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ABSTRACT

We report observations of emission in the J =3 -2 and J =2 —1 transitions of SiO and J, =
3, — 2, transitions of CH;OH, made with the Swedish-ESO Submillimeter Telescope (SEST), toward the
high-velocity, collimated molecular outflow in NGC 2071. Emission is detected from the lobes, as well as
from the central core region, in both species. The spatial distribution of the SiO wing emission, which is
detected over a velocity range of ~50 km s, shows three distinct features: a blueshifted clump located
toward the northeast, a redshifted clump located toward the southwest, and a central structure, with
moderate redshifted velocities, located near the cluster of young stellar objects. The shape of the SiO
profiles from the northeast and southwest clumps are distinctly different. The SiO lines from the north-
east clump exhibit a peak near the velocity of the ambient cloud and a gradual decline toward blue-
shifted velocities reaching flow velocities of up to —32 km s~ 1. On the other hand, the SiO profiles from
the southwest clump show a peak emission at a velocity that is redshifted by ~8.5 km s™! from the
ambient gas velocity and a gradual decline in brightness toward the ambient cloud velocity. We suggest
that the SiO emission from the clumps are signposts of working surfaces where a collimated jet is inter-
acting with ambient material, and ascribe the differences in line shape to differences in the density of the
environment under which the jet is propagating.

The abundance of silicon monoxide in the outflow lobes is found to be enhanced, with respect to that
of quiescent ambient gas in dark globules, by at least 2 orders of magnitude (peak enhancement >500 in
the southwest clump and >170 in the northeast clump). The abundance of methanol is considerably
more enhanced in the southwest clump (peak enhancement of ~500) than in the northwest clump (peak
enhancement of ~70). We suggest that the large enhancements of methanol and silicon monoxide in the
outflow clumps are most likely due to the release from grains of ice mantles and Si-bearing species via
shocks produced by the interaction between the outflow and dense ambient gas, and attribute the differ-
ences in enhancements to the different shock velocities attained in the northeast clump (v, ~ 45 km s~ 1)

and southwest clump (v, ~ 12 km s~ 1),

Subject headings: ISM: abundances — ISM: individual (NGC 2071) — ISM: jets and outflows —

ISM: molecules

1. INTRODUCTION

The NGC 2071 star-forming region, located ~4' north of
the reflection nebula NGC 2071, is deeply embedded in the
Lynds 1630 dark cloud. It has been identified as an active
zone of star formation on the basis that it contains H,O
masers (Schwartz & Buhl 1975; Campbell 1978; Genzel &
Downes 1979), OH masers (Pankonin, Winnberg, & Booth
1977), a cluster of infrared sources (Persson et al. 1981;
Walther, Geballe, & Robson 1991; Walther et al. 1993),
compact radio sources (Bally & Predmore 1983; Snell &
Bally 1986; Torrelles et al. 1998), and a bipolar molecular
outflow (Lichten 1982; Bally 1982). Far-infrared obser-
vations of the region indicate a total luminosity of ~500 L,
(Harvey et al. 1979; Sargent et al. 1981; Butner et al. 1990)
for a distance of 390 pc (Anthony-Twarog 1982). The infra-
red (IR) luminosity and the flux of the radio continuum
sources suggest the presence of stars with spectral types in
the range B3 to BS, indicating that NGC 2071 is a region of
massive star formation.

The molecular flow detected toward NGC 2071 is one of
the most energetic bipolar outflows known, exhibiting a full
width in the CO(1 — 0) line of 75 km s~ ! (Bally & Lada
1983). Observations in the J =2 - 1 and J = 1 — 0 lines of
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CO, made with angular resolutions of ~20"-40", show a
collimated bipolar flow of ~5' in length (~0.6 pc) with a
mean flow velocity, weighted by mass, of ~7 km s~ ! (Snell
et al. 1984; Moriarty-Schieven, Snell, & Hughes 1989). In
addition, sensitive observations of the emission in the
J = 3 — 2 line of CO, made with ~20” resolution, show the
presence of an extremely high velocity (EHV; 30 < |v;
—v,| < 60 km s~ 1, where v, is the ambient cloud velocity)
component of molecular material (Chernin & Masson
1992). In the range of moderate to high flow velocities (| v gr
—v,] <30 km s~ 1) the CO emission shows a clumpy,
hollow-shell structure (Moriarty-Schieven et al. 1989),
which can also be seen in CS and HCO™ (Kitamura et al.
1990; Kitamura, Kawabe, & Ishiguro 1992). The EHV CO
flow is more collimated than the high-velocity flow and has
compact peaks located approximately halfway along the
high-velocity (HV) lobes. Higher angular resolution (7”)
CO(1 — 0) interferometric observations reveal a compact
bipolar molecular jet centered near the radio continuum
sources (Scoville et al. 1986). The above results suggest that
the outflow toward NGC 2071 consists of two components:
a moderate- to high-velocity swept-up flow and a faster jet
component (Margulis & Snell 1989). Observations in the
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near-infrared (NIR) at 2.12 um show extensive shock-
excited molecular hydrogen emission from the NGC 2071
outflow (Bally & Lane 1982; Simon & Joyce 1983; Lane &
Bally 1986; Burton, Geballe, & Brand 1989), that is very
well correlated spatially with the HV HCO™ emission
(Girart et al. 1999) and has spatial extent and bipolar morp-
hology similar to that of the swept-up CO outflow (Garden,
Russell, & Burton 1990).

