin et al. (1998), with the line indicating theH2jet axis. The gray-scale blobs within ^5 A from the VLA source are continuum; the other emission is from (a) The CO emission integrated over the entireH2.line, from [1 to 12 km s~1. The line labeled VLA points to the central source. The label E/F indicates the location of the bow shocks denoted by Reipurth et
al. (1992). (b) The red emission integrated from 9 to 12 km s~1 and the blue emission integrated from [1 to 7 km s~1. (c)È( h) are the channel maps at six
velocities increasing to the blue, showing the two structures of the emission. For (a) and (b) the contours start at 1.5 Jy beam~1 km s~1 with a step size of
1.5 Jy beam~1 km s~1. For (c)È( h) the contours start at 0.5 Jy beam~1 with a step size of 0.5 Jy beam~1. The beam size is for (a) and (b), while5A.6] 3A.7

for (c)È( h).6A.4] 5A.1

the proper motions and radial velocities of the water
masers, the outÑow lies within 5¡ to the plane of the sky
(Claussen et al. 1998). This inclination makes it an excellent
system to investigate the transverse kinematics of the
molecular outÑow.

Figure 11 presents the CO emission from the region
based on the FCRAO observations. The gray-scale image
shows the emission integrated over all velocity channels,
outlining the distribution of the ambient material (velocities
from [4.2 to 5.5 km s~1). The contours show the emission
in the blue wing (velocities from 1.0 to [4.5 km s~1). Since
the outÑow lies close to the plane of the sky, the blue wing
emission is almost equally strong in both lobes. As can be
seen, the north lobe of the outÑow ends near the cloud edge.
We do not show the red wing because it is heavily contami-
nated by cloud emission. Figure 12 shows the spectra for the
region around the driving source. There are three peaks in
the FCRAO spectrum with the highest at velocity of 9 km
s~1 and the lowest at 1.8 km s~1. The systematic velocity
for the outÑow is about 1.8 km s~1, as seen in the BIMA
spectrum. In the BIMA observations, the cloud emission is
resolved out, allowing us to see the outÑow emission in both
the red and blue wings. The Ñux in the blue wing is similar

FIG. 5.ÈCO emission for RNO 91 integrated from [0.78 to [1.28 km
s~1 on top of a K- band continuum image from Hodapp (1994). The CO
map is a maximum entropy deconvolution of the joint FCRAO and BIMA
data. The contours start at 2 Jy beam~1 with a step size of 1 Jy beam~1.
The beam size is 10@@] 10@@
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FIG. 6.ÈPV diagram of the VLA 05487 outÑow cut along the jet axis,
with the image of the jet displayed along the left side. Vertical dashedH2line indicates the ambient velocity. Horizontal dashed line indicates the
driving source position. The contours start at 2.5 Jy beam~1 with a step
size of 1 Jy beam~1. The emission near ambient velocity is resolved out by
the interferometer.

in the FCRAO and BIMA data, indicating that the BIMA
observations detect all the emission in the line wings.
However, the Ñux at the line center is mostly resolved out in
the BIMA data.

Figure 2 presents the BIMA observations overlaid on a
gray-scale image provided by Zinnecker et al. (1998).H2The integrated CO emission is well aligned with the jetH2and shows a striking morphological relation with the H2emission. In the south, the CO emission forms a hollow lobe
structure with the tip around the bow shock SB4 (following
the notation of Zinnecker et al. 1998). In the north, the CO
emission peaks near the bow shock NB 1/2 and connects to
the bow shock NB3 (see the blue emission). Since the
outÑow is almost in the plane of the sky, the red and blue
emission is distributed equally in the north and south lobes ;
however, there are signiÐcant asymmetries in the emission.
In the south, the blue and red emission appear on the
opposite sides of the major axis in such a way that they
complement each other. In the north, part of the blue emis-
sion shifts to the east, consistent with a wisp swept up along
the blue side of the outÑow detected in the (1,1)NH3(Wiseman et al. 1999). Again in the north, the brightest blue
and red emission are spatially distinct.

Figures 2d and 2e present two channel maps near the
ambient velocity, one to the red (2.7 km s~1) and one to the

FIG. 7.ÈPV diagram of the HH 212 outÑow cut along the jet axis, with
the image of the jet along the left side. The vertical dashed line indicatesH2the ambient velocity. The horizontal dashed line indicates the driving
source position.

FIG. 8.ÈPV diagram of the HH 240/241 outÑow cut along the major
axis, with the image of the jet along the left side. The vertical dashedH2line indicates the ambient velocity. The horizontal dashed line indicates the
driving source position. Contours start at 2.4 Jy beam~1 with a step size of
1.2 Jy beam~1.
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blue (0.43 km s~1). Figure 2f shows the emission at [3.7
km s~1 to highlight the association of CO emission with the
bow shocks to the northeast. These panels show that the
CO emission is not only associated with the most distant
bow shock structures, but also with the inner bow shock
structures and knots. In the south lobe, the CO emission is
not only surrounding bow shock SB4 but also SB3 ; in fact,
both the bow shocks SB3 and SB4 are associated with their
own CO structures. Note that some of the CO emission
near bow shock SB4 is connected to the end of bow shock
SB3. In the north lobe, the CO emission not only forms a
shell structure around bow shock NB3, but also peaks at
the inner shocks and knots (see Fig. 2f ).

A PV diagram of the CO emission along the jet axis is
shown in Figure 7, with the lines indicating the source posi-
tion and the ambient velocity. The diagram shows that the
CO outÑow has di†erent kinematics from VLA 05487. The
major bow shock structures, including inner ones, show
signiÐcant features in the PV diagram. The diagram shows
a series of convex velocity spur structures with ends near the
major bow tips (NB3, SB3 and SB4), indicating a broad
range of velocities near the tips, with the maximum trans-
verse motion increasing toward the tips. Near the source,
there are similar faint structures associated with the inner
bow shock structures and knots.

