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ABSTRACT

We report observations of the J =3 —2 and J =2 — 1 transitions of SiO and CS, the J, = 3, -2,
and J, = 2, — 1, transitions of CH;OH, and the J =1 — 0 transition of HCO™, made with Swedish-
ESO Submillimetre Telescope (SEST), toward the highly collimated bipolar outflow BHR 71. Broad
wing emission was detected toward the outflow lobes in all the observed molecular lines. The shapes of
the profiles are strikingly different from molecule to molecule. For CS and HCO™* the emission from the
outflowing gas appears as a weak broad feature superposed upon a strong narrow emission from the
quiescent ambient gas. For CH;OH the intensity of the broad emission feature is considerably stronger
than that of the narrow component, whereas for SiO the broad feature completely dominates the emis-
sion spectra. The spatial distribution of the integrated wing emission is considerably extended and
broadly similar in all the observed molecular transitions, showing well-separated blueshifted and red-
shifted lobes with FWHM angular sizes of 2/4 x 1.3 and 24 x 1’4, respectively. We find that the abun-
dance of methanol and silicon monoxide in the outflow lobes is enhanced with respect to that of the
ambient cloud by factors of up to ~40 and 350, respectively. The large enhancements of methanol and
silicon monoxide in the outflow lobes 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.
On the other hand, we find that the abundance of HCO™* in the outflowing gas is smaller than that in
the ambient gas by about a factor of 20, a decrease consistent with theoretical predictions of shock

models.

Subject headings: ISM: abundances — ISM: individual (BHR 71) — ISM: jets and outflows —

ISM: molecules

1. INTRODUCTION

BHR 71 (Bourke, Hyland, & Robinson 1995a; Bourke et
al. 1995b) or Sandqvist 136 (Sandqvist 1977) is a well-
isolated Bok globule, located at a distance of ~200 pc from
the Sun, which harbors a highly collimated bipolar outflow
near its center (Bourke et al. 1997; hereafter Paper I; see
Fig. 1). The CO outflow is found to be well described as a
biconical flow, with a semiopening angle of 15° and inclined
from the line of sight by an angle of ~84°, in which the gas
moves outward with a constant radial velocity (with respect
to the cone apex) of ~28 km s~ 1. The outflow appears to be
driven by a very young stellar object, with a total lumi-
nosity of ~9 Ly, possibly still undergoing accretion of
matter. Its characteristics at infrared and millimeter wave-
lengths are similar to those of the class 0 objects (André
1995).

The class of highly collimated outflows is thought to be
driven by jets that accelerate the ambient gas through the
propagation of shocks (e.g., Raga & Cabrit 1993). The inter-
action of high-velocity jets from young stars with the sur-
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rounding ambient gas generates strong shock waves that
are expected to produce a significant transformation of the
physical properties of the molecular surroundings, as well
as of its chemical composition (see review by Bachiller
1996). Although there has been a substantial amount of
work on the physical characteristics of outflows, very little
is known about their chemical composition. Very few multi-
line mapping studies of molecular outflows have been per-
formed so far (Blake et al. 1995; Bachiller & Pérez Gutiérrez
1997). Basic questions such as (1) How is the chemistry of
the swept-up ambient molecular material affected by the
winds from young stellar objects? and (2) Do molecular
abundances serve as sensitive probes of the evolutionary
stage of bipolar outflows? (e.g., van Dishoeck & Blake 1995)
have not yet been answered. The lobes of the BHR 71
outflow extend by ~4' in the plane of the sky, which makes
it an ideal source for a detailed study, using single-dish
instruments, of the physical and chemical characteristics
across highly collimated, low-velocity shocks. In this article
we report on extensive molecular observations, made with
the Swedish-ESO Submillimetre Telescope (SEST), of the
BHR 71 outflow in rotational transitions of silicon mon-
oxide (SiO), methanol (CH;OH), carbon monosulfide (CS),
and the formyl ion (HCO™).
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Fi1G. 1.—Contour map of velocity-integrated CO J = 1 — 0 line wing emission from the BHR 71 bipolar outflow, superposed on a ¥-band image of the
globule taken from the Digitized Sky Survey. Solid contours correspond to the emission integrated in the velocity range from — 14 to —6 km s~ ! (blueshifted
wing) and short-dashed contours to the integrated emission in the velocity range from —3 to 7 km s~ ! (redshifted wing). Contours are 20%, 35%, 50%, 65%,
80%, and 95% of the peak | T% dv of 25.8 K km s~ * in the blue lobe and 31.7 K km s~ in the red lobe. Long-dashed contours represent *CO J =1 -0
emission integrated between —6 and —3 km s~ . Contours for *3CO are 20%, 35%, 50%, 65%, 80%, and 95% of the peak of | T,,,, dv of 2.8 K km s~ *. The
star marks the position of the millimeter-IRAS source 11590 — 6452 (Paper I). The 12CO data are from SEST and the *3CO data from the CTIO radio

telescope (Paper I).

2. OBSERVATIONS

The observations were carried out using the 15 m SEST
located on La Silla, Chile, during 1995 September and
October. The molecules, transitions, and frequencies
observed and the instrumental parameters are summarized
in Table 1. The antenna half-power beamwidth and main
beam efficiency of the telescope at the different observed
frequencies are given in columns (4) and (5) of Table 1,
respectively. We used SiS receivers to simultaneously
observe the 2 and 3 mm lines of silicon monoxide, meth-
anol, and carbon monosulfide. Single-sideband receiver
temperatures were typically 120 K for both receivers. As
back end we used high-resolution acousto-optical spectro-
meters providing a channel separation of 43 kHz and a total
bandwidth of 43 MHz. The resulting spectral resolutions
are given in column (6) of Table 1. Within the available
bandwidth, three rotational lines of CH;OH could be
observed at 2mm (J, = 3, > 2, A", J,=3_,—>2_, E,and
J. =30—2, E lines) and four rotational lines at 3 mm

Jy=2,-1, E J,=2,-1, E, J,=2,—>1, A", and
J,=2_, > 1_, Elines).

During the 1995 September observing session we mapped
the molecular emission within a region of ~5 x 10’, with 1’
spacings, in each of the above transitions. The observations
were performed in the position switched mode, with the
OFF position located at o;qs50 = 117534437, 5,950 =
—65°13'58". The integration times on source were typically
3 minutes per position. The resulting rms noise in antenna
temperature is given in column (7) of Table 1. During the
1995 October observing run we undertook deeper obser-
vations toward the southeast 1 and northwest CO peaks in
the outflow lobes (Paper I) and toward the center of the
globule. The goal was to obtain sensitive data in order to
perform rotational diagram analysis. The observed posi-
tions are at offsets from the IRAS source position (¢;959 =
11759™0351, 6,450 = —64°52'11") of (40", —100”; SE1
peak), (—40”, 140”; NW peak), and (0", 0”). We made five-
point cross maps about each of these three positions, with
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TABLE 1
OBSERVATIONAL PARAMETERS

Frequency Beam Size Av Noise*
Molecule Transition (MHz) (FWHM arcsec) n (kms™1) (K)
) @ &) @ ) © Q)
CH,O0H ...... Jo=2,—>1, A" 96,741.42 52 0.73 0.133 0.06
Jo=3,-22, A" 145,103.23 34 0.66 0.089 0.10
SiO..covenenene J=2-1 86,846.998 57 0.75 0.149 0.03
J=3-2 130,268.702 40 0.68 0.099 0.04
CS.viiinenns J=2-1 97,980.968 52 0.73 0.132 0.04
J=3-2 146,969.049 34 0.66 0.088 0.06
J=5-4 244,935.606 22 0.45 0.053 0.09
HCO™* ........ J=1-0 89,188.518 56 0.75 0.145 0.08
H3CO*...... J=1-0 86,754.294 57 0.75 0.149 0.03

2 1 ¢ rms noise in antenna temperature.