Collimated outflows are thought to be driven by jets that
accelerate the ambient gas through shocks (e.g., Raga &
Cabrit 1993), which are expected to produce a significant
transformation of the physical and chemical properties of
the surroundings. While a considerable progress has been
made in the understanding of the physical properties of
collimated outflows (see reviews by Bachiller & Gomez-
Gonzalez 1992; Fukui et al. 1993; Bachiller 1996), very little
is known about their chemistry. Few multiline mapping of
molecular outflows have been performed so far (Blake et al.
1995; Bachiller & Pérez Gutiérrez 1997). The NGC 2071
bipolar flow is an ideal source for a detailed study of the
chemical characteristics across collimated shocks. In this
paper we report observations of emission in rotational tran-
sitions of silicon monoxide (SiO) and methanol (CH;OH),
made with the Swedish-ESO Submillimeter Telescope
(SEST), toward the NGC 2071 highly collimated outflow.
Theoretical calculations predict that these molecules should
be good tracers of shocks because their abundance can be
changed by several orders of magnitude (Hartquist,
Oppenheimer, & Dalgarno 1980; Mitchell 1984; Hollen-
bach & McKee 1989; Neufeld & Dalgarno 1989; Schilke et
al. 1997, Caselli, Hartquist, & Havnes 1997). In fact, recent
observations show that both SiO and CH;OH emission are
significantly enhanced in outflows (Bachiller, Martin-
Pintado, & Fuente 1991; Martin-Pintado, Bachiller, &
Fuente 1992; Bachiller et al. 1995; Avery & Chiao 1996;
Garay et al. 1998).

2. OBSERVATIONS

The methanol and silicon monoxide observations were
carried out using the 15 m SEST located on La Silla, Chile,
during 1997 March and 1998 January. The transitions and
frequencies observed and the instrumental parameters are
summarized in Table 1. We used SiS receivers to simulta-
neously observe lines at 2 and 3 mm wavelengths. Single-
sideband receiver temperatures were typically 120 K for
both receivers. As back end we used high-resolution
acousto-optical spectrometers providing a channel separa-
tion of 41.775 kHz and a total bandwidth of 43 MHz.
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Within the available bandwidths, three rotational lines of
CH;OH could be observed at 2 mm (J, =3,—2, AY,
J,=3_,-2_, E,and J, = 3, —» 2, E lines). The antenna
half-power beamwidth, main-beam efficiency of the tele-
scope, and spectral resolution at the observed line fre-
quencies are given, respectively, in columns (4), (5), and (6)
of Table 1. The emission in the lines of SiO and CH;OH
was mapped within a region of 5’ x 5, with 30” spacings.
The central position is at o950 = 5%44™3050; 8,950 =
0°20'40”, which is about 8” southwest of IRS1 (Persson et al.
1981). The observations were performed in the position
switched mode, with the OFF position located at a;45, =
5844™2450, 6,950 = 0°17°40”. The integration times on
source per position and the resulting rms noise in antenna
temperature are given, respectively, in columns (7) and (8) of
Table 1.

In addition, during 1999 January we made SEST obser-
vations of the CO and '*CO emission in the J = 1 — 0 and
2 — 1 lines toward three selected positions, at offsets from
the central position of (60", 60”; blue SiO peak), (—90”,
—90”; red SiO peak) and (0”, 0”). The observations were
performed in the position switched mode, with the OFF
position located at o, 45, = 05%41™30%0, 6,95, = —0°10°0".
The goal of these observations was to obtain sensitive data
in order to determine CO column densities over a wide
range of flow velocities, which in turn will permit to derive
abundance enhancements relative to CO.

3. RESULTS

3.1. Line Profiles

Figure 1 shows the spectra observed toward the NGC
2071 star-forming region in the three transitions mapped
with SEST with 30” spacings. SiO emission is detected at
blueshifted velocities, with respect to the systemic ambient
cloud velocity of 9.6 km s~ ! (Wootten et al. 1984; Girart et
al. 1999), toward the northeast region of the map, at moder-
ate redshifted velocities toward the central region, and at
higher redshifted velocities toward the southwest region.
On the other hand, the CH;OH profiles from the northeast
region show strong emission from gas at the velocity of the
ambient cloud and very weak emission from gas at blue-
shifted velocities; toward the central region they show a
mixture of strong emission from gas at the velocity of the
ambient cloud and from a broad redshifted feature with a
peak velocity relative to the quiescent cloud velocity of
~6.5 km s~ !; finally toward the southwest the profiles
exhibit mainly emission from high-velocity redshifted gas
with no, or very weak, emission from gas at the velocity of

TABLE 1
OBSERVATIONAL PARAMETERS

Frequency Beam Size Av* Integration Time Noise®
Molecule Transition (MHz) (FWHM ") n (km s~ 1) (min.) (K)
1 @ ©) @) ) (6) ™ ®
CH,O0H...... J,=3_,-2_,E 145097.470 34 0.66 0.086 4 0.070
SiO........... J=2-1 86846.998 57 0.75 0.144 6 0.031
J=3-2 130268.702 40 0.68 0.096 4 0.045
CO ...t J=1-0 115271.204 45 0.70 0.109 4 0.16
J=2-1 230537.990 23 0.60 0.054 4 0.11
13CO......... J=1-0 110201.352 45 0.70 0.114 30 0.028
J=2-1 220398.686 23 0.60 0.057 30 0.023

# Channel separation.
b 16 rms noise in antenna temperature.
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F1G. 1. —Observed spectra of the silicon monoxide and methanol line
emission within the 5 x 5" central region of the NGC 2071 massive star-
forming region. The grid spacing is 30”. Offsets are from the reference
position at o, 45, = 5"44™30%0, 5,45, = 0°20'40". The velocity scale ranges
from —35 to 42 km s ! in the spectra of silicon monoxide and from —20
to 40 km s~ ! in the spectra of methanol. The antenna temperature scale is
from —0.07 to 0.26 K for SiO(2 — 1), from —0.08 to 0.36 K for SiO(3 — 2),
and from —0.2to 1.5 K for CH;OH(3, — 2,).
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the quiescent gas. The methanol wing emission is consider-
ably stronger toward the southwest region than toward the
northeast region.

The differences in line profiles with flow position are illus-
trated in more detail in Figure 2, which shows the spectra of
the SiO and CH;OH line emission averaged across posi-
tions (indicated in the middle panel of Fig. 1) in the north-
east, central, and southwest regions. The average line profile
of the SiO emission from the southwest exhibits a strong
peak at v,z of ~18 km s~ !, redshifted from the ambient
cloud velocity by about 8.5 km s~ !, a rapid decrease in
intensity toward redder velocities, and a slower decline
toward the ambient cloud velocity. On the other hand, the
average profile of the SiO emission from the northeast
shows a peak at the velocity of the ambient cloud, a gradual
decrease in intensity toward large blueshifted velocities (up
to v;gg of —22.5 km s 1), and a steep decline toward redder
velocities. The methanol spectrum from the central region
shows emission from at least two components: one at the
velocity of the ambient cloud and the other at a velocity
redshifted by ~ 6.5 km s~ ! with respect to the quiescent
gas. The methanol spectrum from the southwest clump
shows only emission from redshifted gas, with LSR veloci-
ties ranging from ~10kms™'to ~22kms™ 1.

