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ABSTRACT

We report Swedish-ESO Submillimetre Telescope observations of seven bipolar outflows thought to
be associated with Class 0 objects in the v=0J =3 -2 and J =2 — 1 transitions of SiO and J, =
3,—2, and J, =2, — 1, transitions of CH;OH. Methanol and silicon monoxide emission from out-
flowing gas were detected toward the lobes of four objects (NGC 2264G, IRAS 16293 —2422, Serpens
S68N, and Serpens SMM 4). The SiO line profiles are characteristics of C-type bow shocks, showing a
peak at a radial velocity close to but displaced from the ambient cloud velocity and a gradual decrease
in intensity from the peak toward higher flow velocities. There is a significant correlation between the
column density of SiO and the terminal SiO flow velocity, which suggests a velocity-selective enhance-
ment in the production of SiO molecules. We find that the SiO abundance in the lobes is enhanced with
respect to that of the ambient cloud by a factor of at least 330 in IRAS 16293 —2422 and SMM 4, 170
in NGC 2264G, and 80 in S68N. The CH;OH abundance is enhanced by a factor of 500 in
IRAS 16293 —2422, 330 in SMM 4, 80 in S68N, and 23 in NGC 2264G. In addition, we find that the
dependence of the SiO/CO and CH;OH/CO abundance ratios with radial flow velocity shows a steep
increase in the range from ~0 to ~4-5 km s~ ! and a gradual decline toward higher flow velocities.
In the remaining three sources (CG 30, IRAS 13036 —7644, and VLA 1623 —243), emission in methanol
was detected from a narrow line at the velocity of the ambient cloud, and no emission was detected in
silicon monoxide. Weak methanol emission from a low-velocity outflow component was detected toward

CG 30.

Subject headings: ISM: abundances — ISM: individual (IRAS 16293 —2422, NGC 2264G, Serpens) —
ISM: jets and outflows — ISM: molecules — stars: formation

1. INTRODUCTION

Theoretical calculations show that shock waves compress
and heat interstellar gas and should cause substantial
changes in the chemistry of the originally quiescent
material. The characteristics of these effects depend on
whether the shocks are of the jump (J) or continuous (C)
type (see review by Draine & McKee 1993), which in turn
depends on the shock velocity, magnetic field strength, and
fractional ionization in the preshock gas. In high-velocity
J-type shocks, with shock velocities v, > 50 km s~ 1, the
temperature of the gas is high enough (10*-10° K) to disso-
ciate all molecules, which are reformed in a warm zone in
the wake of the shock (Hollenbach & McKee 1989; Neufeld
& Dalgarno 1989). Thermal sputtering of grain cores is
expected to inject a high abundance of refractory elements
such as Si and Fe. In lower speed (v, < 40 km s~ 1) C-type
shocks propagating in high-density [n(H,) > 10* cm ]
media the temperature of the gas is increased only to ~ 103
K, and the fluid remains molecular (Draine, Roberge, &
Dalgarno 1983). Several endothermic reactions proceed
rapidly in the warm gas, producing species such as OH,
H,O, and H,S, which are otherwise rare in the ambient
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medium. In addition, C-shocks are expected to introduce a
variety of refractory and volatile species on the gas phase
via nonthermal sputtering of grain cores and ice mantles
(Flower & Pineau des Foréts 1995; Tielens et al. 1994;
Tielens 1999).

A wealth of observations have shown that bipolar molec-
ular outflows are a common phenomena in the process of
star formation (see reviews by Bachiller 1996; Bachiller &
Tafalla 1999; Richer et al. 2000). During their earliest phase
of evolution, stellar objects generate a fast, well-collimated
bipolar wind, which is thought to drive away the original
angular momentum of the collapsing cloud core. As the
high-velocity gas interacts with and sweeps up the sur-
rounding ambient gas and dust, shock waves are driven into
the quiescent ambient medium, giving rise to the molecular
outflows. Outflows from young stars are then expected not
only to affect considerably the physical properties of the
surrounding gas but to produce significant alterations in
the chemistry of the ambient medium. They create high-
temperature shocks and lower temperature turbulent
regions in which the icy mantles and refractory material can
be returned to the gas phase. Thus, studies of the chemical
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TABLE 1
OBSERVATIONAL PARAMETERS

Frequency Beam Size (FWHM) Av

Molecule Transition (MHz) (arcsec) n (km s~1)
CH,O0H...... Jo=2o > 1, A" 96741.42 52 0.73 0.130
J,=3_,->2_,E 145097.470 34 0.66 0.086
SiO........... v=0J=2->1 86846.998 57 0.75 0.144
v=0J=3->2 130268.702 40 0.68 0.096
CS..ooiins J=2-1 97980.968 52 0.73 0.132
J=3-52 146969.049 34 0.66 0.088
CO........... J=1-0 115271.204 45 0.70 0.109
J=2-1 230537.990 23 0.60 0.054
13CO......... J=1-0 110201.353 45 0.70 0.114
J=2-1 220398.686 23 0.60 0.057

981

composition of bipolar molecular outflows allows for the
investigation of their structure. In addition, since shocks are
transient phenomena, it should be possible to use molecules
with enhanced abundances as temporal indicators and
hence as signposts of the evolutionary state of the outflow.

Whereas a substantial amount of work has been devoted
to the determination of the physical characteristics of out-
flows, very little is known about their chemical properties.
Few multiline mappings of molecular outflows have been
performed to date (Blake et al. 1995; Bachiller & Pérez
Gutiérrez 1997; Garay et al. 1998; Bachiller et al. 2001). In
this article we report molecular observations of seven colli-
mated outflows associated with Class 0 objects in rotational
transitions of silicon monoxide (SiO) and methanol
(CH;OH). These highly collimated outflows are thought to
be driven by jets that accelerate the ambient gas through
the propagation of shocks (e.g., Raga & Cabrit 1993). The
main goals of these observations are to determine how the
chemistry of ambient molecular material is affected by the
interaction with high-velocity jets from young stellar
objects, to investigate whether or not the strength of the
emission in these molecules is correlated with the velocity of
the flow and/or with physical parameters of the ambient
cloud, and to assess whether or not the abundance of these
molecular species serves as a sensitive probe of the evolu-
tionary stage of bipolar outflows (e.g., van Dishoeck &
Blake 1998).

2. OBSERVATIONS

The observations were carried out using the 15 m
Swedish-ESO Submillimetre Telescope (SEST) located on
La Silla, Chile, during 1997 March and September, 1998
January, and 1999 February. The molecules, transitions,
and frequencies observed and the instrumental parameters
are summarized in Table 1. We used the 150 and 100 GHz
SiS receivers to simultaneously observe 2 and 3 mm lines of
silicon monoxide, methanol, and carbon monosulfide.
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 43 kHz and a total bandwidth of 43 MHz. The
bandwidth chosen for the methanol observations at 2 mm
wavelengths contains three rotational lines of CH;OH (the
30220 E,3_,—>2_, E,and 3, > 2, A" transitions at rest
frequencies of 145,093.75, 145,097.47, and 145,103.23 MHz)
and the 3, — 2,, rotational line of C;H, (rest frequency of
145,089.636 MHz). The bandwidth at 3 mm wavelengths
contains three lines of CH;OH (the 2_; ->1_; E, 2, - 1,
A*, and 2,— 1, E transitions at rest frequencies of
96,739.39, 96,741.42, and 96,744.58 MHz).