3.3. HH 240/241
HH 240/241 is a pair of Herbig-Haro objects (Cohen

1980 ; Bohigas, Persi, & Tapia 1993), which in the infrared
lines form a spectacular bipolar Ñow at a distance of 460H2pc in the Orion molecular cloud L 1634 (Davis et al. 1997).

It consists of a series of well-deÐned bow shocks distrib-H2uted symmetrically about the central driving source, IRAS
05173[0555. It extends east-west with a total length of 6@,
corresponding to a projected length of 0.8 pc. The IRAS
source has a bolometric luminosity of 17 and may be inL

_transition between the class 0 and class I phases (Hodapp &

FIG. 9.ÈPV diagram of the HH 111 outÑow cut along the jet axis, with
the (]continuum) image of the jet along the left side. The verticalH2dashed line indicates the ambient velocity. The horizontal dashed line
indicates the driving source position. The labels E/F and P indicate the
positions of bow shocks (Reipurth et al. 1992)

Ladd 1995). The 1.3 mm survey of Reipurth et al. (1993)
detected a cool dust emission toward the IRAS source, and
CO J \ 3È2 spectra indicate that it is the driving source of
the Ñow (Davis et al. 1997). There is a second independent
Ñow associated with IRS 7, located 50A to the east of the
IRAS source (Hodapp & Ladd 1995 ; Davis et al. 1997). It
extends to the northwest and southeast, but judging from
the symmetry of the CO lobes, it does not appear to signiÐ-
cantly a†ect the structure and kinematics of the outÑow
associated with IRAS 05173[0555.

Figure 13 presents the CO emission from the region
based on FCRAO observations. The gray-scale image
shows the emission integrated over the line center, outlining
the distribution of the ambient material. The contours show
the red and blue wing emission. As can be seen, the red and
blue wing emission are on opposite sides of the outÑow,
with the red wing emission ending near the cloud edge.
Figure 14 shows spectra from the FCRAO and BIMA data.
The ambient velocity in this region is about 8 km s~1. The
Ñux in the line wings is similar in the FCRAO and BIMA
data, indicating that the BIMA observations have detected
all the emission in the line wings. However, the Ñux in the
line center is almost completely resolved out in the BIMA
data.

Figure 3 shows the CO emission in the BIMA obser-
vations overlaid on a gray-scale image from Davis et al.H2(1997). The integrated CO emission (Fig. 3a) shows a clear
relationship between the CO and emission. In the eastH2lobe, the CO emission forms a hollowed shell structure
pointing toward the bow shock structures further to theH2east. In the west lobe, the CO emission curves around the
big bow shock HH 240A. There are smaller bow shock
structures beyond this bow shock, however, almost no CO
emission is detected there. Figure 3b presents the total red
and blue emission. As can be seen, most of the red emission
is to the east, while the blue is to the west.

Figures 3c and 3d show the structure of the red emission
and blue emission, respectively, in two velocity channels. In

FIG. 10.ÈPV diagram of the RNO 91 outÑow cut along the major axis
of the CO emission. The vertical dashed line indicates the ambient velocity.
The horizontal dashed line indicates the driving source position. Contours
start at 0.5 K with a step size of 0.5 K.
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FIG. 11.ÈCO emission for the HH 212 region from the FCRAO obser-
vations. Gray-scale image is the emission integrated from [4.2 to 5.5 km
s~1. The gray-scale wedge along the right side indicates the values for the
gray-scale image. The contours show the emission in the blue wing, inte-
grated from 1 to [4.5 km s~1. The contours start at 30 Jy beam~1 km s~1
with a step size of 10 Jy beam~1 km s~1. The beam size is 46A.

these channel maps, shell structures are clearly seen on both
sides of the outÑow. Moreover, in the east lobe, the emission
at higher velocity resides inside that at lower velocity. In the
west lobe, the bow shock region is associated with the emis-
sion from the lower red (Fig. 3c) to higher blueshifted
velocities (Fig. 3d), indicating a broad range of velocity near
the bow shock HH 240A. The CO emission at 9.3 km s~1
even shows a structure similar to the bow shock HH 240A.

Figure 8 shows the PV diagram for the CO emission cut
along the jet axis. The dashed lines indicate the source posi-
tion and ambient velocity. In the blue emission, a curved
structure is seen in the western lobe ending at bow shock
HH 240A. The bow shock is associated with a broad range
in velocity and the velocity increases toward the bow tip, as
seen in the channel maps (see Figs. 3c and 3d). The PV
structure in the east lobe is more complicated. The velocity
structure seems to be a†ected by IRS 7, the very faint H2

FIG. 12.ÈCO spectra of HH 212 in the FCRAO (dotted line) and BIMA
(solid line) observations for the region around the driving source. The
BIMA spectrum was created by summing over a box with area equal to the
FCRAO beam. The two spectra are directly comparable in janskeys.

emission structures at 80A, as well as the bow shock HH
241A.

3.4. HH 111
Located in L1617, one of the Orion B clouds, HH 111 is

about 460 pc away. It consists of a series of knots and bow
shock structures in Ha, [S II] (Reipurth et al. 1997b, 1999)
and (Gredel & Reipurth 1994 ; Coppin, Davis, &H2Micono 1998) emission. Recently, it was found that HH 113
and HH 311 are part of the same system, making the HH
111 Ñow about 7.7 pc in extent (Reipurth, Bally, & Devine
1997a). The Ñow is inclined about 10¡ away from the plane
of the sky, as derived from proper motion and radial veloc-
ity observations (Reipurth, Raga, & Heathcote 1992). CO
outÑow emission has been found in this region (Reipurth &
Olberg 1991), with the low-velocity gas forming a hollow
tubular structure surrounding the optical jet (Reipurth &
Cernicharo 1995 ; Nagar et al. 1997). Cernicharo & Rei-
purth (1996) also discovered three very high velocity molec-
ular clumps in CO J \ 2È1 to the west of the low-velocity
molecular Ñow and identiÐed them as CO bullets propagat-
ing through a low-density medium. The driving source for
this system is a class I source IRAS 05491]0247 with lumi-
nosity of 25 This IRAS source was detected in VLAL

_
.

observations at 3.6 cm HH 111 VLA, HH 111 VLA, Rodri-
guez & Reipurth (1994) ; Reipurth et al. (1999) and found to
be associated with a rotating molecular disk perpendicular
to the jet axis (Yang et al. 1997).