3.2. Morphology and Kinematics

The velocity structure of the emission in the
CH;OH(3; — 2,) lines and SiO(1 — 0) transition is present-
ed in Figure 3, which shows position-velocity (p-v) maps
along a direction with a P.A. of 45° passing through the (0,0)
position. The methanol diagram displays simultaneously
the p-v characteristics of the emission in all three observed
transitions, and hence the features seen in this diagram do
not solely reflect the kinematics of the gas but also overlap
of the emission between these three components. In spite of
this, this diagram clearly shows that the methanol lines
from the central region cover a broad range of velocities,
spanning from the ambient cloud velocity up to flow veloci-
ties of ~8.6 km s~ 1. The flow velocity is defined as vy, =
visg — U,, Where v, is the velocity of the emission from
quiescent ambient gas. The methanol p-v feature from the
central region can be roughly characterized as being pro-
duced by three components: (1) a strong feature at the
velocity of the quiescent ambient gas; (2) a low-velocity
redshifted component, with a peak flow velocity of 2.9 km
s~!; and (3) a moderate-velocity redshifted component,
with a peak flow velocity of 6.5 km s™!. The methanol
emission from the southwest, whose peak is located at
~ 127" southwest of the central energy sources, arises solely
from redshifted gas. The integrated methanol emission can
be characterized as arising from a low-velocity component,
with a peak flow velocity of 2.9 km s~ ! and a width of 4.2
km s™!, and a moderate to intermediate velocity com-
ponent, with a peak flow velocity of 7.8 km s~ ! and a width
of 6.2 km s~ '. Toward the northeast the methanol lines
show strong emission from gas at the velocity of the
ambient cloud and very weak emission at blueshifted veloci-
ties from a feature whose peak position is located ~ 84”
from the central sources.

The silicon monoxide p-v diagram shows that the emis-
sion from the southwest region has a similar velocity struc-
ture to that of the methanol emission, exhibiting a peak at
vrsg Of 18.1 km s~ ! and covering a range in velocity that
extends from the ambient cloud velocity up to a v; gz of ~26
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F16. 2—Spectra of the spatially integrated line emission from the northeast clump, central region, and southwest clump of the NGC 2071 region.
Transitions are given in the upper right-hand corner of the spectra shown in the middle column. The vertical dotted line indicates the systemic velocity of the
ambient gas of 9.6 km s~ 1. The vertical bars shown at the top of the methanol spectra mark the expected positions of the three rotational transitions, within
the observed velocity range, for ambient gas. In the central and southwest spectra we also mark (short vertical bars near the center) the expected positions of
the rotational transitions for a gas moving at velocities relative to the ambient gas of 6.5 and 8.5 km s ™, respectively.

km s~ (v, ~ 16 km s™1). On the other hand, the SiO
emission from the northeast is remarkably different from
that of methanol, exhibiting a striking high-velocity blue-
shifted feature that extends up to a v g of —22.5 km s~ !
(Vf1ow ~ —32.1 km s~1!). No corresponding feature is
detected in the lines of CH;OH. Toward the central region
the SiO emission arises from the two redshifted components
seen in methanol, with no, or very weak, emission being
detected at the velocity of the ambient cloud.

The spatial distribution of the SiO emission at different
flow velocities are presented in Figure 4, which shows maps
of the velocity integrated wing SiO emission in four flow
velocity ranges (low: 2-5 km s~ !; moderate: 5-9 km s~ 1;
intermediate: 9-15 km s™!; and high: 15-32 km s~ !). At

low and moderate flow velocities the spatial distribution is
characterized by exhibiting a blueshifted structure toward
the northeast and two redshifted structures: one centered
around and the other located southwest of the central
energy sources. At intermediate flow velocities the spatial
distribution of the SiO emission clearly breaks up into
separated blueshifted and redshifted clumps. The blue-
shifted SiO clump resides roughly halfway along the CO
blueshifted lobe, has a peak position located at ~77” north-
east from the central energy sources and a deconvolved
angular size (FWHM) of 47”. The redshifted SiO clump has
a deconvolved size of 47", its peak is offset from the radio
sources by ~130” toward the southwest, and it is located
nearly at the outer edge of the redshifted CO lobe. At high
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F1G. 3.—Position-velocity diagram of the molecular emission along the symmetry axis of the outflow. Top: CH;OH(3, — 2,). Contour levels are drawn at
—0.1 K, and from 0.1 K to 1.4 K in steps of 0.1 K. The vertical dotted lines indicate the positions of the different k-components for a systemic velocity of 9.6
km s~ 1. Bottom: SiO(2 — 1). Contour levels are drawn at —0.03 K, and from 0.03 to 0.24 K in steps of 0.03 K. The vertical dotted line indicates the systemic

velocity of the ambient gas of 9.6 kms ™ 1.

flow velocities the SiO emission only arises from the north-
east blueshifted clump. The blue and red SiO clumps are
roughly aligned in a direction with a position angle of
~44°,

The determination of the spatial distribution of the meth-
anol emission in the velocity ranges discussed above is hin-
dered by the considerable blending of the emission between
the different k-components. Using the emission in the

30— 2, A" component it is possible, however, to determine
the spatial distribution of methanol in the low and moder-
ate ranges of flow velocities. The bottom panels in Figure 4
present maps of the methanol emission integrated over
these velocity ranges. The morphology of the redshifted
wing emission in these velocity ranges is similar in both
molecular species, although there are differences in the rela-
tive intensities. The intensity of the methanol emission from
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F1G. 4—Contour maps of velocity-integrated line wing emission from the NGC 2071 bipolar outflow. Continuous lines represent blueshifted emission,
dashed lines redshifted emission, and the triangles mark the position of the radio continuum sources IRS1 and IRS3 (Torrelles et al. 1998). Left : Low-velocity
range. Middle left: Moderate-velocity range. Middle right : Intermediate-velocity range. Right : High-velocity range. The lowest contour and contour interval
are, from left to right, 0.09, 0.10, 0.11, and 0.19 K km s~ * for SiO(2 — 1), 0.12, 0.12, 0.15, and 0.20 K km s~ ! for SiO(3 — 2), and 0.15 K km s~ ! in both panels
for CH;OH(3, — 2,4 7).