The SiO and CH;OH emissions were mapped toward the
seven bipolar outflows listed in Table 2, within regions
encompassing the CO lobes and centered on the IRAS posi-
tions (given in cols. [2] and [3]). The angular spacing was

TABLE 2

OBSERVED BIPOLAR OUTFLOWS

SiOv=0 CH,0H
J=2-1 J=3-2 J=2-1 J=3-2
tin c* tin o tin o tin o

SOURCE 2(1950.0) 6(1950.0) (minutes) (mK) (minutes) (mK) (minutes) (mK) (minutes) (mK)

8 ) ) @ ) ©) ™ ®) ) w0 Ay

NGC 2264G ............. 06 38 25.8 09 58 52.0 10 33 10 51
IRAS 08076 —3556...... 08 07 40.2 —3556 07.0 7 330 6 50° 48 7 55
IRAS 13036 —7644...... 1303 414 —76 44 03.0 10 30 8 49 57 7 53
VLA 1623—243 ......... 16 23 24.9 —24 17 46.0 4 51 4 75
IRAS 16293 —-2422...... 16 29 20.9 —24 22 16.0 6 50 6 123
S68N ..o 18 27 15.2 01 14 47.0 9 41 6 62 6 75
SMM4......oeveinenne. 18 27 24.3 0111 11.0 5 49 7 47 52 5 69

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

? The 1 ¢ rms noise in antenna temperature.
b For Hanning smoothed spectra.
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30” for all sources except NGC 2264G, for which we used a
40" spacing. Columns (4)11) of Table 2 give the integra-
tion times on source per position and the resulting rms
noise in antenna temperature (7%) in each of the observed
transitions. In addition we mapped, with an angular
spacing of 30", the CS emission from object CG 30.

Observations of the CO and !3CO emission were made
toward selected positions within each source, usually at the
peak of the integrated emission in the methanol and silicon
monoxide lines. The J =2 — 1 and 1 - 0 lines of CO and
13CO were observed simultaneously using the 230 and 115
GHz SiS receivers. Single-sideband receiver temperatures
were typically 150 K for both receivers. These observations
were performed in the position-switching mode, with an
OFF position that was previously checked to be free of
emission. The integration times on source per position were
4 minutes for CO and 15-30 minutes for 13CO. 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 allow the derivation of abun-
dance enhancements relative to CO.

3. RESULTS

In this section we present the observational results for
each outflow individually. In each subsection we first give a
short description of the observed properties of the CO out-
flows and of their driving energy source. The radial flow
velocity, vg,y, 18 defined as vy gz — vy, Where v is the sys-
temic velocity of the ambient gas.

3.1. NGC 2264G

The NGC 2264G molecular outflow, discovered by Mar-
gulis & Lada (1986), is located in the Monoceros OB1
molecular cloud at the distance of 800 pc (Walker 1956). It
exhibits a highly collimated bipolar morphology (Margulis,
Lada, & Snell 1988; Margulis et al. 1990) and a remarkable
Hubble law velocity field with the outflow velocity increas-
ing linearly with distance from the central source (Lada &
Fich 1996). The collimation of the flow increases systemati-
cally with flow velocity and distance from the driving
source; the opening angle is 5° for the highest velocity emis-
sion (24.5 kms™! < | vy, | < 34.5 km s~ 1) and 25° for the
lowest velocity emission (1.5 kms™! < |vg,,| <3.5 km
s~ 1). The ambient cloud velocity is assumed to be 4.6 km
s~! (Lada & Fich 1996). These characteristics suggest that
the high-velocity gas is driven by a jet, whereas the low-
velocity gas corresponds to swept-up ambient gas. The
energy source (IRAS 06384+ 0958) has been identified at
centimeter wavelengths with the VLA by Gomez et al.
(1994) and confirmed as a Class 0 type object at sub-
millimeter wavelengths by Ward-Thompson, Eiroa, &
Casali (1995), who derived a bolometric luminosity of ~12

ou

The observed spectra in the SiO (2 — 1) and CH;OH
(3, — 2,) lines are presented in Figure 1. Emission is
detected only toward the west (blueshifted) lobe of the CO
outflow. Neither methanol nor silicon monoxide were
detected toward the east (redshifted) lobe. The range of
radial flow velocity observed in SiO and CH;OH is signifi-
cantly smaller than that of the CO emission, which exhibits
emission up to a radial flow velocity of the order of —40 km
s~ 1. This is illustrated in Figure 2, which shows position-
velocity (p-v) diagrams for SiO and CH;OH along the CO
outflow axis (P.A. of 101°). The radial flow velocity extends
up to —6.8 km s™! in SiO and —6.0 km s~ ' in CH;OH.
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The SiO line profiles show a peak at a radial velocity close
to the ambient cloud velocity, a gradual decrease in inten-
sity toward blueshifted velocities, and a rapid decline
toward the ambient cloud velocity, suggesting that a small
fraction of the molecular gas is accelerated to shock veloci-
ties while the majority remains close to the ambient cloud
velocity. This type of profile is characteristic of C-type bow
shocks, where a range of shock speeds is present (Smith &
Brand 1990).

Figure 3 shows contour maps of the velocity-integrated
SiO and CH;OH wing emission in the range of radial flow
velocities from —7.2 to — 1.0 km s~ ! (continuous lines; blue-
shifted gas) and from 1.0 to 7.2 km s~ ! (dotted lines; red-
shifted gas). The spatial distribution of the CH;OH and SiO
emission from the west lobe is similar to that of the poorly
collimated CO emission from the low-velocity blueshifted
outflowing gas (—3.6 km s~ ! < v, < —1.6 km s~ 1; see
Fig. 3 of Lada & Fich 1996). Further, the peak of the emis-
sion is closely associated with bright shock-excited knots of
H, emission (Davis & Eisloffel 1995; Fich & Lada 1997).
These characteristics and those of the line profiles suggest
that the SiO and CH;OH emission from the blue lobe arises
in low-velocity shocks, possibly in the wake behind a bow
shock, and that the underlying wind is a wide-angle wind.
The origin of the asymmetry in the emission from the east
and west lobes is not clear, although it can be ascribed to
differences in the physical environment into which the
bipolar flow is propagating (Lada & Fich 1996). The blue
lobe is interacting strongly with the ambient medium, as
shown by the presence of the H, emission at the peak of the
CH;OH and SiO emission. No such H, emission is
observed in the red lobe. Lada & Fich (1996) show that a
clump of ambient gas is also located at this position, and a
highly collimated high-velocity CO jet originates there. No
such structures are present in the red lobe.

3.2. IRAS 08076 —3556 (CG 30)

CG 30 (DC 253.3—1.6, Hartley et al. 1986; BHR 12,
Bourke, Hyland, & Robinson 1995a) is a small cometary
globule, ~2' in diameter, within the OB association Pup
OB3 (Westerlund 1963). Near the center of the globule lies
the source IRAS 08076 — 3556, which has a luminosity of
12.8 L, for a distance of 400 pc (Persi et al. 1990) and a
bolometric temperature of 74 + 15 K (Gregersen et al.
1997), which puts it on the boundary of the Class 0 category
(Chen et al. 1995). The globule is associated with several
signposts of shock and outflow activity, such as a low-
excitation Herbig-Haro object (HH 120; Reipurth 1981;
Pettersson 1984), H, emission (Gredel 1994), and an east-
west molecular outflow that does not show well-collimated
lobes (Olberg, Reipurth, & Booth 1989). Hoddap & Ladd
(1995) detected in the S(1) line of molecular hydrogen
several emission knots that morphologically appear as a
well-collimated bipolar jet aligned roughly in a northeast-
southwest direction. The HH object is elongated in a differ-
ent direction than that of the H, jet, suggesting that they
may be powered by different sources. HH 120 is most likely
associated with CG 30-IRS 4 (Pettersson 1984; Zinnecker
et al. 1999), which is also thought to be the driving source of
the molecular outflow. The driving source of the H, jet,
undetected at near-infrared wavelengths (Hodapp & Ladd
1995; Zinnecker et al. 1999), has been recently detected at
submillimeter wavelengths with SCUBA (Henning et al.
2001) and lies ~20” south of IRS 4.
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F1G. 1.—Observed spectra of the SiO (2 — 1) (top) and CH;OH (3, — 2,) (bottom) line emissions toward the NGC 2264G outflow. The grid spacing is 40”.
Offsets are from the reference position at « = 0623825580 and 6 = 9°58'52” (B1950.0), which is the position of the driving source VLA 2 (Gomez et al. 1994).
In each box the velocity scale ranges from — 30 to 35 km s~ !. The antenna temperature scale is from —0.05 to 0.13 K for SiO (2 — 1) and —0.08 to 0.25 K for

CH,OH (3, - 2,).