Figure 15 shows the CO emission from the overall region.
The gray-scale image presents the emission integrated over
the line center, outlining the distribution of the ambient
material. The contours show the red and blue wing emission
from the outÑow. The ambient velocity CO emission peaks
in the area of IRAS 05491]0247 and falls o† strongly in all
directions except to the northeast. The red and blue wing
emission is on opposite sides with the blue wing emission

FIG. 13.ÈCO emission in the HH 240/241 region based on FCRAO
observations. Gray-scale image is the emission integrated over the line
center, from 7.2 to 8.7 km s~1. Solid contours show the blue emission
integrated from 2.2 to 6.7 km s~1 and dashed contours show the red
emission integrated from 9.2 to 13.7 km s~1. The contours start at 36 Jy
beam~1 km s~1 with a step size of 12 Jy beam~1 km s~1. The triangle is
the driving source IRAS 05173[0555. The beam size is 46A.
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ending near the edge of the cloud core as previously shown.
Notice that part of the red wing emission is oriented
NE-SW and associated with another Ñow, HH 121.H2Figure 16 shows CO spectra for the western lobe. The
ambient velocity of this system is about 8.5 km s~1. The Ñux
in the blue wing is similar in the FCRAO and BIMA data,
indicating that the BIMA maps contain nearly all of the CO
Ñux in the blue wing. The emission in the red wing appears
to be more extended and is not completely represented in
the BIMA data.

Figure 4 presents the CO emission on top of a gray-scale
(]continuum) image provided by Coppin et al. (1998).H2The integrated CO emission shows an elongated CO shell

structure extending out to bow shock P and surrounding
the emission. The CO emission structure is slightlyH2pinched near the bow shocks E/F, with the CO emission

FIG. 14.ÈCO spectra of HH 240/241 in the FCRAO (dotted line) and
BIMA (solid line) observations for the outÑow region. The BIMA spectrum
was created by summing over a box with area equal to the FCRAO beam.
The two spectra are directly comparable in janskys.

FIG. 15.ÈCO emission from the HH 111 region in the FCRAO obser-
vations. Gray-scale image is the emission integrated over the line center
from 7.5 to 9.5 km s~1. Solid contours show the blue emission integrated
from 0 to 7 km s~1 and dashed contours show the red emission integrated
from 10 to 14 km s~1. The contours start at 30 Jy beam~1 km s~1 with a
step size of 10 Jy beam~1 km s~1. The white triangle is the driving source
HH 111 VLA (Rodriguez & Reipurth 1994). The beam size is 46A.

upstream (east) of bow shocks E/F stronger than that
downstream. As seen in the Fig. 4b, the red and blue emis-
sion overlaps in the region close to the source, with the blue
emission stronger than the red emission. However, only
blue emission is detected beyond bow shocks E/F. Figure
4cÈ4h present channel maps with velocity increasing to the
blue. At a velocity of 6 km s~1, the CO emission forms a
smooth shell structure surrounding the emission. As theH2velocity increases to the blue, the CO emission structure
breaks into two structures, one peaking around the bow
shocks E/F and the other upstream of the bow shock P (see
Fig. 4h). The bow shocks E/F coincide with the surface of
the ambient cloud core (Reipurth et al. 1992 ; Cernicharo &
Reipurth 1996).

Figure 9 presents the PV diagram of the CO emission
along with the gray-scale (]continuum) image. A tiltedH2parabolic PV structure is found to be associated with the
emission structure inside 30A o†set from the driving source
(as seen by Nagar et al. 1997). The velocity increases toward
bow shocks E/F where the cloud core ends. A second PV
structure is seen associated with the outer CO emission. The
PV structure extends from inside the inner tilted parabola,
and ends near the bow shock P. This PV structure can not
be traced back all the way back to the source. The eastern
end of this PV structure is associated with a broad range of
velocities, qualitatively similar to the PV structure in HH
212.

3.5. RNO 91
RNO 91 is about 160 pc away in the L 43 molecular

cloud. The driving source is a class II/III embedded T Tauri
star IRAS 16316[1540 in a transition phase between an
embedded and optical star & Montmerle 1994). It(Andre�
has a bolometric luminosity of 4.3 (Terebey, Chandler,L

_& Andre 1993) and a mass of about 0.5 (LevreaultM
_1988). It illuminates a reÑection nebula RNO 91 (Cohen

1980), and the blue U-shaped lobe of the CO outÑow Ðts
precisely into the bay of the nebula (Mathieu et al. 1988).
Recent observations have found the v\ 1È0 S(1) lineH2emission extending spatially up to 9A in the north-south
direction (Kumar, Anandarao, & Davis 1999). CO J \ 2È1
observations toward the outÑow show a weak jetlike low-

FIG. 16.ÈCO spectra of HH 111 in the FCRAO (dotted line) and BIMA
(solid line) observations for the western lobe of the outÑow. The BIMA
spectrum was created by summing over a box with area equal to the
FCRAO beam. The two spectra are directly comparable in janskys.
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velocity emission along the major axis up to about 500A
away from the driving source (Bence et al. 1998).