TABLE 2

DERIVED SILICON MONOXIDE PARAMETERS

SiO
CO
Uflow TR Nu Nu
(km s™1) (K) (10'*ecm~2%) (10 cm™?) [SiO/CO] ENHANCEMENT

Red lobe (—90”, —90")

14-34.............. 45+9 1242 19+3 6.2 x 10°° 210
3454 16+3 11+3 14+3 7.7 x 1076 260
54-T74.............. 14+3 11+3 87+17 13x 1073 430
74-94.............. 14+3 12+2 81+16 1.5 x 1073 500
94-114 ............ 13+3 11+3 83+17 13x 1073 430
114-134........... 20+ 4 7+2 79 £1.6 9.1 x 107¢ 300

Blue lobe (607, 60" )

—18.6——166...... 29+ 6 49 +0.8 14+3 3.5x10°¢ 120
—16.6—>—146...... 2244 49409 15+3 33 x10°°¢ 110
—14.6—-—126...... 50 + 10 53+ 1.0 13+3 41 x10°° 140
—86——66 ........ 18+4 6.7+ 09 13+3 52 x10°¢ 170
—6.6—>—46 ........ 21+4 6.7+ 0.9 21+ 4 32 x10°¢ 110
—26—>—-06........ 20+ 4 90+ 11 340 + 17 2.6 x 1077 9
—06—-14........... 17+3 8.0+ 09 280 + 14 29 x 1077 10
14-34.............. 2545 52408 31+5 1.7 x 1076 57

34554 15+3 33406 17+3 1.9 x 1076 63
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F16. 5—Line profiles of the *2CO(J = 1 - 0), 12CO(J = 2 — 1), 13CO(J = 1 - 0), 3CO(J = 2 - 1), SiO(J = 2 > 1), SiO(J = 3 - 2), and CH,;OH(J, =
3, — 2,) emission observed toward selected positions of the NGC 2071 outflow. The vertical dotted lines indicate the systemic velocity of the ambient gas of

9.6kms~ 1

the central region is stronger than toward the southwest
clump, whereas in SiO the emission from the clump is
stronger. On the other hand, the blueshifted methanol emis-
sion from the northwest lobe is considerably weaker than
that in silicon monoxide.

3.3. Column Densities and Rotational Temperatures

Column densities and temperatures, as well as abun-
dances (see § 4.3), were computed toward three selected

positions of the outflow: peak of northeast clump (60”,60”),
peak of southwest clump (—90”,—90"), and central position
(0”,0”). The observed spectral line profiles used in these
computations are shown in Figure 5. For silicon monoxide
and methanol the column density in the velocity range
(v, v + Av), N,, and rotational temperature, T,,, were
derived from a rotational diagram analysis (see, e.g., Linke,
Frerking, & Thaddeus 1978; Blake et. al 1987), with the
assumptions of optically thin conditions and local thermo-
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TABLE 3
DERIVED METHANOL PARAMETERS

CH,;0OH
CcO
Utiow Tx N, N,
(km s~ 1) (K) (10** cm™?) (10 cm™?) [CH;0OH/CO] ENHANCEMENT
Red lobe (—90”, —90" )

55-65........... 10.6 + 1.6 31+03 3.2 9.5 x 1073 320
6.5-75........... 87+ 1.7 39+0.6 3.2 1.2 x 1072 400
75-85........... 70+ 1.1 52+0.8 35 1.5 x 1072 500
85-95........... 70+ 14 51+10 4.5 1.1 x 1072 370
9.5-10.5.......... 76+ 1.6 454+09 4.6 9.8 x 1073 330
10.5-11.5 ........ 62+ 1.0 44+ 08 4.1 1.1 x 1072 370

Blue lobe (60", 60" )
—4.0--30...... 59+12 3.6 +09 17. 21 x 1073 70
—3.0--20...... 52 +0.9 37+09 90. 41 x 1074 14
—20--10...... 76+ 13 55+ 0.9 190. 29 x 1074 10
—1.0-00 ........ 6.1+ 1.1 72+ 15 250. 29 x 1074 10

dynamical equilibrium (LTE), which relates the integrated
line intensity, rotational temperature, and column density
via

3k [°** T,dv N, E,
ot N (B,

8 uS QL) P\ KT,

rot

where p, v, and S are the transition dipole moment, fre-
quency, and line strength of the transition, respectively,
[o*4 T,,dv is the velocity-integrated main-beam bright-
ness, obtained directly from the observations, E, is the
upper state energy, and Q(T,,,) is the rotational partition
function. The column densities of CO molecules were com-
puted from the ratio of the observed emission in the 2CO
and 13CO lines assuming an isotopic [12CO/*3CO] abun-
dance ratio of 73 (Choi, Evans, & Jaffe 1993) and an excita-
tion temperature for the HV gas of 25 K (Chernin &
Masson 1992; see Bourke et al. 1997 for a description of the
method). We note that owing to the low strength of the
13CO emission in the outer wings this method allowed us to
compute column densities for flow velocities up to ~ +18
km s~ . Table 2 gives the column densities and rotational
temperatures of SiO in different ranges of flow velocity,
derived by integration of the emission in velocity intervals
of 2 km s~ . Table 3 gives the column densities and rota-
tional temperatures of CH;OH in different ranges of flow
velocity, derived by integration of the emission in velocity
intervals of 1 kms™ 1.