Toward CG 30 we mapped, in addition to SiO and
CH;OH, the emission in the J/ =3 - 2 and J = 2 — 1 lines
of CS. The observed spectra in CS and CH;OH are shown
in Figure 4. No emission was detected in SiO (T, < 0.05 K)
within the mapped region. In the methanol spectra at 145
GHz also detected is emission in the 3,,-2,, line of C;H,.
The carbon monosulfide and methanol line profiles show
emission from a strong and narrow (Av ~ 1.0 km s~ !) com-
ponent with a central velocity of 6.26 + 0.4 km s~ !, similar
to the velocity of the dense globule measured in ammonia
lines of 6.15 km s~ ! (Persi et al. 1994; Bourke et al. 1995b).
The spatial distribution of the ambient cloud emission in
lines of CS and CH;OH is presented in the left panels of
Figure 5. The narrow CS line emission arises from a region
of ~86" in diameter (FWHM), which is similar in extent to
that of the cometary globule as seen in optical images (e.g.,
Pettersson 1984) but smaller than the NH; core
(140" x 100") mapped with a larger beam (Bourke et al.
1995b). The CS and CH;OH spectra also show weak emis-
sion from a pedestal component, covering the range of flow
velocities from — 3.4 km to 3.8 km s~ 1. The spatial distribu-
tion of the wing emission is presented in the right panels of
Figure 5. Redshifted emission is detected toward the eastern
region of the globule, both in CS and CH;OH, whereas

blueshifted emission is detected toward the central region
and only in CS. The presence of outflowing gas is also
indicated by the lines profiles of the CO emission observed
at the central position, which show redshifted and blue-
shifted emissions up to radial flow velocities of ~ +12 and
~ —10km s~ 1, respectively.

3.3. IRAS 13036 —7644 (DC 303.8 —14.2)

The Bok globule DC 303.8—14.2 (Hartley et al. 1986;
BHR 86, Bourke et al. 1995a) is located in the eastern part
of the Chamaeleon II dark cloud complex, at a distance of
200 pc (Whittet et al. 1991; Hughes & Hartigan 1992). It is
associated with the IRAS source 13036 — 7644, which has a
luminosity of 0.47 L and a bolometric temperature of 63 K
(Chen et al. 1997). Molecular line observations toward the
IRAS source show double-peaked profiles, which are
ambiguous regarding the kinematics of the gas. The CS
(2—>1) and H,CO (2,, —» 1) lines show a brighter blue-
shifted component, characteristic of infalling motions
(Mardones et al. 1997). On the other hand, the CO (1 - 0),
CO (2—1), and HCO™ (1 - 0) profiles show a stronger
redshifted peak, characteristic of expansion motions
(Lehtinen 1997). Lehtinen (1997) reported a low-velocity
molecular outflow (|vg,,| <4 km s™!) oriented approx-
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Fi1G. 2.—Position-velocity diagrams along the symmetry axis of the
NGC 2264G outflow (P.A. 101°). Top: SiO (2 — 1) emission. Contour levels
are drawn at —0.03 K and from 0.03 to 0.12 K in steps of 0.03 K. The
vertical dotted line indicates the systemic velocity of the ambient gas of 4.6
km s~ . Bottom: CH;0H (3, — 2,) emission. Contour levels are drawn at
—0.05 K and from 0.05 to 0.25 K in steps of 0.05 K. The vertical dotted

lines indicate the position of the different k-components for a systemic

velocity of 46 km s~ 1.

imately in the east-west direction, which is thought to be
driven by IRAS 13036 —7644. From ISO observations, Leh-
tinen, Lemke, & Mattila (1999) suggest that this source is a
transitional object between Class 0 and Class I.

The observed spectra in methanol are shown in Figure 6.
No emission was detected in SiO (T, < 0.05 K) within the
mapped region. The methanol profiles show emission from
a narrow component with an average center velocity of
3.82 4+ 0.01 km s~ ! and an average line width of ~0.7 km
s~ 1. Also detected is emission in the 3,,-2,, line of C;H,.
Maps of the velocity integrated emission in the CH;OH
(3o—2¢ A")and C;H, (3;,-2,,) lines are shown in Figure 7.
The methanol emission arises from a region of 93" x 72" in
size (FWHM), which is significantly smaller than that of the
dark globule of 14’ x 6’ (Hartley et al. 1986) and marginally
smaller than the ammonia core (144" x 84") mapped with a
larger beam (Bourke et al. 1995b). We find that the line
widths of the methanol emission toward the center of the
globule are different in the different transitions, increasing
with the energy of the upper level of the transition from
~0.7 km s~ ! at the lower energies to ~1.4 km s~ ! at the
higher energies. This trend suggests the presence of a spa-
tially unresolved component of warm gas, possibly excited
by the central source, whose emission blended with that of
the ambient gas produces the observed line widths.
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F1G. 3—Contour maps of velocity-integrated line wing emission from
the NGC 2264G bipolar outflow. Continuous lines represent blueshifted
emission (vg,,: —7.2 to —1.0 km s~ 1), dashed lines redshifted emission
(Usiow: 1.0 to 7.2 km s™1), and the star marks the position of the radio
continuum source VLA 2 (Gémez et al. 1994). Top: SiO (2 — 1) emission.
Lowest contour and contour interval are 0.15 and 0.05 K km s~ *. Bottom:
CH,O0H (3_, —» 2_, E) emission. Lowest contour and contour interval are
0.18and 0.06 K kms~ 1.

34. VLA 1623—243

This highly collimated and extended (>10) outflow
(André et al. 1990; Dent, Matthews, & Walther 1995) is
located in the L1686 core of the p Ophiuchi molecular
cloud complex, at a distance of 125 pc (see Wilking & Lada
1983). It shows CO wings extending up to radial outflow
velocities of ~25 km s~ ! and has a dynamical timescale of
~2 x 10° yr (André et al. 1990), making it one of the youn-
gest known outflows. The driving source has been identified
with the radio continuum source VLA 1623 —243 (André et
al. 1990; Leous et al. 1991) and has a luminosity of ~0.6 L
(André, Ward-Thompson, & Barsony 1993). André et al.
(1993) proposed VLA 1623 —243 as the prototype of a new
class of extremely young collapsing objects, referred to as
Class 0, for which the mass in the collapsing circumstellar
envelope is greater than that of the central protostar.

The observed spectra in the CH;OH (3, — 2;) and SiO
(2 > 1) lines are shown in Figure 8. Methanol emission was
detected in all the observed positions, whereas weak SiO
emission was detected toward the north of VLA 1623 —243
but not along the symmetry axis of the CO outflow. Cyclo-
propenylidene (C;H,) emission was also detected north of
VLA 1623—243. The line profiles of the methanol and
silicon monoxide emission are narrow, with typical line
widths of Av ~ 1.6 km s~ 1. Figure 9 presents a p-v diagram
of the CH;OH emission along the symmetry axis of the CO
outflow (P.A. of 120°), showing that emission is detected
across the whole extent of the CO lobes and in a narrow
velocity range. We conclude that the methanol emission
observed toward the CO lobes arises from ambient gas, no
emission being detected from the outflow component.

Figure 10 shows contour maps of the velocity-integrated
emission in lines of methanol and silicon monoxide. The
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F1G. 4—Observed spectra of the CS and CH;OH line emission toward the CG 30 outflow. The grid spacing is 30”. Offsets are from the IRAS position at
a = 08%07™40320 and 6§ = —35°56'07” (B1950.0). For the CS lines the velocity scale ranges from —5 to 15 km s~ ! and the antenna temperature scales from
—0.3to 2.5 K. For the CH,OH lines the velocity scale ranges from — 15 to 30 km s~ * and the antenna temperature from —0.12 to 0.80 K.

position of the peak methanol emission lies at the edge of
the northwest lobe of the CO outflow emission and is close
to the position of the peak DCO™ emission associated with
the p Oph A core (Loren & Wootten 1986). No dust contin-
uum source is detected toward the methanol peak. The CO
(1 - 0) spectra observed toward this position shows a
double-peaked line profile, with a strong blueshifted peak at
the velocity of 2.3 km s~ ! and a weaker redshifted peak at a
velocity of 5.0 km s~ !, whereas the **CO (1 — 0) line profile
shows 1a single component with a line center velocity of 3.18
kms™.