Figure 17 shows the CO J \ 1È0 emission based on
FCRAO maps. The integrated emission clearly shows a
limb-brightened U-shaped blue lobe to the south of IRAS

16316[1540. There is very little red emission in the
southern lobe, indicating that the outÑow is tilted away
from the plane of the sky. The blue lobe is not symmetric
about the driving source : the centroid of the outÑow emis-
sion seems to curve eastward with increasing distance from

FIG. 17.ÈCO emission for the RNO 91 region in the FCRAO observations. The line indicates the averaged major axis of the outÑow. The triangle
indicates the location of the driving source, IRAS 16316[1540. (a) The CO emission integrated over the entire line, from [5 to 5 km s~1. (b) The red
emission integrated from [5 to 0.5 km s~1. and the blue emission integrated from 0 to 5 km s~1. (c) and d) show channel maps at di†erent velocities. For (a)
the contours start at 6 K km s~1 with a step size of 1 K km s~1. For (b), the contours start at 2 K km s~1 with a step size of 1 K km s~1. For (c) the contours
start at 1.2 K with a step size of 0.4 K. For (d) the contours start at 0.35 K with a step size of 0.4 K. The beam size is 46A.
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FIG. 18.ÈCO spectra for RNO 91 in the FCRAO (dotted line) and
BIMA (solid line) observations for the region around the driving source.
The BIMA spectrum was created by summing over a box with area equal
to the FCRAO beam. The two spectra are directly comparable in janskys.

the source. This could indicate that there is an interaction
with ambient material that guides the orientation of the
outÑow. Alternatively, it could be that the intrinsic outÑow
axis is changing with time as a result of precession in the
exciting source. The ambient velocity of this system is about
0.5 km s~1. Figs. 17c and 17d show the CO emission with
velocity increasing to the blue. At a velocity close to the
ambient velocity, the emission structure forms a shell struc-
ture. With increasing velocity, the emission moves away
from the source. The emission structure in CO J \ 1È0 is
similar to that observed in CO J \ 2È1 by Bence et al.
(1998), the average intensity ratio of CO J \ 2È1 to CO
J \ 1È0 is found to be about 2, indicating that the excited
temperature for the CO outÑow is 20[50 K, and the emis-
sion is not optically thick in the J \ 1È0 transition.

Figure 18 presents CO spectra for the region around the
source. In the BIMA data, the Ñux in the line core is almost
resolved out. However, the BIMA data contain all of the
CO Ñux in the blue wing. The red wing emission, which is
near the edge of the BIMA primary beam, is not well rep-
resented in the BIMA observations. The BIMA data was
combined with the FCRAO data to recover the large scale
structure of the CO emission. Figure 5 shows the combined
CO emission integrated from [0.78 to [1.28 km s~1 on
top of a K-band continuum image from Hodapp (1994).
The CO emission Ðts into the bay of the reÑection nebula
and traces the wall structure of the blue outÑow lobe. Little
CO emission is detected to the north of the driving source,
perhaps because of CO opacity in ambient material.

TABLE 2

MAXIMUM COLUMN DENSITY AND MASSa

Column Density Mass
OutÑow (1021cm~2) (10~1 M

_
)

VLA 05487 . . . . . . . 1.5 1.5
HH 212 . . . . . . . . . . 1.4 2.0
HH 240/241 . . . . . . 2.4 2.2
HH 111 . . . . . . . . . . 2.5 0.6
RNO 91 . . . . . . . . . . 1.3 1.1

a Assuming CO emission is optically thin and Tex\K.50

Figure 10 shows the PV diagram of the CO emission
along the major axis. Dashed lines indicate the source posi-
tion and the ambient velocity. The arms extending from the
source position in the diagram indicate that the velocity
increases with increasing distance in both the north and
south lobes for the Ðrst 100A from the source. There are two
other weak arms in the south lobe, one extending from the
source to about 200A tracing the on-axis emission feature in
the Figure 5, and one extending at a position of about 400A
south.

3.6. OutÑow Density and Mass
Assuming that the CO emission is optically thin, that the

excitation temperature is 50 K (a typical temperature for the
outÑow associated with a low mass star ; Fukui et al. 1993),
and the CO abundance is 8.5] 10~5, we have calculated
the observed peak column density and mass for all the out-
Ñows. Results are shown in Table 2. Because of the absorp-
tion of the ambient cloud and the possibility that 12CO is
optically thick in portions of the Ñow, the values in the table
are lower limits of the true values. As seen from the table,
the peak column densities are around 1021 cm~2. TheH2outÑow masses are of order 10~1 The average densityM

_
.

can be estimated by integrating column density over the
whole outÑow and dividing it by the width of the outÑow.
The average density is found to be D 104 cm~3. If the CO
outÑow material is concentrated in a thin shell rather than a
Ðlled lobe, the true density in the shell could be an order of
magnitude larger.

3.7. Summary of Observations
In our observations, central cavities are present in out-

Ñows with di†erent collimations in di†erent evolutionary
stages. The CO emission commonly forms shell structures
around the outÑow axis. In the outÑows that are associated
with bow shock structures, the bright CO emission isH2commonly associated with the bow shocks, showing a strik-
ing morphological coincidence between the CO and H2emission. In these sources, CO emission can be found
around both inner and outer bow shocks. There are two
primary structures identiÐed in PV diagrams along the
outÑow axis : (1) a parabolic structure (e.g., VLA 05487 and
HH 111), and (2) a velocity spur structure associated with a
bow shock (e.g., HH 212, HH 240/241 and HH 111). More
than one type of PV structure can appear in a single
outÑow, e.g., HH 111.