15" spacings, in the J =3 -2 and J =2 — 1 lines of SiO
and CS, and the J, =3,-2, and J, =2, > 1, lines of
CH;OH. The integration time per position ranged between
4 and 8 minutes. The observations were performed in dual
beam-switching mode, with a beam separation of 11'47” in
azimuth.

In addition, we supplement the above with observations
of the H!3CO* J =1-0 and CS J = 5— 4 lines at the
IRAS position that were undertaken in 1994 April. Details
are given in Table 1.

3. RESULTS

The spectra of the emission in the seven observed molecu-
lar transitions, across the 5’ x 10’ region mapped with
SEST with 1’ spacing, are shown in Figure 2. Also shown
for comparison are the spectra of the }2CO J = 1 — 0 emis-
sion, taken from Paper I. Offsets are from the reference
position at o450 = 11°59™01518, 6,450 = —64°52'00",
which itself is offset by (Aa, Ad) = (7", 1”) from the position
of the millimeter source as given in Paper I (note that the
reference position quoted in Table 5 of Paper I is incorrect;
the correct position is the one listed above). Two emission
components, originating from physically and chemically
different environments, can be distinguished from this
figure. A narrow line emission component, at a velocity of
—4.45km s~ !, arising from the quiescent gas of the BHR 71
globule, and a broad line emission component that arises
from the bipolar outflowing gas (cf. Paper I). The line wing
emission was detected in all the observed molecular tran-
sitions. The shapes of the profiles are, however, different
from molecule to molecule depending on the relative inten-
sities between the narrow and broad components. Particu-
larly striking are the cases of methanol and silicon
monoxide molecules, for which the emission from the broad
component is much stronger than that from the narrow
component. The broad emission is detected at redshifted
velocities with respect to the systemic ambient cloud veloc-
ity toward the northwest region of the map (the red lobe)
and at blueshifted velocities toward the southeast region
(the blue lobe).

To illustrate in more detail the differences between the
line profiles, we show in Figure 3 the spectra of the line
emission averaged across the blue lobe, red lobe, and
central core region. Emission in the lines of SiO is detected
only from the lobes, no (or very weak) emission is detected
at the core of the globule at the level of 0.06 K. The CH;OH
profiles show broad, strong emission toward the lobes and
narrow, weak emission at the velocity of the ambient cloud

toward the core. The vertical bars shown in the spectra of
methanol indicate the expected positions of the three rota-
tional transitions within the displayed velocity range for a
rest velocity of —4.45 km s~ . On the other hand, the CS
and HCO™* profiles show a mixture of strong emission from
the quiescent ambient cloud and relatively weaker wing
emission at the position of the lobes. Figure 3 also shows
that the average emission from the red lobe is brighter than
that from the blue lobe, by roughly a factor of 2, and that
toward the red lobe the wing emission in the SiO lines is
considerably broader than in the CH;OH lines. As dis-
cussed in Paper I the blue lobe appears to be breaking
through the near side of the globule, resulting in a well-
defined cavity being visible at optical wavelengths (Fig. 13
of Paper I). It is therefore likely that the amount of ambient
material interacting with the outflow in the blue lobe is
significantly less than in the red lobe, resulting in weaker
emission being observed toward the blue lobe.

Maps of the velocity-integrated emission in the ranges of
the blue wing (—9.1 to —5.5 km s~ !; continuous line) and
red wing (—3.1 to 0.5 km s~ !; dashed line) are shown in
Figure 4. The star marks the position of the millimeter con-
tinuum source. Also shown, for comparison, is a map of the
12CO J =1 - 0 emission in the same velocity range. The
spatial distribution of the integrated wing emission is
broadly similar in all the observed molecular transitions,
showing well-separated blueshifted and redshifted lobes
aligned in a direction with a position angle of ~168°. From
the maps of the SiO, CH;OH, and CS emission we measure
FWHM angular sizes of 2’4 x 1’3 for the red lobe and 2'4
x 14 for the blue lobe. The peaks of the molecular emission
are offset by ~2' (~0.1 pc) from the central millimeter-
source. Although the integrated wing emission morphology
is notably similar in the 2 and 3 mm transitions of a given
molecule, there are some differences in the spatial distribu-
tion of different molecular species. Compared to methanol
and CS, the SiO lobes appear to extend further away from
the driving source, exhibiting spatial extensions similar to
those of the CO lobes. Whereas some of the differences in
the position of the peak emission seen in Figure 4 can be
ascribed to our spatial undersampling, this circumstance
cannot explain the differences in spatial extent that appear
to be intrinsic to the data. With the present observations is
not possible to discern whether the emission from the lobes
arises from either a uniform distribution of high-velocity
gas or from small cloudlets. The low values of the observed
main beam brightness temperature suggest, however, that
clumpiness is important.
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Fi1G. 2—Observed spectra of several molecules across the central 5 x 10’ of the BHR 71 globule. The grid spacing is 1. The asterisk marks the position of
the millimeter-IRAS source 11590 — 6452 (Paper ). In each box the velocity scale ranges from — 19 to 19 km s~ *. The antenna temperature scale is from —0.2
to 0.6 K for SiO, —0.3 to 2.2 K for CH;0H, —0.2 to 1.0 K for CS, —0.3 to 3.0 K for HCO*, and —1.0 to 10.0 K for CO. The coordinates of the central
position (asterisk) are o, o5, = 11"59™01518, 5,45, = —64°52'00”. North is at the top; east is to the left.
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F1G. 3.—Spectra of the spatially integrated line emission from the blue (left column) and red (right column) lobes of the BHR 71 outflow and from the
“core” region (centered on IRAS 11590 —6452; middle column). The observed transitions are labeled in the upper right corner of the spectra shown in the
middle column. The vertical dashed line indicates the systemic velocity of the globule of —4.45 km s~ *. The vertical ticks on the CH;OH spectra indicate
the different CH,OH transitions observed.

The spectra of the emission in the lines of methanol, position, barely evident in the shorter integrations shown in
silicon monoxide, and carbon monosulfide toward the SE1, Figure 3, is clearly seen. The shape of the methanol lines
NW and core positions obtained from the pointed, higher toward the SE1 and NW peaks are distinctly different.
signal-to-noise (S/N) observations are shown in Figure 5. In Although the profile of the emission in each individual line

these deep integrations weak SiO emission from the core of methanol from the SE1 peak can be well fitted by a single
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FiG. 4—Contour maps of velocity-integrated line wing emission from the BHR 71 bipolar outflow. Continuous contours correspond to the emission
integrated in the velocity range from —9.1 to —5.5 km s~ ! (blueshifted wing) and dashed contours to the integrated emission in the velocity range from —3.1

to 0.5 km s~ ! (redshifted wing). Contours are 35%, 45%, 55%, 65%, 75%, 85%, and 95% of the peak j T* dv in each lobe. The peaks are 0.37 K km s ! for the
blue lobe and 0.88 K km s~ * for the red lobe of the SiO J = 2 — 1 map, 0.32 (blue) and 1.01 (red) K km s~ ! for the SiO J = 3 — 2 map, 1.22 and 2.83 K km
s~ ! for the CH;OH J, = 2, - 1, map, 1.78 and 2.81 K km s~ ! for the CH,OH J, = 3, > 2, map, 1.19 and 1.85 K km s~ * for the CS J = 2 — 1 map, 0.85
and 1.47 K km s~ ! for the CSJ = 3 —» 2 map, 15.71 and 17.08 K km s~ ! for the CO J = 1 — 0 map, and 1.48 and 2.14 K km s ! for the HCO* map. The star
indicates the position of the millimeter-IRAS source 11590 —6452. The beam FWHM for each transition is indicated in the upper left of each map by the

shaded circle. Offsets are relative to o, g5, = 11°59™01518, 6,45, = —64°52'00".