4. DISCUSSION

The observed characteristics of the line wing emission
provide useful diagnostics of the nature of the mechanism
that gives rise to the high-velocity molecular gas. Its spatial
distribution help to discern whether the high-velocity flows
are produced by jets or by collimated wide angle winds,
while its spectral signatures help to identify the type of
shock that produces the wing emission. In J-type shocks the
cooling gas is fully accelerated and thus emits a line dis-
placed from the velocity of the quiescent cloud by about the
shock velocity, v,. The line is relatively narrow since all the
emission occurs between velocities of 2v; and v,. In C-type
shocks most of the emission occurs when the gas is just

being accelerated; thus an observer at rest with respect to
the preshock gas would see a smooth, broad emission
profile with a peak near the velocity of the quiescent cloud
(see Hollenbach 1997). The distinction between the type of
shock associated with a molecular outflow from its spectral
characteristics is not straightforward, however, particularly
since molecular outflows are believed to be associated with
bow shocks which may have J-shock characteristics at the
apex and C-shock characteristics in the wake (Smith &
Brand 1990).

The profiles of the SiO line emission from the northeast
and southwest clumps of NGC 2071 show distinct differ-
ences in their shapes, other than, of course, in the expected
velocity reversal. In addition, the spatial distribution of the
SiO emission from the lobes is not symmetric with respect
to the central energy sources and is different to that traced
by the CO emission. These differences suggest that the jet
and/or wind interaction with the ambient material is prob-
ably different in the southwest than in the northeast. Differ-
ent type of shocks might develop as a result of differences in
the physical conditions of the ambient gas and/or in the
fractional ionization. Below we discuss possible explana-
tions for the origin of the SiO and CH;OH emission from
the lobes of the NGC 2071 outflow.

4.1. The Southwest SiO Clump

The southwest SiO clump is found projected near the
outer edge of the redshifted lobe traced in the J = 1 —» 0 and
J =2 — 1 lines of CO (Snell et al. 1984; Moriarty-Schieven
et al. 1989). The SiO line profiles show a peak at a velocity
that is redshifted by roughly 8.5 km s~! from the ambient
cloud velocity, a gradual decline in brightness from the peak
velocity (v sg ~ 18.1 km s~ ') toward the ambient cloud
velocity and a more rapid decline toward higher velocities.
The spatial location, close to the outer edge of the corre-
sponding CO outflow, and the shift of the velocity peak
away from the velocity of the preshock gas hint that the
southwest SiO clump might mark a region where a super-
sonic jet or highly collimated wind is currently processing
ambient gas through a shock.

Adopting a simple model in which the jet drives a slab of
shocked material, bounded on one side by a jet shock where
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the jet material is decelerated and on the other by an
ambient shock in which the ambient material is accelerated
(see Hollenbach 1997), then in steady state the slab velocity,
v, is given by

b= A, )
[1+ /(p./p;)]

where v; is the jet velocity, p; the jet density, and p, the
ambient medium density. Masson & Chernin (1993) find
that this type of model is appropriate for a jet propagating
in a dense ambient medium, in which case the strong
cooling of the shocked material results in a momentum
conserving snowplow of ambient gas. From the observed
radial flow velocity of 8.5 km s~ !, assuming an inclination
of the outflow axis with respect to the plane of the sky of 45°
(Moriarty-Schieven et al. 1989), we estimate that v, = 12 km
s~1. To accelerate the ambient medium to this velocity,
assuming v; = 200 km s~ ! the typical value of jets (Mundt
1986), the simple dynamical model requires the presence of
a light (i.e. p; < p,) jet with p;/p, = 4 x 107>, There are no
determinations of the density of the neutral jet nor of the
ambient cloud density at the location of the southwest lobe.
It appears, however, that a dense clump is located near the
end of the redshifted lobe (Kitamura et al. 1990). Adopting
p.=1x10° cm ™3 (Kitamura et al. 1990), we derive that
the jet density is p; ~ 4 x 10> cm ™. Further, assuming a
typical value for the jet radius of 2 x 10'® cm (Mundt,
Brugel, & Biihrke 1987), the implied jet mass-loss rate is
3 x 1077 Mg yr~!. In a timescale of 10° yr the jet will inject
0.03 M, that will entrain and accelerate ~0.6 M, of
ambient gas. This value is in good agreement with the mass
of 0.8 M determined by Moriarty-Schieven et al. (1989).

While this simple model provides a straightforward
explanation of the observed bulk flow velocity, it does not
predict the observed asymmetries in the line profiles. The
shallow decline in the intensity of the wing emission from
the peak toward lower velocities hints the presence of a
broad range of shock velocities. The observed wide and
asymmetric line profiles are typical of bow shocks, which in
fact are expected to form in the interaction of the jet with
the ambient medium. Models of the flow of ambient gas
induced by the passage of a working surface have been
investigated by Raga & Cabrit (1993), Masson & Chernin
(1993), and Chernin et al. (1994). In the jet driven model of
Masson & Chernin (1993) it is assumed that the thermal
pressure of the hot shocked gas drives the shocked material
away from the jet axis creating a cocoon which accelerates a
shroud of swept-up material. The pressure in the cocoon is
rapidly dissipated and the cooled shocked material sweeps
up a dense shell in a momentum conserving snowplow
phase. Behind the jet head the shroud moves outward in a
snowplow fashion and slows down as it sweeps up ambient
gas.

We propose that the southwest SiO clump marks the
place where a collimated fast jet is transferring momentum
to the ambient gas through a nondissociative bow shock.
The interaction of the jet with a dense medium gives rise to
a strongly dissipative jet head producing a working surface
moving at much lower velocities than the jet. This hypothe-
sis is supported by the close spatial association between the
southwest SiO clump and the H, emission from the
southwest region (Garden et al. 1990) together with the
characteristics of the H, emission. Burton et al. (1989) found
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that at the peak position of the southwest molecular hydro-
gen feature the H, lines have narrow line profiles
(FWHM < 30 km s~ ') and line center velocities close to the
ambient cloud velocity (~ 10 km s~ 1), suggesting that the
H, emission is probably associated with low-velocity
shocks in the swept-up gas. We suggest that the bulk of the
SiO emission arises from swept-up material at the wake of
the bow shock, with a typical radial flow velocity of 8.5 km
s~ 1. The velocity of the gas at the head of the bow shock
(see eq. [1]) is not known. A lower limit of 16 km s~ ! is
provided by the terminal radial flow velocity derived from
the spectra of the SiO emission.