4. DISCUSSION

4.1. Driving Mechanisms of CO OutÑows
emission is always considered to trace the recentlyH2shocked hot material because of its high-excitation tem-

perature (typically 2000 K) and short cooling time scale (a
few years) (McKee et al. 1987). CO emission, on the other
hand, traces the cooled shocked material (20[100 K). The
combination of images and CO mapping thus providesH2us with a more complete picture of the structure and kine-
matics of the molecular outÑows, allowing us to investigate
the driving mechanism of molecular outÑows.

Currently, the two most promising models for driving the
molecular outÑows are the jet-driven bow shock model and
the wind-drivenÈshell model. In the following sections we
will Ðrst present our best example of a jet-driven outÑow,
HH 212, and of a wind-driven outÑow, VLA 05487. We will
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then discuss the other three systems in the context of these
models.

4.1.1. A Jet-driven Bow Shock Model for HH 212

In HH 212, the CO emission is found close to the bowH2shocks. This morphological relation between the CO and
emission has also been found in recent observations ofH2other molecular outÑows : L 1448 (Bachiller et al. 1995),

RNO 43 (Bence, Richer, & Padman 1996), L 1157 (Gueth et
al. 1996), and HH 211 (Gueth & Guilloteau 1999). This
morphology can be produced in simulations of a jet propa-
gating into ambient material (Suttner et al. 1997 ; Smith et
al. 1997), suggesting that the CO emission is arising in
material entrained through jet-driven bow shocks such as
those traced by the emission.H2In the jet-driven bow shock model, when a jet propagates
into ambient material, a bow shock is formed at the head of
the jet. The bow shock interacts with the ambient gas,
forming a dense shell of shocked gas around the jet, which is
seen as the molecular outÑow. Recent simulations (e.g.,
Smith et al. 1997) of a radiative heavy molecular jet propa-
gating into a stationary ambient material of uniform
density show that the shape of the shell structure roughly
follows zP Rs with s about 2.4, where z is along the jet axis
and R is orthogonal, and (z, R)\ (0,0) is at the head of the
bow shock (see Fig. 19). The velocity of the material in the
shell can be derived by dividing the accumulated momen-
tum Ñow rate along the shell surface by the mass inÑow rate
of the ambient material (Smith et al. 1997). From the bow
apex to the wings, the shock becomes more oblique and the
velocity decreases. This model has been used to explain the
molecular outÑow NGC 2264G quite successfully (Smith et
al. 1997). PV diagrams along the jet axis for the model at
four di†erent inclinations to the plane of the sky, i, are
presented in Figure 20 for a jet velocity of 100 km s~1. The
diagrams are calculated using the algorithm in the appendix
of Smith et al. (1997). In the Ðgure, the PV diagrams show
that the jet-driven bow shock is always associated with a
broad range of velocities near the bow tip while there is a
small and almost constant velocity in the bow wings,
producing a spur structure in the PV diagram along the jet
axis.

FIG. 19.ÈSchematic diagram of the jet-driven bow shock model in a
cylindrical coordinate system. is the bow shock velocity and i is thev

oinclination of the model to the plane of the sky. The z-axis is along the
center of the bow shock with z\ 0 at the tip and positive z points to the
star. The vectors indicate the velocities of the material in the shell.

FIG. 20.ÈPV diagrams for the jet-driven bow shock model at four
di†erent inclinations to the plane of the sky. The diagrams were calculated
using the algorithm in the appendix of Smith et al. (1997). The bow shock
velocity is assumed to be 100 km s~1. The zero point on the y-axis is the
bow shock tip.

Comparing with the PV diagrams in the jet-driven bow
shock model, we see that a model at an inclination of iD 5¡
can qualitatively account for the spur structures in the PV
diagram of the HH 212 outÑow, especially toward the bow
shocks SB3 and NB3, consistent with earlier work
(Claussen et al. 1998). The reÑection symmetry of the PV
structures at SB3 and NB3 is a consequence of the inclina-
tion angle of the jet. The PV structure of the bow shock SB4
is weaker and one sided, and could have a slightly di†erent
inclination angle. The dual bow shock structure SB3 and
SB4 may be indicative of internal variations in the jet. If the
jet velocity varies, the higher velocity material can drive an
internal bow shock in the jet (Raga 1993 ; Suttner et al.
1997). The bow shock expands and eventually interacts with
the existing shell. In this picture, the CO emission associ-
ated with bow shock SB3 arises from an expanded internal
bow shock, while the CO emission associated with SB4
arises from an earlier interaction of the jet with ambient
material.

4.1.2. A W ind-drivenÈShell Model for V L A 05487

In the northern lobe of VLA 05487, the CO emission
forms a parabolic structure surrounding the jet. The PVH2structure along the jet axis is also parabolic. These features
can not be matched to a jet-driven bow shock model but
can be naturally produced by the wide-angleÈwind model of
Shu et al. (2000).
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In the wide-angleÈwind model, a young star blows a
radial wind into the ambient material, driving a forward
shock, which runs ahead of the wind bubble, sweeping up
the ambient material and producing the molecular outÑow
(Shu et al. 2000). The wind could be stratiÐed in density by
emerging from an extended disk (see Ostriker 1997) or by
the action of latitudinal magnetic stresses in a rotating pro-
tostellar wind (Shu et al. 1995). The density and velocity
structure of the outÑow depend on the wind stratiÐcation
and on the structure of the ambient core. For a radially-
blowing force-free magnetized wind with thrust P1/sin2h
propagating into a Ñattened ambient core with density
Psin2h/r2, the swept-up shell is a radially expanding parab-
ola with a Hubble law velocity structure (see Fig. 5a in Li &
Shu 1996), producing a parabolic PV structure at any incli-
nation.