Gaussian component, those toward the NW peak are
clearly non-Gaussian; their shapes are better reproduced by
a blend of emission from a narrow component and a
broader redshifted component. In Table 2 we summarize
the results of Gaussian profiles fit to the emission from the
SE1 peak (one Gaussian component per line), NW peak
(two Gaussian components per line), and core position (one
Gaussian component per line). The center velocities V.
given in this table are velocities relative to the ambient
cloud velocity (V,,, = V — V,, where V, = —4.45 km s~ ).
The six methanol lines observed toward the SE1 peak have
an average relative center velocity of —1.3 km s™! and an
average width of 3.7 km s~ !. On the other hand, the two
Gaussian components fitting the methanol emission from
the NW peak have average relative center velocities of 0.3
and 3.0 km s~ ! and average widths of 2.0 and 3.8 km s},
respectively. Hereafter we will refer to these components as
the low (LV) and intermediate (IV) redshifted flow velocity
components. Even though the L'V emission from the NW
peak has a center velocity similar to the systemic cloud
velocity (V,.; = 0.3 km s~ 1), it is unlikely that it arises from

the cold, quiescent ambient gas (see § 5.1). The lines of meth-
anol emission from the core region have an average relative
center velocity of 0.1 km s~ ' and an average width of 1.8
km s~! and presumably trace high-density ambient gas at
the center of the BHR 71 globule. Toward the core position
we also detect relatively strong emission at V,,; ~ 28.1 km
s~1, corresponding to emission from the J, = 3,, —2,,
rotational line of C;H, (Vrtilek, Gottlieb, & Thaddeus
1987). Emission from this transition is not detected toward
the lobes of the outflow, suggesting that this line might be a
good probe for studies of the kinematics and physical con-
ditions of the molecular gas surrounding the central energy
source.

The peak intensity, relative center velocity, width, and
integrated intensity of the SiO emission from the NW peak,
SE1 peak, and core region, obtained from Gaussian fits to
the profiles shown in Figure 5, are given in Table 3. As
noted before, owing to the higher sensitivity, SiO emission
is detected toward the core position. The line center velocity
is, however, displaced by ~1.5 km s~ ! from the ambient
cloud velocity, suggesting that the SiO emission seen
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Fi1G. 5—Spectra of the line emission observed toward the SE1 peak (offset 20", —80” from the millimeter-IRAS source) of the blue lobe (left column),
toward the millimeter source (the “core” position, middle column), and toward the NW peak (offset —40”, 140”) of the red lobe (right column), as defined in
Paper L. Transitions are labeled in the upper right corner of the spectra shown in the middle column. The velocity scale is from —29 to 29 km s~ !. The
vertical dashed line indicates the systemic velocity of the globule of —4.45 km s~ !. The vertical ticks on the CH;OH spectra indicate the different
CH,OH transitions observed, and the star in the CH;OH J, = 3, — 2, panel indicates the J, = 3,, — 2,, transition of C;H,.

toward the core does not arise solely from the quiescent
ambient gas. The SiO line profiles observed toward the NW
red peak exhibit, in addition to strong emission in the LV
and IV ranges, weaker, more redshifted, emission up to
radial velocities of ~25 km s~ ! from the ambient cloud
radial velocity. We will refer to this feature as the high-
velocity (HV) component. From the inclination angle i and
the semiopening angle 6 of a biconical outflow, it is possible
to derive the actual flow velocity from the maximum
observed radial velocity (Cabrit & Bertout 1990). Using
i = 84° and 0 = 15° (Paper I), we find that the HV gas has a
flow velocity of ~70 km s~ '. However, the semiopening

angle was determined using the observed LV and IV emis-
sion. It is generally found that the gas moving at the highest
velocities is more collimated than the slower moving gas in
molecular outflows (e.g., Bachiller et al. 1990; Paper I), and
so the value of 70 km s~ ! for the HV component is most
likely only a lower limit to the true velocity. Emission from
the HV component is neither evident in the other molecular
species observed here, nor toward the SE1 peak of the blue
lobe, although it is seen in deep CO observations toward
the northeast peak (T. L. Bourke 1998, private
communication). As shown in Table 3, three Gaussian com-
ponents were required to fit the SiO profiles observed at the
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TABLE 2
CH;OH LINE PARAMETERS
ol Av T* [ T* dv
Transition (kms™!Y) (kms Y (K) (Kkms™')  Comments®
Red Lobe: NW Peak
Jo=2,->1,E ......... 0.2 19 0.30 0.60 LV
32 35 0.14 0.51 v
Jo=2,->1,A% ....... 04 2.1 1.96 441 LV
31 32 0.87 295 v
Jo=2_,-1_E...... 0.3 1.9 1.28 2.59 LV
25 4.8 0.71 3.64 v
Ji=3,-22, A" ....... 0.3 2.0 1.73 3.77 LV
2.8 44 0.96 446 v
J,=3_,-2_,E...... 0.3 2.1 1.59 3.57 LV
3.0 4.0 0.81 3.44 v
Je=3,->2,E......... 0.2 22 045 1.03 LV
32 29 0.15 0.47 v
Blue Lobe: SE1 Peak
Jo=2,—>1,E ......... —14 34 0.12 0.43 LV and IV
Jo=2,->1,A% ....... —-12 41 0.68 2.96 LV and IV
J,=2_,-1_,E...... —1.2 3.7 0.53 2.08 LV and IV
Jo=3,22, A% ....... —14 37 0.83 3.26 LV and IV
J,=3_,-2_,E...... —13 3.6 0.71 2.69 LV and IV
Je=3,->2,E......... —-1.7 35 0.17 0.62 LV and IV
Core: Millimeter-Source
Je=2o->1,E ......... —-02 1.0 0.078 0.084
Jo=2,->1,A% ... 0.2 1.8 0.53 1.03
Jy=2_,-1_,E...... 0.2 1.9 0.37 0.76
Jo=3,-22,A% ... 0.2 1.8 0.53 0.99
Jo=3_,-2_,E...... 0.2 20 0.44 0.97
Jo=3,>2,E......... —-02 21 0.083 0.19

2 Velocity relative to the ambient cloud velocity of —4.45km s

-1

b LV indicates low-velocity component, IV indicates intermediate velocity component (see

text).

NW peak position of the red lobe. Even though the solu-
tions are formally correct and give similar line center veloci-

ties and line widths for both SiO transitions, the assumption
of Gaussian profiles for the wing emission is arguable, and
therefore these results should be taken only as illustrative.