4.2. The Northeast SiO Clump

The line profiles of the SiO emission from the northeast
clump are notable for exhibiting a broad (~30 km s 1),
highly asymmetric, blueshifted feature. The shape of the line
profiles, showing a strong peak at the velocity of the
ambient cloud, a steep decline toward redshifted velocities,
and a gradual decrease in intensity from the peak toward
blueshifted velocities, suggests that a small fraction of the
molecular gas is being accelerated to high velocities while
the majority is still moving close to the preshock velocity.
The presence of blueshifted gas extending to much higher
velocities than the redshifted gas is also evident in the maps
of high-velocity OH (Ruiz et al. 1992). The northeast SiO
clump is spatially coincident with a broad blueshifted veloc-
ity feature detected in SO by Chernin & Masson (1993),
both of which exhibit terminal flow velocities of ~ —32 km
s~ 1. Furthermore, its peak position is located roughly at the
outer edge of the extreme high-velocity (|v sz — v,| > 30
km s~ !) emission feature reported by Chernin & Masson
(1992) in the J = 3 - 2 line of CO, which has a terminal
velocity about twice that of the SiO feature. These large
terminal velocities suggest that the northeast SiO clump
also marks the location where ambient gas is being pro-
cessed by jets. A further remarkable characteristic of the
northeast SiO clump is the absence of high-velocity wing
emission in the CH;OH lines.

We suggest that the northeast SiO clump marks the loca-
tion where a fast jet is transferring momentum to the
ambient medium through prompt entrainment. We
envision that in this location the swept up material is being
accelerated by a faster bow shock than that toward the
southwest clump, producing a bow shock that cools less
rapidly than that toward the southwest. This hypothesis is
supported by the position-velocity diagram of the SiO emis-
sion from this clump (see lower panel of Fig. 3), which bears
a notable resemblance to the sharp bend (or hook) at high
velocities predicted by Chernin & Masson’s model at the
position of the bow shock. Fast bow shocks are likely to
produce a dissociative shock near the jet head and a contin-
uum of nondissociating C-type shocks of smaller velocities
at the wake of the bow. The later shocks accelerate mol-
ecules gradually and can preserve molecules in shocks of up
to 50 km s~ ! (Draine, Roberge, & Dalgarno 1983). The
observed line profiles suggest then that the SiO emission
arises from C-shocks which are restricted to the bow wake.
The particular location of the northeast SiO clump, half
way along the swept-up low velocity CO flow, can be
explained if the direction of the jet wanders, accelerating
material in the shell of the low-velocity outflow. This situ-
ation is apparently found in several outflows (e.g., Garden et
al. 1990; Reipurth 1991).
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The H, emission from the northeast region of NGC 2071
extends over most of the blueshifted low-velocity CO lobe
and can be roughly divided into three regions: (1) an inner
region close to the cluster of young stellar objects; (2) a
middle region featuring a narrow stringlike structure com-
posed of several clumps interconnected by weaker line emis-
sion; and (3) an outer region close to the outer edge of the
blueshifted CO lobe (Girart et al. 1999). The northeast SiO
clump is spatially associated with the H, stringlike emission
from the middle region. The peak velocity of the H, emis-
sion at a position in this region (offset of [20”,50”] with
respect to IRS1) is blueshifted by ~27 km s~ ! with respect
to the ambient cloud velocity (Burton et al. 1989). Most
likely the bulk of the H, emission arises from gas near the
head of the bow, where the velocities are higher, while the
bulk of the SiO emission arises from material principally at
the wake where the flow velocities are smaller than at the
head, possibly producing a series of nondissociative shocks
(e.g., Richer, Hills, & Padman 1992).

Why does the jet interaction with the ambient medium
produce different line profiles toward the northeast and
southwest? A simple explanation is that the observed differ-
ences are due to differences in the physical conditions of the
environmental material across the NGC 2071 cloud.
Density gradients and/or density inhomogeneities should
have an important effect since they cause variations in the
shock velocity with distance to the source. We suggest that
the preshock densities at the position of the northeast
clump are lower than that at the position of the southwest
clump. In the southwest the interaction of the jet with a
dense medium gives rise to a low-velocity nondissociative
bow shock. On the other hand, toward the northeast the
interaction of the jet with the low-density medium produces
a fast bow shock with a dissociative shock at the head.
Assuming v, =45 km s~ ! (equal to the terminal radial
velocities in SiO and SO, of 32 km s~ !, corrected by the
inclination angle) and using p; ~ 4 x 10> cm™> (see § 4.1),
we find that the preshock gas density in the northeast clump
is 5 x 10 cm 3. This value is probably representative of
the density in the filled cavity created after the passage of a
previous jet. In addition, the bright SiO emission observed
toward the northeast clump at the velocity of the ambient
cloud may also find an explanation on the presence of a
dissociative shock. The UV radiation generated by the fast
shock produces the release of atoms and ions from the
mantle of dust particles in the ambient medium, triggering
an active photochemistry. Thus the low-velocity SiO emis-
sion may arise from hot ambient, nonshocked, gas heated
by the copious ultraviolet radiation emitted by the front
dissociative shock region at the head of a fast bow shock.
On the other hand, since the velocities at the head of the
bow shock are probably larger than the shock velocity
required to dissociate the molecular hydrogen, of ~30 km
s~ ! (Kwan 1977), some of the high-velocity SiO emission
may arise from reformed molecules behind the dissociating
shock (Neufeld & Dalgarno 1989; Hollenbach & McKee
1989).