3.5. IRAS 16293 —2422

IRAS 16293 —2422 (hereafter IRAS 16293) is a cold infra-
red source, located in the p Ophiuchi cloud complex, with a
bolometric luminosity of 23 L, (Walker et al. 1986). Inter-
ferometric radio continuum observations show the presence
of two objects with a separation of ~5” (Wootten 1989),
suggesting that IRAS 16293 harbors a young protobinary
system. The stronger radio source (IRAS 16293 —2422A)
has a spectral index of 0.6 + 0.1 (Estalella et al. 1991), char-
acteristic of stellar wind sources. The radio sources are
associated with two unresolved (angular sizes less than 175)

millimeter dust continuum sources (Walker, Carlstrom, &
Bieging 1993) that are surrounded by a circumbinary
envelope of size 10”20, which is in turn embedded in a
cold molecular core (Menten et al. 1987; Mundy, Blake, &
Sargent 1992). The kinematics of the molecular gas in IRAS
16293 have been the subject of considerable debate.
Whereas Walker et al. (1986) suggested that gas is in the
process of collapse, Menten et al. (1987) concluded that the
observed line asymmetries were due to rotation. More
recently, the line profiles have been modeled as arising from
infall with rotation (Zhou 1995; Narayanan, Walker, &
Buckley 1998). An unusual molecular outflow, possessing
four separate lobes, is observed toward IRAS 16293 (Fukui
et al. 1986; Walker et al. 1988; Mizuno et al. 1990). The
quadrupolar structure suggests that there are two separate
bipolar outflows, one of them possibly emanating from
IRAS 16293A (Walker et al. 1988; Walker, Carlstrom, &
Bieging 1993; Narayanan et al. 1998). We assume an
ambient cloud velocity of 3.8 km s~ ! (see Castets et al.
2001), which corresponds to the average central velocity of
the ammonia emission across the region (Mizuno et al.
1990).

The observed spectra in the SiO (2 — 1) and CH;OH
(3, — 2,) lines are shown in Figure 11. Strong emission in
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silicon monoxide and methanol is detected from the out-
flowing gas. In SiO, the higher redshifted velocities are
found toward the northeast [position (90, 60”); vgo,, ~ 14.2
km s~ 1]. The most blueshifted velocities in SiO are found at
positions (90", —60”) (v, ~ —3.3 km s~ 1) and (60", + 30")
(Vt1ow ~ —4.2 km s~ 1). Note that in the last position also
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Fi1G. 5—Contour maps of velocity-integrated emission from the CG 30 globule. The star marks the position of IRAS 08076 — 3556 and the triangles those
of the submillimeter sources (Henning et al. 2001). Left panels: Ambient gas emission. The range of integration in v; g is from 5.26 to 7.26 km s~ *. Contour
levels are drawn at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak integrated intensity of 2.8 K km s~ * for CS (3 — 2) (top), 3.3 K km s !
for CS (2 — 1) (middle), and 0.90 K km s~ for CH,OH (3, — 2, 4*) (bottom). Right panels: Outflowing gas emission. Continuous lines represent blueshifted
emission (v;,,,: —3.5to —1.3 km s~ ') and dashed lines redshifted emission (v, : 1.6 to 3.7 km s~ !). Lowest contour and contour interval are both 0.07 K km
s~ ! for CS(3 —2),0.10 and 0.05 K km s~ * for CS (2 — 1), and 0.06 and 0.03 K km s~ * for CH,OH (3, = 2, 4 *).
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detected is strong redshifted emission. The spatial distribu-
tion of the velocity-integrated SiO J = 2 — 1 emission is
shown in gray scale in the upper panel of Figure 12. The
overall morphology is in good agreement with that recently
presented by Hirano et al. (2001) and by Castets et al.
(2001), with the bulk of the integrated emission arising from
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F1G. 6.—Observed spectra of the CH,OH line emission toward the
TRAS 13036 — 7644 outflow. The grid spacing is 30”. Offsets are from the
IRAS position at o = 1380341340 and 6 = —76°44'03” (B1950.0). In each
box the velocity scale ranges from —20 to 35 km s~ ! and the antenna
temperature scale ranges from —0.12 to 0.75 K.

the northern region of the map. We do, however, detect
weak emission from the southeast region of the map, which
is not detected by Hirano et al. (2001) or Castets et al. (2001)
because of their lower sensitivity.
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integrated intensity of 0.75 K km s~ '. Bottom panel: C3H, (3,, —2,,)
emission. Contour levels are drawn at —20%, 20%, 35%, 50%, 65%, 80%,
and 95% of the peak integrated intensity of 0.40 K kms ™!,

The spatial distribution of the red and blue wing emission
in SiO and CH;OH lines is presented in Figure 12. The
range of integration in flow velocity for the blueshifted and
redshifted emission are, respectively, —6.4 to —1.1 and 2.9
to 14.3 km s~ ! for silicon monoxide, and —5.1to —1.3 and
1.5 to 6.5 km s~ ! for methanol. The redshifted range for the
CH;OH (3,2, A*) emission was chosen to avoid overlap
with blueshifted emission from the CH;OH (3_,-2_, E)
line. Redshifted emission is seen mainly toward the north
and blueshifted emission mainly toward the south. In addi-
tion, the wing emission from the east is considerably strong-
er than from the west. The overall morphology of the SiO
and CH;OH wing emission shows a quadrupolar appear-
ance, similar to that of the CO wing emission (Walker et al.
1988; Mizuno et al. 1990). There are, however, distinct dif-
ferences in the peak position and in the relative strength of
the emission in the different molecules. For instance, in SiO
and CH;OH the strongest integrated wing emission is
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temperature scale is from —0.2 to 2.0 K for CH;OH and from —0.10 to 0.25 K for SiO. The line indicates the symmetry axis of the CO outflow.

found toward the northeast region of the map, whereas in
CO it is toward the west of the central energy sources
(Walker et al. 1988). In the following discussion we use for
comparison the map of the CO outflow emission presented
by Walker et al. 1988 (their Fig. 1; see also Mizuno et al.
1990; Ceccarelli et al. 1998; Hirano et al. 2001). As stated

above, it has been proposed that the four lobes indicate the
presence of two outflows: the brighter one along the east-
west direction (east-blue and west-red lobes, hereafter EB
and WR, respectively, in the nomenclature of Walker et al.
1988) and the other one along the northeast-southwest
direction (northeast-red and southwest-blue lobes, hereafter
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levels are drawn at —0.1 K and from 0.1 K up in steps of 0.1 K. The
vertical dotted lines indicate the position of the different k-components for
a systemic velocity of 3.4 km s~ 1.

NER and SWB, respectively). The peak positions of the
different CO lobes are indicated by their names in the top
panel of Figure 12.

The redshifted SiO and CH;OH emissions detected
northeast of IRAS 16293 lie within the NER CO lobe and
have spatial extents similar to that of the CO emission. The
peak of the SiO emission is coincident with the CO peak,
whereas the peak in CH;OH is shifted by ~40” in the
direction of the central sources. The SiO line profiles show
two shapes: at large distances from IRAS 16293 they exhibit
a broad and flat redshifted feature, whereas at closer dis-
tances they show a peak near the ambient cloud velocity, a
gradual decrease toward redshifted velocities, and a rapid
decline toward blueshifted velocities. Hirano et al. (2001)
and Castets et al. (2001) resolved the SiO emission in this
direction into two components, labeled E1 and E2. Com-
ponent E2 is seen in the velocity range from 2 to 20 km s !
and its peak coincides with the CO peak of the NER lobe.
Component E1 is seen in a narrower velocity range (2-10
km s~ !) and its peak is located 57" east of IRAS 16293.
Castests et al. (2001) argue that component E1 is not associ-
ated with the NER CO outflow lobe but marks the red-
shifted lobe from an outflow driven by the newly discovered
object IRAS 16293E (Fig. 12). They suggest that this object
powers an outflow that is responsible for the SiO emission
at E1 (redshifted) and that has a corresponding blue lobe
seen in H,CO emission (their peak HE1, which is not
covered by our maps).