4. ANALYSIS

In order to derive the rotational temperature
total column density N, of methanol, we used a rotational

TABLE 3
SiO LINE PARAMETERS
V.. Av T* [ T* dav
Transition (kms ') (kms Y (K) (Kkms™!)  Comments®
Red Lobe: NW Peak
J=2->1...... 04 2.0 0.23 0.48 LV
3.8 6.6 0.30 2.08 v
16.6 23.8 0.061 1.54 HV
J=3-52...... 0.3 2.1 0.20 0.46 LV
3.8 5.6 0.24 1.44 v
151 20.5 0.051 1.11 HV
Blue Lobe: SE1 Peak
J=2->1...... —1.6 59 0.14 0.87 LV and IV
J=3-2...... —-1.0 5.0 0.071 0.37 LV and IV
Core: Millimeter-Source
J=2->1...... 1.3 3.5 0.13 0.48
J=3-52...... 1.6 4.1 0.10 0.45

# Velocity relative to the ambient cloud velocity of —4.45km s

-1

b LV indicates low-velocity component, IV indicates intermediate velocity com-

ponent, HV indicates high-vel

ocity component (see text).
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4.1. Column Densities and Rotational Temperatures

T, and the

rot
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diagram analysis (see, e.g., Linke, Frerking, & Thaddeus
1978; Blake et al. 1987), with the assumptions of optically
thin conditions and local thermodynamic equilibrium
(LTE), which relates the integrated line intensity, rotational
temperature, and column density via

3k | Tywdv N, Np < E, >

o32c T = exp | — ,

871: ﬂ VS gu Q(’I;ot) kT;ot

where yu, v, and S are the transition dipole moment, fre-
quency, and line strength of the transition, respectively,
j T, dv is the velocity-integrated main beam brightness
obtained directly from the observations, E, is the upper
state energy, and Q(T,,,) is the rotational partition function.
In Table 4 we summarize the rotational temperatures and
column densities of CH;OH derived toward selected posi-
tions of the red and blue lobes of the outflow. For the blue
lobe we integrated the emission in the LSR velocity range
from —9.3 to —5.3 km s~ !, whereas for the red lobe we
integrated the emission in the LSR velocity range from
—3.7 to 0.3 km s~ . These ranges have been chosen such
that there is neither overlap between the emission in the
different components of the methanol lines nor a possible
contribution from the ambient cloud gas. They mainly span
the intermediate velocity range of the outflowing gas. As a
mode of illustration, we show in Figure 6 the rotational
diagrams corresponding to the CH;OH emission from the
SE1 and NW peaks of the blue and red lobes. Toward these
positions we detected emission in seven rotational lines of
CH;OH. The rotational temperature and N;/Q ratio of
methanol derived from a linear least squares fit to these
data are shown in the lower left corner. The rotational tem-
peratures of the outflowing gas at the different positions are
broadly similar, with an average value of 7 K and a disper-
sion of 1 K. A similar analysis was performed for the CS and
SiO molecules for which we detected emission in two rota-
tional lines. The results are summarized in Table 4. We find
that there is no significant difference among the rotational
temperatures derived using different molecular species.

The rotational diagram analysis cannot be applied to the
outflow CO emission because the lines are optically thick
(Paper I). However, the excitation temperature of CO can
be estimated from the observed main beam brightness tem-
perature when the line emission is optically thick and the
filling factor of the emission is unity. At the NW peak posi-
tion of the red lobe we find an average main beam '2CO
J =2 — 1 brightness temperature, in the range of velocities
between —3 and —2 km s, of 17 K. At the SE1 and SE2
peak positions of the blue lobe we measure average main
beam '2CO J = 2 — 1 brightness temperatures, in the range

ey
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Fi1G. 6.—Rotational diagrams for the methanol transitions observed
toward the red and blue lobes of BHR 71. The lines correspond to least
squares linear fits to the observed data. The derived values of the rotational
temperature and total column density are given in the lower left corner.

of velocities between —7 and —6 km s~ 1, of ~13 K. We
will adopt these values as the excitation temperatures of the
outflowing CO gas in the red and blue lobes of BHR 71,
respectively. We used the '2CO J =2 —1 data because
they were collected using a smaller beam than the 2CO
J =1 - 0 data, thus minimizing a possible correction for a
filling factor different from 1, and because the optical depth
of the emission in the 12CO J = 2 — 1 line is larger than
that in the 2CO J = 1 — 0 line.

4.2. Densities

To determine the density in the outflow we used the CS
J=2-1 and J =3 -2 observations and a spherically

TABLE 4

DERIVED PARAMETERS OF OUTFLOWING GAS

CH,O0H SiO CS CO
HCO*

OFFSET Ty N./Q Ny Ty N1/Q Ny Ty N;/Q Ny N Ty Ny
Position*  Loee (K)  (cm™?) (em™?)  (K) (cm™? (em™2)  (K) (cm™? (cm™2) (cm™?3) (K) (cm7?
1,-3) ...... Blue 6 87x10'2 20x10** 9 9.8 x10'° 6.6 x 10! 6 99 x10'' 59 x10'2 87x10'' 13 92 x 10!
(1,=2) ...... Blue 9 61x10'2 14x10* 9 81 x 10 54 x 10 8 84 x10'' 50x10'2 97x10'' 13 25 x 10V

SEl ......... Blue 7 1.0 x 10*3 23 x10** 6 2.6 x 10'! 1.8 x10'2 10 12 x 102 69 x 102
©,2)........ Red 6 22x10'* 50x10* 8 29 x 10 2.0 x 10'2 7 19x10'2 1.1 x10'* 19x10'2 17 3.5 x 10V
(—-1,2)...... Red 6 1.6 x 10'* 3.6 x10'* 6 24 x 10" 16 x 10'2 6 1.8x102 1.1 x10!® 83x10'* 17 1.8 x 10V
NW......... Red 6 32x101% 72x10* 7 46x 10" 3.1 x 102 7 22x10'2 1.3 x 103

2 Offsets in arcminutes are relative to R.A.(1950) = 11259™20%0, decl.(1950) = —64°51'00".
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symmetric large velocity gradient (LVG) statistical equi-
librium code (see, e.g., Snell et al. 1984; Mundy et al. 1986),
which includes radiation trapping due to optical depth
effects. Inputs of the code are the column density, deter-
mined in our case from the rotational diagram analysis, and
the kinetic temperature of the gas. Since a direct estimate of
the last is not available, we ran the model for kinetic tem-
peratures of 15, 25, 50, and 100 K. The LVG analysis shows
that the J =3 — 2 to J = 2 — 1 intensity ratio is relatively
insensitive to the kinetic temperature in this range, and that
the gas density that produces the best fit to the obser-
vations, assuming the outflow CS emission is optically thin,
isn(H,) ~ 105 cm ™3,

A determination of the density of the ambient gas using
the same procedure as above is probably not reliable, owing
to the possibility that the CS line may be optically thick. To
avoid this problem we made use of the observation of the
J =5 — 4 line at the (0, 0) position, for which we have a 3 ¢
detection. By using three CS transitions optical depth effects
are accounted for by the LVG analysis. We assume that the
ambient gas temperature of the BHR 71 globule is ~10-15
K, as derived by Bourke et al. (1995b) from observations of
ammonia lines. The intensities and line widths of the three
CS transitions are solved for simultaneously to give the
column density and density, obtaining N(CS) ~ 2 x 10*3
cm~2 and n(H,) ~ 3 x 10° cm~3 for temperatures in the
adopted range. For comparison, Bourke et al. (1995b) esti-
mate n(H,) ~ 3 x 10* cm ™3 from ammonia observations
with a much larger beam. Observations of C3*S are
required to more accurately determine the density of the
ambient gas.