Figure 21 shows a schematic diagram of the model in a
cylindrical coordinate system. In this coordinate system, the
structure and velocity of the shell can be written as follows :

z\ CR2 v
R

\ v0 Rv
z
\ v0 z , (1)

where C and are free parameters. The PV diagrams alongv0the major axis for the model at four di†erent inclinations to
the plane of the sky are shown in Figure 22 for C\ 0.30
arcsec~1 and km s~1 arcsec~1. To calculate thev0 \ 0.33
channel maps for comparison with the observations, the
shell is assumed to have a thickness of a few arcsecs. The
velocity is centered at the middle of the shell and drops
exponentially to half at the edges of the shell. In addition,
the CO emissivity is assumed to fall o† as 1/(1] (z/z0)2),with representing the cloud core.z0The best-Ðt parameters for the VLA 05487 outÑow are
C\ 0.22^ 0.05 arcsec~1 and km s~1v0\ 0.32 ^ 0.05
arcsec~1 with i\ 19¡ ^ 3¡. These three parameters are
determined by three di†erent properties of the outÑow. C is
determined by the spatial emission structure of the outÑow.
Once C is known, and i are determined by the tilt andv0

FIG. 21.ÈSchematic diagram of the wind-drivenÈ shell model in a
cylindrical coordinate system. i is the inclination of the model to the plane
of the sky. The z-axis is deÐned to be along the symmetry axis of the wind
with z\ 0 at the location of the driving source. The vectors indicate the
velocities of the material in the shell.

FIG. 22.ÈPV diagrams for the wind-drivenÈshell model at four di†er-
ent inclinations to the plane of the sky. The diagrams are calculated using
the model from Li & Shu (1996) with C\ 0.30 arcsec~1 and kmv

o
\ 0.33

s~1 arcsec~1.

opening angle of the PV structure. The comparisons of the
PV diagram, integrated emission, and channel maps are
presented in Figures 23 and 24. As can be seen from the
Ðgures, the model is a good Ðt to the observations. Since the
emissivity falls o† with distance, the emission structure at
high velocity is only seen at the end near the source, so the
observations show an open structure. As the velocities
increase to the red, the emission structure changes from a
closed structure to an open structure, and moves away from
the source, consistent with the observations. Within the
wind model, the dynamical age of the outÑow is given by

Thus, the dynamical age of the VLA 05487 outÑow is1/v0.about 7000 years.
It is unclear at this point if the inclination of 19¡ is consis-

tent with other aspects of the system. Based on the H2emission, the radial velocity of the northern jet of VLA
05487 (IRS 2) was found to be 180 ^ 50 km s~1 (Garnavich
et al. 1997). At our estimated inclination of 19¡^ 3¡, the
real jet velocity would be between 350 and 830 km s~1. The
plausible jet velocity for low-mass young stars rangesH2from 100 up to 500 km s~1 (Coppin et al. 1998 ; Micono et
al. 1998), so VLA 05487 may have a fast jet. Alternatively,
the jet is a small scale structure close to the source, whileH2the CO outÑow is a large scale structure representing the
cumulative e†ect of the interactions. It is possible that the
small jet is at higher inclination than the average incli-H2
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FIG. 23.ÈComparison between the wind-driven model and the observations for the northern lobe of the VLA 05487 outÑow. The gray-scale images are
the observations, the contours are calculated from the wind-driven model. The left panel shows the comparison of the PV diagram cut along the jet axis. The
right panel shows the comparison of the integrated emission.

nation of the large scale CO outÑow, so the corresponding
real jet velocity could be smaller. Further observations are
needed to resolve this possible discrepancy.

4.1.3. A Candidate for a Jet-driven Bow Shock System: HH
240/241

In the HH 240/241 Ñow, the CO emission in the western
lobe curves around the bow shock structure HH 240A,H2suggesting that the CO emission arises in material inter-
acting with the bow shock (Fig. 3). The PV structure for this
lobe clearly indicates that there is a broad range of veloci-
ties near the bow tip with the velocity increasing toward the
bow tip (Fig. 8). Comparing the PV structure to that of the
jet-driven bow shock model (Fig. 20), it seems that the PV
structure can be described fairly well with a model at an
inclination of 30¡ to 60¡. In the eastern lobe, the CO emis-
sion shows a shell structure excavated around the bowH2shocks. However, the PV structure for this lobe is not
simple to interpret in the context of either model.

The kinematics of the outÑows can be further investi-
gated using PV diagrams cut across the jet axis at di†erent
projected distances from the source. Figure 25 show these
PV diagrams for the western lobe of HH 240/241. The pro-
jected distance from the source is indicated at the upper
right corner in each panel. The PV diagrams show asym-
metric structures with the average velocity becoming
increasingly blueshifted with increasing projected distance.
Notice that the emission is weak to the north as seen in
Figure 3. The asymmetric structures extend toward higher
blueshifted velocity, with the highest blueshifted velocities
at larger projected distance from the source but close to the
outÑow axis.

Figure 26 shows PV diagrams cut across the major axis
for the jet-driven bow shock model and the wind-drivenÈ
shell model at inclinations of 10¡ and 45¡. For the jet model,
the distance is with respect to the bow apex, while for the
wind model, the distance is to the driving source. At low
inclination, both models predict an elliptical structure for
the PV diagram. At high inclination, the PV structure for
the wind model is still an elliptical structure ; however, the
PV structure for the jet model becomes an asymmetric
structure pointing toward higher velocities. This asymmetry
is due to the broader range of velocities near the bow shock
tip ; the lower velocity bow wings also have lower velocity
dispersion. The structures in the HH 240/241 Ñow are quali-
tatively similar to the jet model, but the observed Ñow lacks
emission on the north side of the Ñow axis, perhaps owing
to an asymmetry in the cloud or a change of jet direction.