The redshifted SiO and CH;OH emissions observed
northwest of IRAS 16293 lie projected toward the WR CO
lobe; their intensities are considerably weaker than those
seen toward the northeast. The SiO emission arises from a
region of ~30” in radius, and its peak position is coincident
with the WR CO peak. On the other hand, the methanol
emission arises from a region that is closer to the northern
boundary of the WR CO lobe, its peak being displaced
~ 35" northeast of the CO peak. The profiles of both the
SiO and CH;OH lines show a peak near the ambient cloud
velocity, a gradual decrease toward redshifted velocities,
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F1G. 10—Contour maps of velocity-integrated emission from VLA
1623. The range of integration in v; g is from 1.8 to 5.2 km s~ !. The
squares indicate the peak position of the four dust continuum sources
detected at submillimeter wavelengths by André et al. (1993), one of which
coincides with the radio source VLA 1623 (indicated by a star). The cross
indicates the peak position of the p Oph A dense core (Loren & Wootten
1986). The position of the peak methanol emission, located at «(1950.0) =
16232258 and §(1950.0) = —24°16'42"7, is indicated by a triangle. Top:
CH,OH (3_; » 2_, E) emission. Contour levels are 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 90% of the peak value of 2.8 K km s~ 1.
Bottom: SiO (2 — 1) emission. The lowest contour and contour interval are
0.065 K kms™ 1.

and a rapid decline toward blueshifted velocities. The SiO
emission in this direction was also resolved by Hirano et al.
(2001) and Castets et al. (2001) into two components,
labeled W1 and W2. Component W1 is coincident with the
CO peak of the WR lobe.

The blueshifted SiO and CH;OH emissions detected
southeast of IRAS 16293 show significantly different spatial
distributions. The SiO emission arises from a region elon-
gated in the north-south direction, with a peak located
~ 30" west of the EB CO peak. The methanol wing emission
arises from a more compact region located near the
southern boundary of the EB CO lobe, with a peak located
~ 70" south of the EB CO peak. This blueshifted methanol
structure is coincident with a strong blueshifted emission
feature seen in formaldehyde (Castets et al. 2001; labeled
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F1G. 12—Contour maps of velocity integrated line wing emission from
the IRAS 16293 —2422 outflow. Continuous and dashed lines represent
blueshifted and redshifted emission, respectively. The triangle marks the
position of the radio continuum source VLA 16293 —2422A and the stars
the peaks of the 800 um emission (Castets et al. 2001). Top: SiO (2 — 1).
Lowest contour and contour interval are 0.2 and 0.1 K km s~ for the
blueshifted emission (vf,,,: —6.4to —1.1km s~ ')and 0.3 K km s~ ! for the
redshifted emission (vy,,,, : 2.9 to 14.3 km s~ ). The gray-scale map indicates
the velocity-integrated emission. Bottom: CH;OH (3,-2, A *). Lowest
contour and contour interval are 0.2 K km s~ for the blueshifted emission
(Vstow: —5-1to —1.3km s~ ) and 0.4 K km s~ * for the redshifted emission
(V10w : 1.3 to 6.3 km s~ 1). The gray-scale map indicates the methanol emis-
sion from ambient gas only (velocity-integrated emission from v; g : 2.53 to
511kms™1).

HE2). The methanol line profiles toward this region show,
in addition to a blueshifted component with a peak at a
radial flow velocity of —1.8 km s~ ! and a maximum radial
flow velocity of —4.3 km s~ !, emission from a narrow
(Av ~ 0.67 km s~ ') component at the velocity of 3.76 km
s~1. The SiO line profiles show emission only from the
blueshifted component. Finally, the blueshifted CH;OH
emission observed southwest of IRAS 16293 is associated
with the SWB CO lobe, but its peak is displaced from the
CO peak by ~30” to the east. No SiO emission is detected
toward the SWB lobe.

To investigate the kinematics of the SiO and CH;OH
emitting gas associated with the NER-SWB CO outflow, we
show in Figure 13 a position-velocity diagram along a line
with a P.A. of 55° (line A in Fig. 11), which corresponds to
the major axis of the CO outflow. This diagram shows that
the velocity of the SiO and CH;OH emission from the NER
lobe increases steadily with increasing distance from IRAS
16293. The largest line widths and higher velocities are
found at the farthest distance from the central source. This
velocity structure suggests that the emission in these mol-
ecules arises from a bow shock produced by a high-velocity
jet impinging onto the ambient medium (see Masson &
Chernin 1993). On the other hand, no outflow emission is
detected in SiO or CH;OH toward the SWB lobe. The
question arises as to why the jet does not produce toward
the southwest a lobe with similar characteristics to that in
the northeast. We suggest that the absence of SiO and
CH;OH outflow emission toward the SWB CO lobe is due
to a lack of available ambient material. We envision that in
this direction the jet is moving in a low-density medium in a
manner that is not entraining or sweeping up appreciable
amounts of ambient gas. This hypothesis is supported by
the spatial distribution of methanol emission in the range of
velocities of the ambient cloud (see the gray-scale map in
the bottom panel of Fig. 12), which shows an absence of
emission southwest of the IRAS source, implying a lack of
high-density gas in this direction. This may imply that the
outflow is breaking out of the near side of the dense core, as
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F1G. 13.—Position-velocity diagrams along the symmetry axis of the
NER-SWB outflow from IRAS 16293 (P.A. 55°; line A in Fig. 11). Top: SiO
(2 — 1) emission. Contour levels are drawn at —0.06 K and from 0.06 K up
in steps of 0.06 K. The vertical dotted line indicates the systemic velocity of
the ambient gas of 3.64 km s~!. Bottom: CH,OH (3, —2,) emission.
Contour levels are drawn at —0.15 K, and from 0.15 K up in steps of 0.15
K. The vertical dotted lines indicate the position of the different k-
components for a systemic velocity of 3.64 km s 1.
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has been suggested by Castets et al. (2001), similar to the
situation in BHR 71 (Bourke et al. 1997; Garay et al. 1998).

Figure 14 presents a position-velocity diagram along a
line with a position angle of 145° joining the blueshifted
southeast and redshifted northwest peaks of the CH;OH
wing emission (line B in Fig. 11). Note that this position
angle differs significantly from that of the major axis of the
EB-WR CO outflow. Castets et al. (2001) have suggested
that in approximately this direction lies an outflow powered
by IRAS 16293A + B. The p-v diagram shows that the veloc-
ity width of the methanol emission is approximately con-
stant along the whole length of the emitting region, a result
that may indicate that the outflowing gas is being driven by
turbulent entrainment. It is possible that the methanol wing
emission from the southeast and northwest regions arises
from material entrained by a wide-angle stellar wind as it
impinges into ambient medium clumps. This hypothesis is
supported by the detection toward the CH;OH outflow
lobes of a strong and narrow component of methanol emis-
sion at the velocity of the ambient cloud (see bottom panel
of Fig. 12). Further support comes from the H,CO obser-
vations of Castets et al. (2001). The fact that these two mol-
ecules are detected, but not SiO, suggests that dust grain
mantles are being destroyed, but not grain cores, which
implies a less energetic process than direct interaction with
ajet.