4.3. Chemical Enhancement

The chemical composition of a gas cloud is usually char-
acterized by the fractional abundance of molecules relative
to molecular hydrogen, the main constituent of the inter-
stellar gas. The abundance of H, in the lobes of the NGC
2071 outflow is however difficult to estimate. Therefore, in
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the following discussion we will consider abundances rela-
tive to the CO abundance which can be directly derived
from our observations. The fractional abundance of species
X, [X/CO] (where X = SiO or CH;OH), is computed as the
ratio of the column density of species X, obtained from the
rotational analysis (see Tables 2 and 3), and the CO column
density in the corresponding velocity range, obtained from
the observations of the CO and *3CO lines. The dependence
of [SiO/CQO] fractional abundance with absolute value of
flow velocity observed at the outflow lobes (open circles:
peak of northeast clump; filled circles: peak of southwest
clump) and at the central position are shown in the upper
and middle panels of Figure 6, respectively. The
[CH;0H/CO] abundance ratio versus flow velocity,
observed at the peak position of the northeast and
southwest SiO clumps, is plotted in the lower panel of

F | | E
- Lobes ]
10-5 & Lo o ® o o 4
-~ g © °© 6 o °
O C 00 ]
gl ° <
2R é
10*7;— o]r‘edl,;
; o:lblueg
L I e e AR A
B Center|
107 ¢ E
[§) - :
O L N N ]
3106 & s s 4
ﬁ E A ZAN A A E
U z
]LOJ?E* E
A B e
i Lobes ]|
—10?° °..... E
S ; ]
< B 1
. C 1
%10*3? ) E
5 g o E
— 00 ]
10745* 3
S C 1 C 1 Ll ]
0 5 10 15 <0
‘vflow‘ (km S71>

F1G. 6.—Abundances relative to CO vs. absolute value of flow velocity.
Top: [SiO/CO] vs. | vy, at the peak position of the outflow lobes.
Middle: [SiO/CO] vs. |vg,| at the central position. Bottom:
[CH;O0H/CO] vs. | vy, | at the peak position of the outflow lobes. Open
and filled circles correspond to values derived at the peak position of the
blueshifted lobe and redshifted lobe, respectively.



No. 2, 2000

Figure 6. The [SiO/CO] abundance ratios are typically
~1073 toward the lobes and ~10~° toward the central
position.

To quantitatively assess the chemical changes of the
ambient medium due to the outflow phenomena requires a
knowledge of the chemical abundances of the quiescent
ambient gas. The abundances of methanol and silicon mon-
oxide in the ambient gas of NGC 2071 are not known,
however. In dark clouds the [CH;OH/CO] abundance
ratio is 3 x 1073 (Friberg et al. 1988; van Dishoeck et al.
1993), whereas for the [SiO/CO] abundance ratio only an
upper limit of less than 3 x 1072 exists (Ziurys, Friberg, &
Irvine 1989; van Dishoeck et al. 1993). In the following we
assume that the abundance ratios in the ambient gas of
NGC 2071 are similar to those in dark clouds. The
enhancements, relative to quiescent ambient gas in dark
globules, of the gas phase silicon monoxide and methanol in
the outflow lobes of NGC 2071 are given in the sixth
column of Tables 2 and 3, respectively. The enhancement of
the [SiO/CO] abundance ratios are larger in the southwest
clump (peak enhancement >500) than in the northeast
clump (peak enhancement >170) by a factor of ~3. The
peak enhancement in the [CH;OH/CO] abundance ratio is
~500 in the southwest clump and ~70 in the northwest
clump. The high abundance of SiO molecules in the lobes of
molecular outflows, is most likely due to the injection into
the gas phase by shocks of Si atoms and/or Si-bearing
species. Once silicon is injected into the gas phase, chemical
models based on ion-molecule reactions predict a large
abundance of SiO molecules (Turner & Dalgarno 1977;
Hartquist et al. 1980). The enhancement of CH;OH mol-
ecules is, on the other hand, thought to be produced by the
evaporation of ice mantles (Charnley, Tielens, & Millar
1992) due to heating by low-velocity shocks, since volatile
species, such as CH;OH, HCN, and H,CO, can only
survive sputtering or desorption of grain mantles at low
shock velocities (v, < 10 km s~ 1).

Figure 6 shows a trend indicating an increase of SiO
enhancement with | v, at low flow velocity, whereas for
| V10w | > 5 km s~ ! the enhancement is roughly independent
of flow velocity. On the other hand, the [CH;OH/CO]
abundance ratios exhibit a clear increase with flow velocity,
from ~3 x 10™* at low flow velocities to ~1 x 1072 at
intermediate flow velocities. Since the values at low and
intermediate flow velocities were determined from obser-
vations of the blueshifted lobe and redshifted lobe, respec-
tively, this trend cannot be interpreted as reflecting an
actual velocity selective enhancement caused by shocks. It is
probably produced by the differences in the physical condi-
tions of the preshock gas toward the northeast and
southwest clumps. In the following we discuss the enhance-
ment toward each lobe individually.

4.3.1. Southwest Clump

The moderate velocity of the ambient shock in the red-
shifted lobe (v, ~ 12 km s~ 1), not fast enough to dissociate
molecules, suggests that the production of molecular species
in the southwest clump is due to the presence of C-type
shocks. In particular the synthesis of molecules from atoms
and ions can be highly efficient behind nondissociative
C-type shocks. The main mechanism of injection of silicon
is sputtering of Si-bearing material in grains driven by
neutral particle impact on charged grains (Draine 1995;
Flower & Pineau des Foréts 1995; Schilke et al. 1997);
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although grain-grain collisions can be important for low-
velocity shocks (25 < v, <35 km s™!) in dense regions
(n(H,) > 5 x 10° cm~3; Caselli et al. 1997). The sputtering
of Si-bearing material can arise from either grain cores,
namely, refractory grains that are composed of silicates and
graphites, or from grain mantles (Schilke et al. 1997). The
release of Si-bearing material from grain cores requires
higher impact energies than the release from mantles; sub-
stantial erosion of ice mantles can occur in C-shocks with
velocities of ~25 km s~ !, while shock speeds of ~55 km
s~ ! are required in order to significantly erode the grain
cores by He impacts. The inclusion of heavier species, such
as CO and H,O0, can significantly lower the impact energies
required for the erosion of grain cores, so that shock veloci-
ties as low as 25 km s~ ! can cause substantial erosion of the
grain cores (Schilke et al. 1997).