4.3. Temperatures

As discussed in § 4.1, we find that the rotational tem-
perature of the methanol emission from the outflowing gas
in BHR 71 is typically ~7 K. Whether this temperature
provides an estimate of the kinetic temperature of the out-
flowing gas is arguable due to the possibility that the meth-
anol populations may be subthermally excited (Bachiller et
al. 1995; Avery & Chiao 1996). For the L1157 outflow
Bachiller et al. (1995) found that the rotational temperature
of methanol is ~12 K, whereas Tafalla & Bachiller (1995)
determined, from ammonia observations, that the kinetic
temperature of the outflowing gas is ~100 K, indicating
that the methanol populations in the outflowing gas of
L1157 are extremely subthermal. To assess whether a
similar situation exists in the BHR 71 outflow we undertook
a methanol excitation analysis using the same statistical
equilibrium LVG code as Bachiller et al. (1995). We include
levels up to J = 12 and K = 3, with the maximum number
of levels set to 100. For the calculations we assume N/
Av =1 x 10'* cm~2 (km s~')~! in the outflow, which is
consistent with our data, and ran the model for a density of
10° cm ™3 and kinetic temperatures of 12, 50, and 100 K.
Our aim here is not to determine precisely the kinetic tem-
perature, which is not feasible considering the limited
number of data points and the complexities of the methanol
molecule, but to estimate the range of kinetic temperatures
that is consistent with our data. In particular, when the
methanol is subthermally excited model rotational dia-
grams including a large number of transitions show that
excitation temperatures of transitions along k-ladders are
larger than for transitions between k-ladders (Bachiller et al.
1995), with the result that the derived T, is very dependent
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on the transitions included in the analysis. From the
analysis we find that our methanol observations are consis-
tent with Ty ~ 50-100 K in the outflow, suggesting that the
methanol is highly subthermally excited.

4.4. Molecular Abundances

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 BHR 71
outflow is not known and is difficult to estimate. Therefore,
in the following discussion we will consider fractional abun-
dances relative to the CO abundance that can be directly
derived from our observations. We note that the
[CO]/[H,] abundance ratio seems to be rather insensitive
to differences in physical conditions and chemistry in differ-
ent molecular environments, having values in the range
from 7 x 1075 to 1 x 10™%, a variation of only ~40% (van
Dishoeck et al. 1993). This variation could be explained by
observations that indicate that up to 40% of the CO in
dense clouds may be depleted onto grains (e.g., Whittet et al.
1989; Chiar et al. 1995). Some of this CO may be liberated
in outflows by shocks, and so any comparison with CO that
assumes a constant CO abundance may overestimate the
relative abundance of other molecules. However, shock
models predict that the abundance of CO remains relatively
constant through the shock, whether J- or C-type (Iglesias
& Silk 1978; Bergin, Melnick, & Neufeld 1998), and so this
may not be a problem, although these models do not
appear to consider the possibility of direct desorption of
CO from grains.

The abundances of molecular species X relative to CO,
[X]/[CO], in the outflowing gas of the BHR 71 lobes are
given in Table 5. They were computed as the ratio of the
molecular column density of species X, obtained from the
rotational analysis (see Table 4), and the column density of
CO molecules in the corresponding velocity range. The
latter was computed from the ratio of the observed emission
in the 12CO and !3CO lines assuming a }2CO/!*3CO ratio
of 89 and an excitation temperature of 13 K for the blue
lobe and 17 K for the red lobe (see Paper I for a description
of the method). Since for the BHR 71 cloud the ambient gas
and shocked gas are well distinguished, both spatially and
kinematically, the derived abundances of the outflowing gas
are not affected by the emission of the quiescent gas. We
find that the [CH;OH]/[CO] and [SiO]/[CO] abundances
toward the lobes are typically ~1 x 103 and ~6 x 1075,
respectively. The column densities of HCO™* in the outflow
were estimated from the observed emission in the J =1 -0
line, assuming it is optically thin, and using the same excita-
tion temperatures as for CO.

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. Since molecular observations of the BHR 71
globule away from the outflow system are not available, we
will adopt as ambient gas abundances, where appropriate,
those determined from our observations at the core posi-
tion. The derived relative abundance of molecules in the
ambient gas are presented in Table 5. The CO column
density was determined, as described above, using the
observations of the CO (J = 1—0) and '*CO (J =1-0)
line emission assuming an excitation temperature of 11 K
(Paper I). This method was also used to derive the HCO*
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TABLE 5
MOLECULAR ABUNDANCES RELATIVE TO CO

779

Feature Offset Position* [CH,OH/CO] [SiO/CO] [CS/CO] [HCO*/CO]

BHR 71 Outflow

Blue lobe...... 1,-3) 2x1073 7% 107° 6x10°° 9x 10

Blue lobe...... 1,-2) 6 x 1074 2x10°¢ 2x1073 4 x 10

Red lobe ...... ©,2) 1x1073 6 x10°¢ 3x10°° 5x10”

Red lobe ...... (=12 2x1073 9x107° 6x10°° 5x10°°¢
BHR 71 Ambient

Core ........... ©, 0) 5x1073 8 x10°¢ 9x10°°

Dark Clouds
TMC-1 ........ 3x10°° <3x1078 1x107% 8 x 1073
L134N ........ 4 x 1073 <5x 1078 9x107° 1x 1074
2 Offsets are in arcminutes relative to o, 950 = 1125901518, 5,45, = —64°52/00".

column density from observations of the HCO* (J = 1 — 0)
and H*3CO" (J = 1 - 0) line emission. We find that the
emission in the J = 1 — 0 line of both CO and HCO™ is
optically thick. For CS and CH;OH we used the rotational
diagram method described in § 4.1, with the caveat that the
CS J = 2 — 1 lines may be optically thick, in which case the
CS column density would be underestimated. However, the
result is in good agreement with the value obtained from the
LVG analysis of § 4.2. As a check we computed the relative
abundance of CS at the (2', —2') offset position, which is
away from the influence of the outflow and embedded
source, and for which we have the '3CO observations
needed to determine the CO column densities. We find that
the relative abundance of CS in this position is the same,
within the errors, as the one derived toward the core. Also
to assess a possible contribution to the CH;OH core emis-
sion from the outflow, and/or a circumstellar disk, we com-
puted the CO and CH;OH column densities at the (1, 0')
offset position, obtaining the same CH;OH relative abun-
dance. Since it may be argued that the emission observed
toward the core position may not serve as a good probe of
the chemical state of the ambient medium, we also show in
Table 5 the relative abundances derived toward two starless
low-mass dark clouds, the TMC-1 ridge and L134N (see
van Dishoeck et al. 1993, and references therein). The abun-
dances derived toward the core of BHR 71 are almost iden-
tical to those measured for L134N. Finally, we note that the
BHR 71 ambient gas SiO abundance cannot be estimated
from the observations at the core position since in this case
the emission most likely originates from gas associated with
the outflow process. In fact, SiO emission from quiescent
gas is usually not detected. In particular, for TMC-1 and
L134N only upper limits exist in the abundance of SiO. In
the following discussion we adopt as fiducial value of the
[SiO/CQO] abundance ratio in the quiescent ambient gas a
value of 4 x 108, corresponding to the geometrical mean

TABLE 6

ABUNDANCE ENHANCEMENT

BLUE LoBE ReD LoOBE

MOLECULE 1, =3) 1, =2 0, 2) (-1,2

CH,O0H...... 40 10 30 40
SiO........... 290 90 220 350
CS...oini. 8 3 4 8
HCO* ....... 0.10 0.04 0.06 0.06

of the upper limits determined for the TMC-1 ridge and
L134N cloud.