4.1.4. W hat drives the HH 111 Molecular OutÑow ?

From the PV diagram along the jet axis (Fig. 9), it is clear
that there are two di†erent PV structures in the HH 111
outÑow: a parabolic PV structure extending out to bow
shocks E/F and a spur PV structure extending to bow
shock P. Figure 27 shows the PV diagrams cut across the jet
axis at di†erent projected distances. The upper six panels
trace the inner component ; the lower six panels trace the
outer component. For the inner component, the PV dia-
grams across the jet axis show mainly symmetric structures.
Thus, the parabolic inner PV structure seems to indicate a
wide-angleÈwind interaction. This PV structure was Ðtted
by Nagar et al. (1997) with a radially expanding parabolic
shell within the context of the wind-drivenÈ shell model.
However, the emission associated with this PV structure
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FIG. 24.ÈComparison of the channel maps with the wind-driven model calculation for the VLA 05487 outÑow. The gray-scale images are the obser-
vations, the contours are the calculations.

ends near bow shocks E/F, about where the cloud core ends
(see Fig. 4). For the outer component, the PV diagrams
across the jet axis show asymmetric structures similar to
that seen in the PV diagrams of the jet model at large
inclination (see Fig. 26). Therefore, the outer spur structure
seems to suggest the presence of a bow shock interaction.
However, the inclination of the outÑow would have to be
more than 30¡ to account for the lack of redshifted and

low-velocity blueshifted emission. This inclination is very
di†erent from that obtained from measurements of the
radial velocity and proper motions of the jet, only about 10¡
(Reipurth et al. 1992).

No single model can provide a consistent explanation for
the emission structure and kinematics of the HH 111 Ñow,
so perhaps a combined model is required (Cabrit et al.
1997). On the other hand, the two kinematic and emission

FIG. 25.ÈPV diagrams cut across the jet axis for the western lobe of the HH 240/241 outÑow at di†erent distances from the source. The distances from the
source are indicated at the upper right corner of each panel.
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FIG. 26.ÈPV diagrams cut across the jet axis for the jet-driven bow shock model and wind-drivenÈshell model at inclinations of 10¡ and 45¡ to the plane
of the sky. For the jet model, the distance is with respect to the bow apex, while for the wind model, the distance is with respect to the driving source.

structures could be a consequence of major time variability
of the underlying jet/wind. In the infrared and optical obser-
vations, a series of knots and bow shocks are seen in the jet
(Gredel & Reipurth 1994 ; Coppin et al. 1998 ; Reipurth et
al. 1999). These knots and bow shocks can be produced if
the velocity of the underlying jet/wind changes (Raga 1993 ;
Suttner et al. 1997). In this picture, the inner emission struc-

ture of HH 111 arises from the combined e†ect of many
bow shock interactions, while the outer emission structure
is more pristine (see HH 212 for a possible analogy). Alter-
natively, since bow shocks E/F are near the cloud edge, the
di†erent PV structures may result from the interaction of
the underlying jet/wind with the di†erent ambient environ-
ment. Or the material detected beyond bow shocks E/F
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FIG. 27.ÈPV diagrams cut across the jet axis for the western lobe of the HH 111 outÑow. Upper six panels show the inner emission structure, and lower
six panels show the outer emission structure, where the division between inner and outer is bow shocks E/F. The distances from the source are indicated at
the upper right corner of each panel.

may be the material dragged along from inside the cloud as
suggested by Cernicharo & Reipurth (1996). Further study
of the dynamics is needed to explore these possibilities.

4.1.5. W hat drives the RNO 91 OutÑow ?

For RNO 91, the CO emission forms a U-shaped struc-
ture around the major axis. This outÑow has been modeled
with an expanding shell to quantitatively explain PV dia-
grams cut across the jet axis by Bence et al. (1998). The PV
structure in Figure 10 is not clear due to the lack of emis-
sion at high velocity and contamination of the emission at
low velocity. In the PV diagram, if we consider the arm
extending at the source position and the arm extending at
about 400Ato the south of the driving source as the two sides
of a parabola, then the RNO 91 outÑow may be driven by a
wide-angle wind.

The best-Ðt parameters for the RNO 91 outÑow are
C\ 0.02^ 0.004 arcsec~1 and km s~1v

o
\ 0.038^ 0.01

arcsec~1 with i \ 20¡ ^ 4¡. Figures 28 and 29 presents com-
parisons between the model and observations. Similar to
the VLA 05487 Ñow, the CO emission structure changes
from a closed lobe structure to an opened structure as the
velocity increases to the blue. However, it is difficult to
match the channel maps since the outÑow is not symmetric
about the driving source and the outÑow axis changes with
distance. The axis initially is more north-south oriented,
and it gradually curves eastward with increasing distance.
For simplicity, we used one parabola centered on the
driving source with a mean outÑow axis. As can be seen, this
simple model reproduces the essential features of the obser-
vations, but with the peak position shifting a little to the
east at high velocity owing to the symmetry of the model

FIG. 28.ÈComparison between the wind-driven model and the observations for the RNO 91 outÑow. The gray-scale images are the observations, the
contours are calculated from the wind-driven model. The left panel shows the comparison of the PV diagram cut along the major axis. The right panel shows
the comparison of the integrated emission.
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FIG. 29.ÈComparison of the channel maps with the model calculation for RNO 91. The gray-scale images are the observations, the contours are
calculated from the wind-driven model.

about the driving source. The dynamical age of this outÑow
is estimated to be 20,000 years. The inclination is consistent
with that derived for the disk by Weintraub et al. (1994).
They estimated the inclination to be 20¡È30¡ based on mod-
eling the scattered light.

4.2. Are Two Di†erent Models Necessary?
Since the two types of kinematics appear together in

some outÑows, such as HH 111, it is natural to ask if a
single model might be able to produce the di†erent kine-
matics and thus explain all of the molecular outÑows in our
observations.