We find that at the peak position of the southwest clump
the total column density of SiO is 7 x 10'? cm ™2 and that
the column density of CH;OH, in the range of flow velocity
from 5.5 to 11.5 km s, is 3 x 10'°> ¢cm~2. Though the
C-type shock models are still preliminary, most are able to
explain column densities of SiO in molecular outflows of the
observed order. From the observed velocity integrated
SiO(2 — 1) emission, of 3.2 K km s ™%, using the results from
the C-type shock model of Schilke et al. (1997) for a density
of 105 cm ~3 (see their Fig. 8), we obtain v, ~ 13 km s~ 1, in
good agreement with the value estimated in § 4.1. For this
moderate shock velocity, the silicon injected in the gas
phase is mainly released from the mantle of the grains by
heavy particle sputtering, the contribution from dust core
sputtering being negligible. None of the published C-type
shock models have, however, considered the production of
methanol. We suggest that the large abundance of meth-
anol, one of the most abundant ices on grain surfaces, in the
southwest clump arises from the evaporation of ice mantles
(Tielens & Allamandola 1987, Bachiller et al. 1998; Blake et
al. 1991) produced by the low-velocity shock.

4.3.2. Northeast Clump

We find that the total column density of SiO toward the
peak of the northeast clump is 1 x 10'* ¢m ™2, which is
similar to that of the southwest clump. On the other hand,
the column density of CH;OH in the flow velocity range
from —11.5 to —5.5 km s~ ! is at least 2 orders of magni-
tude lower than that derived toward the southwest clump in
the corresponding flow velocity range (5.5 < vg,,, < 11.5
km s™1!). These results most likely reflect the larger flow
velocities, v, ~ 45 km s~ !, attained toward the northeast
clump. Models of the chemistry in regions behind fast disso-
ciative shocks predict a substantial enhancement in the
abundance of SiO molecules (Neufeld & Dalgarno 1989). In
particular, for a shock with a velocity of 60 km s~ ! propa-
gating in a gas with preshock density of 10* cm ™3 (the
closest values to those of the northeast clump) the predicted
column density of SiO molecules is 4 x 10'? cm ™2, close to
that derived from the observations. On the other hand, at
this high shock velocities volatile species, such as CH;OH,
do not survive sputtering or desorption of grain mantles.
We suggest that in the northeast clump a considerable frac-
tion of the SiO molecules are formed behind a dissociative
shock, with little methanol being produced behind the
shock. The low-velocity SiO gas may arise as the high-
velocity SiO shocked gas is subsequently slowed down by
sweeping up ambient material.
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5. SUMMARY

The highly collimated NGC 2071 bipolar outflow has
been observed, using the SEST telescope, in lines of silicon
monoxide and methanol. The main results and conclusions
presented in this paper are summarized as follows.

SiO emission is detected toward the lobes as well as
toward the central core region and over a wide range in
velocity, from v, gz of —23 to 28 km s~ . The spatial dis-
tribution of the SiO wing emission shows three distinct fea-
tures: a blueshifted clump located toward the northeast, a
redshifted clump located toward the southwest, and a
central structure, with moderate redshifted velocities,
located near the cluster of young stellar objects. The shape
of the SiO profiles from the blueshifted and redshifted
clumps are distinctly different. The SiO lines from the
northeast clump exhibit a peak near the velocity of the
ambient cloud and a gradual decline toward blueshifted
velocities reaching radial flow velocities of up to —32 km
s~ 1. On the other hand, the SiO profiles from the southwest
clump show a peak emission at a velocity that is redshifted
by ~8.5 km s™! from the ambient gas velocity and a
gradual decline in brightness toward the ambient cloud
velocity.

The redshifted SiO clump has a deconvolved size
(FWHM) of ~47", its peak position is offset from the
central sources by ~130” toward the southwest, and lies
nearly at the outer edge of the swept-up redshifted CO lobe.
We propose that the SiO emission from the southwest
clump arises from swept-up ambient molecular gas that has
been accelerated abruptly by the working surface driven by
a high-velocity collimated jet. The entrainment of ambient
gas into the jet flow takes place mainly at the working
surface of the jet (prompt entrainment) producing the
observed molecular SiO outflow with a radial outflow
velocity of ~8.5 km s~ 1. Adopting a jet velocity of 200 km
s~! we imply the presence of a light jet, with p;/p, = 4
x 1073, Further, assuming an ambient density of 1 x 10°
cm~* we derive that the jet density is p; ~ 4 x 10> cm ~°.

The blueshifted SiO clump has a deconvolved size
(FWHM) of ~47", a peak position located ~ 77" northeast
from the central energy sources, and lies roughly halfway
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along the blueshifted swept-up CO lobe. 1t is spatially coin-
cident with a broad blueshifted velocity feature detected in
SO by Chernin & Masson (1993), both of which exhibit
terminal radial flow velocities of ~ —32km s~ 1. We suggest
that toward the northeast the collimated jet is interacting
with a less dense medium than that toward the southwest,
resulting in a high-velocity bow shock, which may be disso-
ciative at its apex. SiO emission arises from material in the
wake of the working surface, where the shocked material is
decelerating rapidly.

We find that the abundance of silicon monoxide is
enhanced, with respect to that of quiescent ambient gas in
dark globules, by a factor of at least 500 in the southwest
clump and 170 in the northeast clump. The abundance of
methanol is considerably more enhanced toward the
southwest clump (peak enhancement of ~ 500) than toward
the northwest clump (peak enhancement of ~70). We
suggest that the large enhancements of methanol and silicon
monoxide in the outflow clumps are most likely due to the
release from grains of ice mantles and Si-bearing species via
shocks produced by the interaction between the outflow
and dense ambient gas. The derived column densities of SiO
(and hence enhancements) can be well explained by C-type
shock models with moderate velocities (v, ~ 13 km s~ 1) for
the southwest clump and by a faster bow shock (v, ~ 45 km
s~ 1) for the northeast clump. The high abundance of meth-
anol in the southwest clump is attributed to efficient sput-
tering or desorption from grain mantles of volatile species
by the associated low velocity shock. The evaporated mol-
ecules subsequently drive a rapid gas phase chemistry
leading to complex organic molecules. On the other hand,
at the high shock velocity attained at the northeast clump
volatile species, such as CH;OH, do not survive and hence
the low abundance of methanol toward this clump.
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