Table 6 gives the abundance enhancement factor of gas-
phase molecular species in the BHR 71 outflow with respect
to the ambient gas values in BHR 71. At the peak position
of the red lobe the [CH;OH]/[CO] and [SiO]/[CO] abun-
dance ratios are enhanced with respect to that of the quies-
cent ambient gas in dark globules by factors of ~40 and
> 350, respectively. On the other hand, the abundances of
HCO™ at the peak of the lobes are smaller than that in the
ambient gas by a factor of ~ 20.

5. DISCUSSION

The data presented in the previous section clearly illus-
trate that the chemistry of the molecular gas near the core of
the globule has been substantially modified as a result of the
interaction between the outflow and the ambient medium.
The spectacular abundance enhancement in the lobes with
respect to that of the ambient medium may be interpreted
to indicate that shocks play an essential role in the pro-
duction of these molecules (Bachiller 1996; Schilke et al.
1997; Caselli, Hartquist, & Havnes 1997). Shocks can raise
the gas temperature and drive many chemical reactions that
are inefficient at ambient cloud temperatures. They can also
partially destroy dust grains leading to the injection of
several absorbed atoms and molecules from the grain
surface into the gas phase. In the following discussion we
first compare the spatial distribution and line profile shape
of the SiO emission from BHR 71 with those observed
toward other outflows, which should provide clues about
the type of shocks that give rise to the abundance enhance-
ment in BHR 71. Then we discuss possible explanations for
the enhancement or depletion in the abundance of each of
the observed molecular species.

5.1. Comparison with Other Outflows

Strong abundance enhancement in SiO and/or CH;OH
have been detected in a number of other outflows, such as
L1448 (Bachiller, Martin-Pintado, & Fuente 1991), IRAS
03282 + 3025 (Bachiller et al. 1994), and L1157 (Mikami et
al. 1992; Bachiller et al. 1995; Zhang et al. 1995; Avery &
Chiao 1996). The first two sources are representative of the
class of bipolar outflows associated with supersonic jets.
The L1448 CO outflow is characterized by the presence of
an extremely high-velocity (EHV) outflow, at a velocity of
~65km s~ ! with respect to the ambient cloud velocity, and



780 GARAY ET AL.

a more standard high-velocity (SHV) outflow at a velocity
of ~15 km s~ . In this source the SiO emission is associ-
ated with high-velocity molecular bullets (Bachiller et al.
1991), probably tracing shocks produced by a central jet.
The SiO line profiles observed toward the central region of
L1448 exhibit two strong emission features blueshifted and
redshifted from the ambient cloud velocity by about the
velocity of the EHV flow. The blueshifted (redshifted)
feature shows a steep decrease in intensity toward the blue
(red) and a slower decline toward the ambient cloud veloc-
ity. Away from this position the SiO spectra show two
velocity components of weaker emission associated with the
EHV and the SHV outflows. In the case of IRAS
03282 + 3025, which also consists of a well-collimated jet of
fast gas (at velocities of ~57 km s™!) and a more extended,
slower (at velocities of ~17 km s~ !) standard outflow com-
ponent, the SiO emission is only detected at the end of the
EHYV blue lobe of the CO outflow (Bachiller et al. 1994),
where possibly there is a maximum interaction of the
outflow with the ambient gas. In the L1157 outflow the SiO
emission toward the red CO lobe is located at the end of the
lobe (Zhang et al. 1997), whereas toward the blue CO lobe is
more widespread and appears as successive clumps that are
interpreted as indicating the positions of bow shocks in the
flow (Zhang et al. 1995). The SiO line profile observed
toward the blue lobe shows a steep increase from the
ambient cloud velocity toward the peak radial velocity and
a gradual decrease toward the more blueshifted velocities.
This line asymmetry is opposite to that exhibited by the
blueshifted emission from the bullets of the L1448 flow.

The spatial distribution and spectral line shape of the SiO
emission from the BHR 71 flow are similar to those of the
L1157 outflow and markedly different from those of the
other two sources, possible reflecting differences in the
physical conditions of the ambient gas, driving source, and
mechanism of shock excitation. The SiO line profile
observed at the norhtwest position of the BHR 71 red lobe,
showing a broad redshifted feature with a peak at a radial
velocity close to the ambient cloud velocity, a gradual
decrease in intensity from the peak toward more redshifted
velocities, and a rapid decline toward the ambient cloud
velocity, is very similar in shape (besides the reversal in
velocity) to the line profile observed at the peak of the blue
lobe of the L1157 outflow. These profiles, if produced by
shocks, suggest that a small fraction of the molecular gas is
accelerated to shock velocities, whereas the majority remain
close to the ambient cloud velocity. For a shock moving
with speed V,, an observer that is at rest with respect to the
preshock gas will see broad lines with a significant contribu-
tion from velocities considerably lower than V, for a C-type
shock and relatively narrow lines at velocities of ~ + ¥, for
a J-type shock (cf. Hollenbach 1997). The overall shape of
the SiO line profiles in BHR 71 hints then for the presence
of C-type shocks. Regarding the spatial distribution, the
large extent of the SiO emission in BHR 71, comparable in
size to that of the CO, is similar to that seen toward the blue
lobe of the L1157 outflow and notably different from the
L1448 and IRAS 03282+ 3025 outflows in which the SiO is
enhanced along the axes of the molecular outflow and/or at
their ends. The latter distribution is characteristic of out-
flows associated with supersonic jets in which the molecular
enhancement is expected to be narrowly confined to the
immediate vicinity of the bow shock generated by the fast
jet as it entrains ambient molecular material.
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The widespread distribution of SiO emission in the lobes
of BHR 71, similar in extent to the CO emission that is
thought to be comprised mostly of swept-up ambient gas,
suggests that the chemical enhancement in this source takes
place in a shell-like structure produced by the dynamical
interaction between the ambient cloud and an underlying
wide-angled wind or wind-driven shell. The observed shape
of the line profile of the SiO emission gives further support
to the hypothesis that the SiO emission arises from quies-
cent material that has been accelerated by the passage of a
shock driven by the wind, producing a shell-like outflow,
rather than from fast bullets ejected by the YSO and
moving in the ambient cloud. The BHR 71 outflow would
then be an example of the class of outflows driven by a less
collimated wide-angle wind, with the molecular enhance-
ment occurring in a large shocked shell, surrounding the
wind bubble, formed as the wind ablates material from
dense clumps in the surroundings. Toward the blueshifted
lobe of BHR 71 there is a large cavity carved out by the
outflow on the near side of the globule (Fig. 13 of Paper I).
The amount of material available in this region for pro-
cessing by the shocks has probably diminished, although it
is clearly still sufficient to kinetically excite the rotational
transitions of many molecular species. Figure 1 shows that
although the blue lobe may be protruding out of the densest
part of the globule (as shown by the optical image), there is
still a large amount of moderately dense gas outside of the
optical boundaries (as indicated by the **CO emission).