3.6. Serpens S6SN

The S68N object corresponds to a molecular line peak in
the northwest region of the Serpens star-forming core
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F16. 14—Position-velocity diagrams along a line joining the blue-
shifted southeast and redshifted northwest peaks of the CH;OH wing
emission from IRAS 16293 (P.A. 145°; line B in Fig. 11). Top: SiO (2 - 1)
emission. Contour levels are drawn at —0.06 K and from 0.06 K up in
steps of 0.06 K. Bottom: CH,;OH (3, — 2,) emission. Contour levels are
drawn at —0.14 K and from 0.14 K up in steps of 0.14 K. Vertical dotted
lines as in Fig. 13.
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(McMullin et al. 1994; Williams & Myers 2000) at a dis-
tance of 310 pc (de Lara, Chavarria-K, & Lopez-Molina
1991). Associated with this core is the Class 0 source SMM
9 (Casali, Eiroa, & Duncan 1993; White, Casali, & Eiroa
1995; Hurt, Barsony, & Wootten 1996), which has a bolo-
metric luminosity of 5.0 Ly (Wolf-Chase et al. 1998).
Outflow emission has been detected in a number of mol-
ecules toward this region (McMullin et al. 1994, 2000),
although the data do not allow for a definitive assignment
of the outflowing gas to particular protostellar sources
(White et al. 1995; Davis et al. 1999). Interferometric obser-
vations in CS (2 —» 1) by Williams & Myers (2000) clearly
show that S68N/SMM 9 is associated with a compact
outflow oriented approximately northwest-southeast.

The observed spectra and maps of integrated emission in
the SiO and CH;OH lines have been presented elsewhere
(Garay et al. 2002). Methanol and silicon monoxide wing
emissions are detected at blueshifted velocities, with respect
to the systemic ambient cloud velocity of 8.46 km s~ ! (Hurt
et al. 1996), toward the northwest region and at redshifted
velocities toward the southeast, in agreement with the CS
outflow (Williams & Myers 2000). The wing emission from
the blue lobe extends up to a v;,, of —10.0 km s~ ! in
methanol and —9.4 km s~ ! in silicon monoxide, whereas
that from the red lobe extends up to a vg,,, 0of 9.7 km s~ ! in
CH,;OH and 10.8 km s~ ! in SiO. Figure 15 shows a
position-velocity diagram along the symmetry axis of the

100 | S@éN‘ ! Si0(3-2)

50

L 4y s

50

LA S L B B S By

Velocity (km 84)

FiG. 15.—Position-velocity diagrams along the symmetry axis of the
S68N outflow (P.A. 135°). Top: SiO (3 — 2) emission. Contour levels are
drawn at —0.06 K and from 0.06 K up in steps of 0.06 K. The vertical
dotted line indicates the systemic velocity of the ambient gas of 8.46 km
s~ 1. Bottom: CH;0H (3, - 2,) emission. Contour levels are drawn at
—0.12 K and from 0.12 K up in steps of 0.12 K. The vertical dotted lines
indicate the position of the different k-components for a systemic velocity
of 846 kms~ 1.
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Fi1G. 16.—Position-velocity diagrams along the symmetry axis of the
SMM 4 outflow (P.A. 135°). Top: SiO (2 — 1) emission. Contour levels are
drawn at —0.06 K and from 0.06 K up in steps of 0.06 K. The vertical
dotted line indicates the systemic velocity of the ambient gas of 8.1 km s~ 1.
Bottom: CH;OH (3, — 2,) emission. Contour levels are drawn at —0.15 K
and from 0.15 K up in steps of 0.15 K. The vertical dotted lines indicate the
position of the different k-components for a systemic velocity of 8.1 km
s~ 1

outflow (P.A. of 135°). This diagram suggests that the
outflow emission arises from C-type bow shocks driven by a
collimated jet (e.g., Masson & Chernin 1993), but obser-
vations with higher angular resolution are needed to assess
this hypothesis.

3.7. Serpens SMM 4

The strongest millimeter continuum source in the
southwest region of the Serpens star-forming cloud core is
the Class 0 protostar SMM 4 (Casali et al. 1993), with a
bolometric luminosity of 9 L, (Hurt & Barsony 1996). It is
associated with bright molecular emission in several species
(Hurt et al. 1996; Gregersen et al. 1997; McMullin et al.
2000), many of which show line profiles with blue asym-
metry, characteristic of infall motions. White et al. (1995)
detected high-velocity CO emission (presumably outflow) in
several regions of the Serpens core, in particular near object
SMM 4. However, because of the complex spatial structure
of the high-velocity emission, it is difficult to associate the
flows with individual sources.

The observed spectra and maps of integrated emission in
the SiO (2 —» 1) and CH;OH (3, — 2,) lines have been pre-
sented elsewhere (Garay et al. 2002). Methanol and silicon
monoxide wing emission are detected at redshifted veloci-
ties, with respect to the velocity of the quiescent ambient
cloud of ~8.1 km s™! (Mardones et al. 1997), toward the
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southeast and at blueshifted velocities toward the north-
west. The redshifted SiO wing emission is detected up to a
vrsg Of ~14.2 km s~ (vg,,, ~ 6.1 km s~ 1), while the blue-
shifted SiO wing emission is detected up to a v g of ~ —1.2
km s™! (0o ~ —9.3 km s~ ). Figure 16 shows a position-
velocity diagram along a P.A. of 45°. In both lobes the SiO
and CH;OH emission increases its velocity dispersion as
the distance from the driving source increases. This
spectral-spatial characteristic suggests that the outflow
emission arises from C-type bow shocks generated by a
high-velocity collimated velocity jet impinging onto the
ambient medium (see Bence, Richer, & Padman 1996).

4. DISCUSSION

4.1. Column Densities and Rotational Temperatures

Column densities and temperatures were computed
toward selected positions in the lobes of each outflow. The
column density in the velocity range from v to v + Av, N,
and rotational temperature, T, of silicon monoxide and
methanol were derived from a rotational diagram analysis
(see, e.g., Linke, Frerking, & Thaddeus 1979; Blake et al.
1987), with the assumptions of optically thin conditions and
local thermodynamical equilibrium, which relates the inte-
grated line intensity, rotational temperature, and column
density via

3k [o*& Todv N, E,
e S TC 0 R L W A

where u, v, and S are the transition dipole moment, fre-
quency, and line strength of the transition, respectively,
fora T ndv 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 density of CO molecules in the velocity
range from v to v + Av, N, (CO), was computed using the

expression

T, +0.92
N,(CO) = 231 x 104 1= o553/

t,Avem~2, (2)
where T, is the excitation temperature of the outflowing
gas and 7, is the optical depth of the CO (1 — 0) emission at
outflow velocity v. The opacity was computed from the
ratio of the observed emission in the 2CO (1 - 0) and
13CO (1 - 0) lines in the velocity range v, v + Av, assuming
an isotopic [**CO/!**CO] abundance ratio of 67, corre-
sponding to the average value in the solar neighborhood
(Langer 1997), and excitation temperatures taken from the
literature (see Bourke et al. 1997 for a description of the
method). Because of the low strength of the *CO wing
emission, in some cases this method did not permit to
compute column densities in all ranges of flow velocities.
Table 3 summarizes the total column densities and average
rotational temperatures of the flowing gas in different
outflow lobes.

4.2. 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 outflow lobes is,
however, not known and difficult to estimate. Therefore, in
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TABLE 3
DERIVED PARAMETERS

SILICON MONOXIDE METHANOL
OFFSET Vttow N Vttow Tx N
SOURCE LoBe (arcsec) (kms™1) (cm™?) (km s~ 1) (K) (cm™?)
NGC 2264G...... Blue (—80, 20) —6.5 - 05 1.3 x 10*2 —40 - 1.0 81+10 2.6 x 1014
IRAS 16293 ...... NER (90, 60) 0.0 — 140 7.3 x 102 0.0 — 8.0 8.6 +3.0 6.2 x 103
NER (60, 30) 0.0 - 10.0 6.2 x 1012 00 — 8.0 78 +1.3 5.9 x 10'5
EB (90, —60) —30-> —10 44 x 10! —4.0 - 0.0 10.8 + 2.3 1.3 x 1013
SMM 4 ........... Blue (60, —30) —74 - 0.1 3.2 x 10'2 —48 - —03 83+08 2.2 x 1013
Red (30, —60) 1.6 - 5.6 1.7 x 1012 03 — 438 82+22 14 x 103
S68N .......eeenne. Blue (—15,0) —42 - —0.2 1.2 x 10*2 —43 > —03 114 + 4.0 1.2 x 10'®
Red (30, —45) 03 - 58 1.5 x 1012 03 — 438 103 + 3.2 1.2 x 1013

the following discussion we will consider abundances rela-
tive to CO that can be directly derived from our obser-
vations. 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, and the CO column density in the corresponding
velocity range, obtained from the analysis of the CO and
13CO lines.