4.2.1. Could a Jet-driven Bow Shock Model be Universal ?

The jet-driven bow shock model can qualitatively
account for the velocity spur structure seen in the HH 212
and HH 240/241 outÑows, as well as the morphological
relation between the CO emission and emission.H2However, the jet-driven models generally have problems
reproducing the widths seen in these outÑows. Owing to
strong cooling of the high-pressure shocked material that
drives transverse motion, the predicted and simulated
outÑow lobe radii are always 3È5 times the jet radius
(Masson & Chernin 1993 ; de Gouveia dal Pino & Benz
1993 ; Cabrit et al. 1997 ; Smith et al. 1997 ; Downes & Ray
1999). An extremely large jet, radius of D103 AU, would be
needed to reproduce the observed width in these outÑows.

In addition, jet models su†er a generic difficulty in coupling
the forward momentum of the jet into the molecular
outÑow (Lada & Fich 1996). It is argued that mixing of
material at the shock front may mitigate this problem but
detailed treatments have yet to prove this (Masson &
Chernin 1993 ; Raga, Cabrit, & Canto 1995 ; Smith et al.
1997).

The VLA 05487 outÑow has a parabolic PV structure (see
Fig. 6). The kinematics of the RNO 91 outÑow is less clear
but seems similar to the VLA 05487 outÑow. To reproduce
these outÑows, the jet model faces a larger problem in that it
not only needs to reproduce the width but also the kine-
matics. The VLA 05487 outÑow in our observations only
represents the inner quarter of the whole outÑow which
extends 8@ to the north (Reipurth & Olberg 1991). The RNO
91 outÑow is an old outÑow being driven by a class II/III
source. Therefore, it is possible that these two CO outÑows
are the cumulative result of a series of oblique shocks pro-
duced by a series of ejections. The HH 111 outÑow provides
its own challenge for the jet model in that producing the
spur PV structure (see Fig. 9) with a bow shock would
require a signiÐcantly larger inclination angle than that of
the jet.optical/H2Overall, a simple steady jet model has difficulty produc-
ing the width, the parabolic PV structure, as well as the
motion along the jet axis. It has been argued that additional
mechanisms, such as interactions with moving ambient
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material, jet wandering, and jet spraying, can increase the
forward motion, as well as the opening angle, of the out-
Ñows (Cabrit et al. 1997). Our data provide some evidence
for changes in jet direction in that the shock interaction
features are not collinear, although these nonlinearities
could also be due to an instability in the jet. Further studies
are needed to determine if more sophisticated jet models
can match the observations in detail.

4.2.2. Could a W ind-drivenÈShell Model be Universal ?

The wind model quite naturally produces cavities with
parabolic shapes and parabolic PV structures. The key
issue for the wind model is whether it can also cause local-
ized bow shock features with spur PV structures. The mag-
netized radial wind model of Shu et al. (1995) has a
density-enhanced region on the axis that gives the appear-
ance of a highly collimated jet (Shang et al. 1998). If this
ÏÏjet ÏÏ can produce discrete bow shock features, the wind
model may be able to reproduce the HH 212, HH 111, and
HH 204/241 outÑows. The Shu et al wind model has a
time-independent wind, so it cannot produce internal
shocks, but velocity variability in the wind would
undoubtedly create internal shocks and splashing. We will
explore this type of model in a future publication.

Alternatively, it is possible that di†erent models are
required for outÑows at di†erent evolutionary stages. It has
been proposed that the opening angle of the high-velocity
stellar material increases with age, going from a highly colli-
mated jet in very young objects to a very wide angle wind in
old systems (Velusamy & Langer 1998 ; Richer et al. 2000).
VLA 05487, HH 212 and HH 240/241 are class 0/I sources,
HH 111 is a class I source, while RNO 91 is a class II/III
source. Our survey sample is too small to provide a per-
suasive conclusion about the evolution of the driving
mechanism.

5. CONCLUSION

High spatial resolution CO observations toward Ðve
molecular outÑow systems have revealed a variety of struc-
tures and kinematics in the molecular outÑows. Our main
conclusions are the following :

1. Low-density cavities created by the stellar wind/jet are
present in outÑows of di†erent collimations and evolution-
ary stages. The CO emission forms rough shell structures
around the cavities, with material at higher velocity
occurring further out from the source along the Ñow axis.

2. There are striking morphological correspondences
between the and CO emission in the HH 212 and HHH2

240/241 systems. The CO emission closely surrounds the
outÑow axis with the brightest CO emission cradling the
prominent bow shocks on the downwind side.H23. Two distinctive kinematic features are evident in
position-velocity (PV) diagrams cut along the outÑow axis :
a parabolic structure originating at the driving source as
found for VLA 05487 and HH 111, and a convex spur
structure with the high velocity tip near the bow shockH2structure best seen in HH 212 and HH 240/241.

4. The CO outÑows of HH 212 and HH 240/241 are best
explained by a jet-driven bow shock model. The jet-driven
bow shock model not only produces the morphological
coincidence between the and CO emission, but also pro-H2duces a broad range of velocities near the bow shockH2structures and qualitatively explains the spur PV structures
in these sources.

5. The CO outÑows driven by VLA 05487 and RNO 91,
which both lack shock features, are reasonablyH2described with a radially expanding parabolic shell, consis-
tent with the wind-drivenÈshell model. The model not only
reproduces the parabolic emission structures, but also the
parabolic PV structures in these sources.

6. The HH 111 outÑow has a complicated kinematics
with both parabolic and spur PV structures. A combination
of a jet-driven bow shock model and a wind-drivenÈshell
model may be required to produce the HH 111 outÑow. It is
also possible that the cloud edge may play a critical role in
generating the kinematics in the outer portion of the
outÑow.

Additional detailed numerical modeling of the jet and
wind models are needed to understand if the cumulative
e†ect of time variable jets can create more open outÑow
structures, or if there are realistic conditions under which
wide-angle winds can create localized bow shock structures
and their characteristic kinematics.
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