The existence of a supersonic jet toward BHR 71 might
not be ruled out, however. In fact it has been suggested that
most molecular outflow sources might have jetlike and
shell-like structures simultaneously, with one structure
dominating over the other depending on the evolutionary
stage (Padman, Bence, & Richer 1997). High-resolution
imaging of both the L1448 and L1157 outflows shows that
close to the source the CO peaks in a shell-like structure,
whereas the SiO remains essentially jetlike (Gueth, Guillo-
teau, & Bachiller 1996; Zhang et al. 1997). This feature may
be the result of a wandering jet in L1157, but in L1448 it
appears to be a result of prompt entrainment of material by
the underlying jet (Bachiller et al. 1995). Some evidence for
the presence of a jet in BHR 71 is provided by the high-
velocity (flow velocity of ~70 km s~ !) component seen in
SiO, which might be probing a more collimated component
of the outflow. Molecular hydrogen observations in the
near-infrared (NIR) at 2.12 um show extensive emission
along the axis of the BHR 71 outflow (Bourke 1994; Bourke
et al. 1999), which may be the result of successive eruptive
events from the vicinity of the YSO.

Toward the NW, the H, emission traces a curved, elon-
gated structure that could indicate a wandering jet with
multiple bow shocks along its length. However, toward the
southeast the H, emission lies mainly outside the SiO blue
lobe and seems to abruptly terminate at the inner edge of
this lobe. The difference in the spatial distribution of SiO
and H, could be attributed to multiple outflow episodes,
with the shell-like outflow seen in SiO representing an older
event than the jetlike H, events. In this view the SiO flow
would then correspond to a coasting shell created during an
earlier jet episode.

5.2. SiO Enhancement

The high abundance of SiO molecules seen in BHR 71,
and other molecular outflows, is most likely due to the
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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 & Dal-
garno 1977; Hartquist, Oppenheimer, & Dalgarno 1980).
Models of the chemistry in regions behind fast dissociative
shocks predict a substantial enhancement in the abundance
of SiO molecules (Neufeld & Dalgarno 1989). In particular,
for shocks with velocities of 60-80 km s ™! propagating in a
gas with preshock density of 10* cm ™3 (about the average
density of the BHR 71 globule; Paper I) the predicted
column densities of SiO molecules are ~2—-4 x 10!'? cm ™2,
similar to those derived in the lobes of the BHR 71 flow. A
major drawback with the application of dissociative shock
models to the BHR 71 flow is its moderate outflow velocity
(~28 km s~ 1), since shock velocities less than ~50 km s ™!
are not fast enough to dissociate molecules. It is possible,
however, that the weak HV emission seen in SiO, likely to
be associated with high-velocity jets, could be explained by
this type of model.

C-type shocks appear to be the most promising to
explain the bulk characteristics of the BHR 71 flow. In
particular the synthesis of molecules from atoms and ions
can be highly efficient behind nondissociative C-type
shocks. In fact, the detection of profuse SiO emission from
other highly collimated bipolar outflows with moderate
outflow velocities (e.g., Bachiller et al. 1991; Mikami et al.
1992; Bachiller et al. 1995; Zhang et al. 1995), have trig-
gered several theoretical works on the production of SiO
behind C-type shocks. The main mechanism of injection of
silicon is sputtering driven by neutral particle impact on
charged grains (Draine 1995; Flower & Pineau des Foréts
1995; Schilke et al. 1997); 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 com-
posed 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; substantial erosion of ice mantles can occur
in C-shocks with velocities of ~25 km s~ !, whereas 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,O, can significantly
lower the impact energies required for the erosion of grain
cores, so that shock velocities as low as 25 km s~ ! can cause
substantial erosion of the grain cores (Schilke et al. 1997).
Although the models are still preliminary, most are able to
explain the column densities of SiO observed in the gas
phase of molecular outflows. In particular, for the physical
parameters typical of star-forming regions Caselli et al.
(1997) found that the gas-phase SiO abundance behind C-
shocks is larger than that in the quiescent gas by more than
3 orders of magnitude.

Another possible explanation for the widespread dis-
tribution of SiO in the BHR 71 outflow is the relative long
lifetime of gas-phase SiO with respect to the outflow age
(estimated at ~10* yr in Paper I). SiO is removed from the
gas phase via reactions with OH, and Herbst et al. (1989)
have determined that the abundance of SiO is 2 orders of
magnitude greater than SiO, (the product of SiO + OH),
even after 3 x 10° yr, in regions applicable to the conditions
in the BHR 71 region (their model 4), so that once formed,
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SiO is not quickly removed from the gas phase. Pineau des
Foréts, Flower, & Chiéze (1997) show that the abundance of
SiO is still significant 10* yr after the passage of a shock,
even taking into account reaccretion onto grains. So the
widespread detection of SiO in the outflow may be an indi-
cation of its youth, suggested by its small dynamical lifetime
(Paper I), and may indicate that heating of the lobes by
shocks is sufficiently recent that there has not yet been time
for radiative cooling to occur. Bachiller (1996) notes that
SiO emission is generally only observed in the outflows
from the youngest (class 0) YSOs, consistent with the above
scenario.

5.3. CH;OH Enhancement

We find that the [CH;OH]/[CO] abundance ratio of the
outflowing gas in the lobes of BHR 71 is greater than that of
the quiescent ambient gas by factors of ~40. Similar
enhancements in the abundance of methanol in other young
bipolar outflows have been reported by Bachiller et al.
(1995). These large methanol abundances cannot be solely
explained in terms of gas-phase chemistry (Menten et al.
1988; Millar, Herbst, & Charnley 1991). At the low tem-
perature of molecular clouds, CH;OH is thought to be
depleted from the gas phase by condensation onto cold
mantles of dust grains. The composition of the mantles
depends on the physical conditions of the ambient medium.
In particular, in an atomic hydrogen—rich ambient medium
such as that of molecular clouds, water and methanol are
expected to be the two most abundant constituents of icy
mantles surrounding silicate and carbonaceous grains
(Tielens 1989). A natural explanation for the large increase
of the abundance of CH;OH in the gas phase would then be
evaporation of ice mantles rich in CH;OH molecules.

The interstellar processes by which molecular species are
removed from the ices and returned to the gas phase are,
however, still a matter of investigation. A potentially impor-
tant result from laboratory measurements is that of Blake et
al. (1991) who show that an amorphous H,O:CH;OH ice
mixture when warmed to 120 K selectively injects methanol
into the gas phase. In bipolar flows, the most likely source
of heating is shocks, which can raise the temperature of the
gas evaporating the icy organic mantles of the grains and
returning this material to the gas phase (Tielens & Allaman-
dola 1987; Brown, Charnley, & Millar 1992). In the shock
models of Schilke et al. (1997) ice mantles are completely
destroyed in the shocks, their components being transferred
to the gas phase. However, the details of how the methanol
ice is liberated or how much the abundance of methanol is
increased in the gas phase have yet to be quantitatively
investigated. The similarities between the spatial distribu-
tion of the CH;OH and SiO emission in the BHR 71 flow
suggest that the process that leads to the evaporation of ice
mantles also leads to the release of SiO and/or SiO, into the
gas phase. In grain surfaces silicon is likely to be found in
the form of SiO,.