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. However, the abundances of methanol and
silicon monoxide in the ambient clouds harboring the colli-
mated outflows studied here are not known. In dark clouds
the [CH,;OH/CO] abundance ratio is 3 x 10~ 3 (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 10~#® exists (Ziurys, Friberg, & Irvine 1989; van Dis-
hoeck et al. 1993). In the following we assume that the
abundance ratios in the ambient gas surrounding the out-
flows are similar to those in dark clouds. Table 4 sum-
marizes the peak fractional abundance and peak
enhancement of SiO and CH;OH in the different outflow
lobes.

4.2.1. SiO Enhancement

Figure 17 shows the [SiO/CO] abundance ratio versus
the absolute value of the radial flow velocity observed in the
different outflow lobes. The peak [SiO/CO] abundance
ratios are 1 x 1075 in IRAS 16293 (red lobe) and SMM 4

(blue and red lobes), 5 x 107 ¢ in NGC 2264G (blue lobe),
and 2.5 x 107° in S68N (blue lobe). The corresponding
enhancements in the abundance of the gas-phase silicon
monoxide in the outflow lobes, relative to quiescent
ambient gas in dark globules, are 330, 170, and 80, respec-
tively. The enhancement 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, Oppenheimer, & Dalgarno 1980).

In the lobes of SMM 4 and S68N, the SiO abundance
increases steeply with radial flow velocity, reaches a peak at
a | vgow| Of ~3-4 km s™1, and decreases gradually toward
higher flow velocities. In the NER lobe of IRAS 16293 and
blue lobe of NGC 2264G, the SiO abundance also increases
steeply with radial flow velocity (up to a | vy, | of 5kms™?)
and stays constant at higher flow velocities. The maximum
radial outflow velocity of the SiO emission, vfjan(SiO), in the
different outflow lobes ranges from 3.0 to 14.4 km s™! (in
absolute value). These moderate velocities, not fast enough
to dissociate molecules, suggest that the production of SiO
in the lobes 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 sput-
tering of Si-bearing material in grains driven by neutral
particle impact on charged grains (Draine 1995; Flower &

TABLE 4

ABUNDANCE RATIOS AND ENHANCEMENTS

ABUNDANCE RATIO ENHANCEMENT
SOURCE LoBe OFFSET [SiO/CO] [CH,0OH/CO] SiO CH,0H

NGC 2264G...... Blue (—80, 20) 5x10°° 7 x 1074 170 23
IRAS 16293 ...... NER (90, 60) 1x10°3 1.5x 1072 330 500
NER (60, 30) 8 x107°¢ 1.0 x 1072 270 330

EB (90, —60) 9x 1077 1.2 x1073 30 40

SMM 4 ........... Blue (—60, 30) 3x10°¢ 1.0 x 1072 100 330
Red (30, —60) 1x107¢ 1.2 x1073 30 40

S68N .............. Blue (—30, 0) 6 x 1077 24 x 1073 20 80
Red (30, —30) 5x 1077 1.5x1073 20 50

Dark Clouds

TMC-1............ <3x1078 3x107° 1 1
L134N ............ <5x1078 4 x1073 1 1
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object name and the position in the outflow are indicated in the lower right
corner.

Pineau des Foréts 1995; Schilke et al. 1997), although grain-
grain collisions become important for shocks propagating
in dense regions [n(H,) > 5 x 10° cm ™3] at velocities >25
km s~ ! (Caselli, Hartquist, & Havnes 1997). The sputtering
of Si-bearing material can arise either from grain cores,
namely, refractory grains that are composed of silicates and
graphites, or from grain mantles (Schilke et al. 1997). In
perpendicular C-type shocks, 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~ !, 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,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). The above constraints can be relaxed if
oblique C-type shock models are used. In these models, the
components of the relative velocities between grains and
neutrals perpendicular to the shock propagation direction
are comparable to or even larger than the component along
it, resulting in efficient sputtering of volatile and refractory
material by H, and He. Oblique C-type shocks with veloci-
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ties between 30 and 35 km s~ ! lead to gas-phase Si fraction-
al abundances in the range 10~ °~10~ ¢ (Caselli et al. 1997).

The total column densities of SiO at the peak position in
the different outflow lobes range from 4.4 x 10! to
7.3 x 10*2 cm~2 (see Table 3). Codella, Bachiller, & Rei-
purth (1999) derived similar SiO column densities toward
star-forming regions associated with molecular and Herbig-
Haro outflows. Figure 18 shows the total column density of
SiO versus the absolute value of the maximum SiO flow
velocity observed in the different outflow lobes. Included in
this figure are values derived for the NGC 2071 (Garay,
Mardones, & Rodriguez 2000) and BHR 71 (Garay et al.
1998) outflows. There is a significant correlation between
these two quantities, which suggests a velocity selective
enhancement in the production of SiO molecules. Though
the C-type shock models are still preliminary, most are able
to explain column densities of SiO in molecular outflows
within this range. The column densities predicted in the
models of Schilke et al. (1997) are of the order of 10'? ¢cm ~2
at shock velocities of ~20 km s~ ! and increase rapidly to
~10'% cm~2 for a v, of ~30 km s~ 1. The observed (beam
averaged) column densities suggest that in most of the
sources the shock velocities are <20 km s~ *. For this mod-
erate shock velocity, the silicon injected in the gas phase is
mainly released from the ice mantle of the grains by heavy
particle sputtering, the contribution from dust core sputter-
ing being negligible.

Assuming that the maximum enhancement takes place at
the critical velocity for grain mantle removal, which is
about 10 km s~ ! for a nonpolar and 20 km s~ ! for a polar
substrate (Schilke et al. 1997), it is possible to estimate the
inclination angle of the outflow symmetry axis from the
observed flow velocity at peak enhancement. In SMM 4
and S68N, the peak enhancement occurs at a radial flow
velocity of ~3-4 km s~!, implying inclination angles
between 70° and 80°. In IRAS 16293 the turnover flow
velocity is at ~7 km s~ !, implying an outflow inclination

101 - T
I 0 :
L w Yo B
X‘;\ L i
5 i |
2] * -
Z * N
1012 [ |
| ﬁ -
|
10
lvmax|(S10) (km s7!)

F1G. 18.—Relationship between column density of SiO and terminal
SiO flow velocity of collimated bipolar outflows.
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angle of ~45°. We notice, however, that this method can
lead to highly uncertain values.

4.2.2. CH; OH Enhancement

Figure 19 shows the [CH;OH/CO] abundance ratio
versus the absolute value of flow velocity observed in the
different outflow lobes. The peak [CH;OH/CO] abun-
dance ratios are 1.5 x 1072 in IRAS 16293 (red lobe),
1.0 x 1072 in SMM 4 (blue lobe), 2.4 x 10~ 2 in S68N (blue
lobe), and 7 x 10~ * in NGC 2264G (blue lobe). The corre-
sponding enhancements in the gas-phase abundance of
methanol in the outflow lobes, relative to quiescent ambient
gas in dark globules, are 500, 330, 80, and 23, respectively.
The large abundance of methanol, one of the most abun-
dant ices on grain surfaces, is thought to arise from the
evaporation of ice mantles (Tielens & Allamandola 1987,
Charnley, Tielens, & Millar 1992; Bachiller et al. 1998;
Blake et al. 1991) due to heating by low-velocity shocks,
since volatile species, such as CH;OH, HCN, and H,CO,
can survive sputtering or desorption of grain mantles only
at low shock velocities (v, < 10 km s~ 1).