54. HCO™ and CS Abundances

Table 6 shows that the [HCO *]/[CO] abundance ratio
of the outflowing gas in BHR 71 is smaller than in the
quiescent ambient medium, or in other dark clouds, by typi-
cally a factor of 20 (cf. Guélin, Langer, & Wilson 1982;
Baudry et al. 1981; Wootten et al. 1978; Swade 1989; Blake
et al. 1995; Frerking, Langer, & Wilson 1987). Theoretical
models of gas-phase chemistry behind weak shocks propa-
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gating into dense gas predict that the abundance of mol-
ecules such as HCO*, CN, and H,CO should decrease with
respect to the preshock abundances, whereas the abun-
dances of molecules such as CO are unperturbed (Iglesias &
Silk 1978; Mitchell 1987; Bergin et al. 1998). In particular,
Iglesias & Silk (1978) find that for a 10 km s~ ! shock propa-
gating into a cloud with a preshock density of 10* cm ~3, the
abundance of HCO™ should decrease by a factor of ~ 20,
whereas Bergin et al. (1998) find that for a 20 km s~ * shock
propagating into a cloud with a preshock density of 10°
cm ™3 and kinetic temperature of 30 K, the HCO™ abun-
dance should decreased by about a factor of 50. The low
values of the [HCO*]/[CO] abundance ratio in the lobes
of BHR 71 are consistent with the results predicted by
shock models.

The [CS]/[CO] abundance ratios in the BHR 71 lobes
are, on the other hand, similar to that of dark clouds, within

the range of 107> to 10~ # (cf. Swade 1989; Fuller 1989;
Irvine, Goldsmith, & Hjalmarson 1987; Lemme et al. 1995),
suggesting that the abundance of the CS species is unper-
turbed or only slightly enhanced by the shock. In the few
cases where the CS abundance in outflows from young stars
has been estimated (e.g., Tafalla et al. 1997; Plambeck &
Snell 1995; Takano 1986), an enhancement of a few is sug-
gested, if any. A similar result is found for the shocked
molecular cloud IC 443 (e.g., Ziurys, Snell, & Dickman
1989). This is in agreement with the few models that exist for
the chemistry of CS in shocks (e.g., Pineau des Foréts et al.
1993; Leen & Graff 1988), which predict that the CS abun-
dance remains essentially constant.

5.5. The Low-Velocity Emission

As mentioned earlier, in addition to the wing emission
detected toward the lobes of BHR 71 in the lines of SiO and
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CH;OH, we also detect emission at velocities comparable
to the systemic velocity of the globule. In particular for
silicon monoxide, emission in the velocity range of the
ambient cloud is clearly detected at the position of the lobes
and barely visible toward the core. This can be appreciated
in Figure 7, which shows velocity-position diagrams of the
emission in the SiO lines along the symmetry axis of the
outflow. The emission in the red lobe is roughly constant
with velocity, with peaks at —4.1 and —0.8 km s~ 1,
whereas in the blue lobe the emission peaks at a velocity of
—5.0 km s~ 1, close to the ambient cloud velocity. This
result might suggest that the low-velocity emission orig-
inates in a stationary quiescent ambient gas that has not
been disturbed by the passage of a shock. The enhancement
of SiO and CH;OH molecules would then be due to two
different processes: (1) heating of grains within the ambient
medium by a radiation field able to evaporate volatile grain
mantles and trigger gas-phase reactions, and (2) direct
shock processing of dust located within the shocked region.
Possible sources of heating of the ambient gas are radiation
fields from shocks (Wolfire & Konigl 1991, 1993; Taylor &
Williams 1996), X-rays emitted by the protostar (e.g.,
Sekimoto et al. 1997), and/or UV photons generated in the
accretion disk surrounding the protostar (Spaans et al.
1995).

6. SUMMARY

We have observed the highly collimated BHR 71 bipolar
outflow in the J =3 —» 2 and J = 2 — 1 transitions of SiO
and CS, the J, =3, -2, and J, =2, — 1, transitions of
CH,OH, and the J = 1 — 0 transition of HCO™, using the
SEST telescope. Broad wing emission was detected toward
the outflow lobes in all the observed molecular transitions.
The shape of the profiles are notably different from mol-
ecule to molecule depending on the relative intensities
between a narrow line feature (arising from the ambient
cloud in CS and HCO*) and the broad component arising
from the outflowing gas. Particularly striking are the cases
of methanol and silicon monoxide molecules, for which the
emission from the broad component is much stronger than
that from the narrow component. Methanol lines exhibit
the most intense wing emission, which suggests that these
lines are powerful signposts of the chemical impact of
bipolar outflows on the surrounding ambient medium.

The spatial distribution of the integrated wing emission is
broadly similar in all the observed molecular transitions,
showing well-separated blueshifted and redshifted lobes.
The extent of the lobes in the SiO and CH;OH lines, of
~0.14 x 0.08 pc, are similar to those of the CO lobes,
perhaps indicating a common mechanism for the excitation
of these molecular lines. The SiO and CH;OH profiles
observed toward the red (blue) lobe are characterized by
showing a broad wing emission with a maximum at a veloc-
ity close to the ambient cloud velocity, a gradual decrease in
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intensity from the peak velocity toward more redshifted
(blueshifted) velocities, and a rapid decline in intensity
toward the ambient cloud velocity. This spectral shape sug-
gests that a small fraction of the molecular gas is accelerated
to shock velocities, whereas the majority remain close to the
ambient cloud velocity, and is characteristic of standard
C-type shocks (Hollenbach 1997). The line profile shape,
together with the extended spatial distribution, of the SiO
and CH;OH emission suggests that C-shocks created by
the interaction between the surrounding ambient medium
and a wide-angle wind or wind-driven shell, rather that a
protostellar jet, play a major role in the production of these
molecules toward the BHR 71 outflow. The intensity of the
emission in the red lobe is typically ~ 2 times stronger than
that toward the blue lobe, and the line widths are broader,
which is probable due to environmental effects rather than
intrinsic to the outflow mechanism.

We find that the abundance of methanol and silicon
monoxide in the outflow lobes is enhanced with respect to
that of typical dark clouds by factors of up to ~40 and 350,
respectively, showing that these species are dramatically
affected by the shocks. It appears that in the BHR 71
outflow the molecular enhancement takes place in a shell-
like structure of swept-up material driven by a wind, rather
than by a protostellar jet. The associated shocks cause the
evaporation of icy grain mantles resulting in the injection
into the gas phase of large amount of ice mantle constitu-
ents, such as methanol. Further, the shock seems to be suffi-
ciently powerful that refractory dust grains are partially
destroyed, liberating into the gas phase a significant
amount of Si atoms that are later converted to SiO by
ion-molecule reactions and/or shock chemistry.

Our multiline molecular observations also reveal that the
[HCO"]/[CO] abundance ratios of the outflowing gas in
BHR 71 are smaller than in quiescent dark clouds by typi-
cally a factor of 20, which can be interpreted as a result of
shock chemistry. The [CS]/[CO] abundance ratios are, on
the other hand, similar to that of dark clouds, suggesting
that the abundance of the CS species is unperturbed by the
shock. Finally, we suggest that the SiO and CH;OH emis-
sion detected toward the lobes might not only trace shocked
outflowing gas but also quiescent ambient gas that has been
heated by UV and X-ray radiation produced by either the
shocks themselves, the protostar, and/or an accretion disk.
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