The column densities of CH;OH at the peak position in
the outflow lobes range from 2.6 x 10'# t0 6.2 x 1015 ¢cm ™2
(see Table 3). Whether or not the C-type shock models
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F1G. 19.—Abundance of CH,OH relative to CO vs. the absolute value
of flow velocity observed in selected positions of different outflows. The
object name and the position in the outflow are indicated in the lower right
corner.
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described in the previous section are able to explain these
column densities cannot be assessed since they have not
considered the production of methanol. There is, however, a
close correlation between the CH;OH and SiO column
densities derived toward the outflow lobes, suggesting a
common origin of these two species. This is further sup-
ported by the similar dependences of the abundances of SiO
and CH;OH with flow velocity (see Figs. 17 and 19). We
propose that in most of the outflows investigated here the
SiO and CH;OH trace the same excited gas, and attribute
the production of these molecules to low-velocity shocks.
The only exception is source NGC 2264G, for which the
SiO to CH;OH column density ratio is a factor of 4 times
larger than average. The larger ratio may be attributed to
an additional contribution to SiO by fast dissociative
shocks. Models of the chemistry in regions behind fast dis-
sociative shocks predict a substantial enhancement in the
abundance of SiO molecules (Neufeld & Dalgarno 1989).

We now turn the discussion to the CH;OH abundance in
the globules CG 30 and IRAS 13036, in which methanol
emission is detected over extended regions (0.17 pc in CG 30
and 0.08 pc in IRAS 13036), but only at velocities close to
the ambient cloud velocity. We find that the beam-averaged
column densities of CH;OH at the peak positions of CG 30
and IRAS 13036 are 2.9 x 10'* and 2.0 x 10'* cm™?,
respectively. The corresponding beam-averaged column
densities of CO are 8.1 x 10'7 and 3.0 x 10'7 cm ™2, imply-
ing [CH;0H/CO] abundance ratios of 3.6 x 10~* and
6.7 x 10~*. These values are roughly 10-20 times higher
than those reported in quiescent cores and raise the ques-
tion of the origin of the higher abundances. It has been
argued that the driving source of the bipolar outflow in
each of these two globules is in a more evolved stage of
evolution than Class 0 objects. Chen et al. (1995) and Gre-
gersen et al. (1997) suggest that CG 30 is on the boundary of
the Class 0 category, whereas Lehtinen et al. (1999) argue
that IRAS 13036 is a transitional object between Class 0
and Class I. It is possible that the enhancement of the
CH;OH abundance in these cores is still related to the
outflow activity of their central sources, the lower enhance-
ment compared with those of Class 0 objects being an indi-
cation of their later stages of evolution, at which the
strength in outflow activity has considerably decayed.

The above discussion raises the question as to whether or
not there is a correlation between abundance enhancement
and age. We note beforehand that there are important
issues that may prevent us from giving a definitive answer.
First, there are large uncertainties in the age of the central
sources. Most estimates correspond to the dynamical age of
the outflowing gas (t, = R/vg,y); however, it is difficult to
tie this age to the actual age of the protostar without
knowing when the mass loss began and how the outflow
propagates through the ambient medium. In addition, the
enhancement is likely to depend also on the properties of
the ambient medium in which the jet is impinging. This is
clearly illustrated by the observed properties of the meth-
anol emission from the different lobes of the NGC 2264G
and IRAS 16293 —2422 outflows (see §§ 3.1 and 3.5). The
dependence of the enhancement with age and ambient
medium may not be separable. Furthermore, differences in
luminosities could also cause important differences on the
evolution timescales. In spite of these caveats, we plot in
Figure 20 the methanol enhancement observed in different
outflow lobes versus the dynamical age of the outflow. Also
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plotted are the enhancements derived for globules CG 30
and IRAS 13036, for which we assigned a dynamical age of
2 x 10° yr, corresponding to the typical age of Class I
sources (Wilking, Lada, & Young 1989). A glance to this
figure may suggest that there is a decrease in abundance of
methanol with age. This apparent relationship is, however,
in disagreement with the null detection of methanol emis-
sion from the outflow lobes of VLA 1623. This object is
considered to be the youngest Class 0 source, with a
dynamical age of 2 x 10® yr (André et al. 1990), and hence
the relationship predicts that the outflow lobes of VLA 1623
should show the strongest enhancement. It is worth men-
tioning here that the actual age of VLA 1623 may be con-
siderably greater than its dynamical age. In fact, assuming
that the continuum emission at submillimeter wavelengths
arises from an accretion disk, Pudritz et al. (1996) estimated
an age for the central energy source of 6 x 10* yr. We con-
clude that with the presently available data it is not possible
to establish an age-enhancement relationship.

5. SUMMARY

We have mapped, using the SEST telescope, the silicon
monoxide and methanol emission from seven collimated
bipolar outflows thought to be associated with Class 0
objects: NGC 2264G, IRAS 08076—3556, IRAS
13036 — 7644, VLA 1623 —243, IRAS 16293 — 2422, Serpens
S68N, and Serpens SMM 4. The main results and conclu-
sions presented in this paper are summarized as follows:

1. SiO and CH;OH emission from outflowing gas were
detected toward the lobes of four objects: NGC 2264G,
IRAS 16293 —2422, Serpens S68N, and Serpens SMM 4.
The line profiles of the SiO emission from all these lobes,
except IRAS 16293 — 2422, show a peak at a radial velocity
close to but displaced from the ambient cloud velocity, and
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a gradual decrease in intensity from the peak toward higher
flow velocities. This suggests that in these lobes a small
fraction of the molecular gas is accelerated to shock veloci-
ties while the majority remains close to the ambient cloud
velocity. This type of profile is characteristic of C-type bow
shocks, where a range of shock speeds is present (Smith &
Brand 1990).

2. The morphology of the SiO and CH;OH wing emis-
sion from IRAS 16293 — 2422 shows a quadrupolar appear-
ance, with the strongest redshifted emission arising from the
NE region and the strongest blueshifted emission arising
from the SE region. The velocity of the SiO and CH;OH
emission from the NER lobe increases steadily with increas-
ing distance from IRAS 16293, reaching terminal outflow
velocities of ~ 14 km s~ . We propose that the emission in
silicon monoxide and methanol from the NER lobe of IRAS
16293 arises from a bow-shock driven by a high-velocity
collimated jet. No outflow emission is detected in SiO or
CH;OH toward the corresponding SWB lobe. We suggest
that in this direction the collimated jet is interacting with a
less dense medium than that toward the northeast and is
moving in a manner that is not entraining or sweeping up
appreciable amounts of ambient gas. The CH;OH wing
emission along the blueshifted southeast and redshifted
northwest regions, which Castets et al. (2001) suggest is the
place of an outflow powered by IRAS 16293A + B, shows a
narrow and approximately constant velocity width along
the whole length of the emitting region, a result suggestive
of turbulent entrainment. The fact that emission is detected
in methanol but not in silicon monoxide suggests that dust
grain mantles are being destroyed but not grain cores,
which implies a less energetic process than direct inter-
action with a jet. We suggest that the methanol wing emis-
sion from the southeast and northwest regions arises from
material entrained by a wide-angle stellar wind as it
impinges into ambient medium clumps.

3. The SiO abundance in the outflow lobes is enhanced
with respect to that of quiescent ambient gas in dark
globules by a factor of at least 330 in IRAS 16293 —2422
and SMM 4, 170 in NGC 2264G, and 80 in S68N. The
CH;OH abundance is enhanced by a factor of 500 in IRAS
16293 —2422, 330 in SMM 4, 80 in S68N, and 23 in NGC
2264G. In addition, we find that the dependence of the
SiO/CO and CH;OH/CO abundance ratios with radial
flow velocity shows a steep increase in the range from ~0 to
~4-5 km s~! and a gradual decline toward higher flow
velocities. 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.

4. The column densities of SiO at the peak position in the
different outflow lobes range from 4.4 x 10'! to 7.3 x 10'?
cm 2. These column densities can be well explained by
C-type shock models with moderate velocities (v,: 1020 km
s~ 1; Schilke et al. 1997). The column densities of CH,OH at
the peak position in the different outflow lobes range from
2.6 x 10'* to 6.2 x 103 ¢cm™~2. There is a close correlation
between the CH;OH and SiO column densities, suggesting
a common origin of these two species.

In the remaining three sources (CG 30, IRAS
13036 —7644, and VLA 1623 —243), emission in methanol
was detected from a narrow line at the velocity of the
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ambient cloud, and no emission was detected in silicon
monoxide. Weak methanol emission from a low-velocity
outflow component was detected toward CG 30.
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