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ABSTRACT 
We present interferometric observations of the SiO J = 2-1, H 13CO+ J = 1-0, HC 3N J = 11-10, CH 30H 

JK = 2o-1o, and so2 JKpKo = 817-808 transitions along with the A= 3.1 mm continuum toward the young 
stellar object Orion S. The HC3N and H 13CO+ emission trace similar spatial and velocity distributions which 
are extended and follow the Orion molecular ridge. The SiO emission is more spatially confined, peaking to 
the west of the A= 3.1 mm continuum source, while the CH 30H emission peaks to the southwest. Weak S02 

emission was detected southeast of the continuum source position. 
Column densities and fractional abundances are derived for each species at different positions in the region. 

In general, the molecular abundances near the continuum source are similar to those in the quiescent material 
near IRe 2, but the abundances decrease toward the continuum source position indicating localized depletions 
of at least a factor of 3 in our ~ 10" beam. The presence of strong SiO emission with much weaker S02 

emission is interpreted as resulting from high-velocity shock interactions between the outflow from Orion S 
and the surrounding cloud. The apparent molecular depletions directly toward Orion S, and the similarity of 
abundances between the Orion S region and quiescent ridge material, suggest that Orion S is at an early stage 
of chemical evolution, prior to when substantial chemical differentiation occurs. 
Subject headings: ISM: abundances- ISM: individual (Orion Nebula)- molecular processes

radio lines: ISM 

1. INTRODUCTION 

The Orion IRe 2 region has played a central role in the study 
of the chemistry of star formation. Its proximity, brightness, 
and chemical complexity have provided valuable insights into 
many of the physical processes accompanying the birth of 
massive stars (Genzel & Stutzki 1989; Blake et al. 1987). 
Molecular evaporation from dust grains (e.g., Plambeck & 
Wright 1987; Walmsley et al. 1987), hydrogenation of mol
ecules on grain sites (Blake et al. 1987), creation of molecules 
via high-temperatures reactions (e.g., Minh et al. 1990), and 
local modification of molecular abundances through inter
action with stellar wind material (e.g., Vogel et al. 1984) are all 
thought to be occurring within 20" of IRe 2. Studies of these 
processes have been greatly advanced through observations of 
molecular excitation, spatial distributions, and kinematics; but 
the physical and chemical complexity of the region has not 
made this an easy task. Ambiguities remain about the use of 
selected molecular tracers as unique signatures of grain evapo
ration, high-temperature shock chemistry, or changes in the 
atomic constituents of the gas (e.g., Prasad et al. 1987). 

A young stellar object located 1:5 to the south ofiRc 2 in the 
OMC-1 molecular ridge, Orion S provides a second look at the 
chemistry of star formation in a region which should have had 
very similar prestellar physical conditions and abundances. 
Orion S was first identified as an active star formation region 
through measurements of NH 3 (J, K) = (1, 1) and (2, 2) lines 
(Ziurys et al. 1981) and through 400 11m dust continuum maps 
(Keene, Hildebrand, & Whitcomb 1982). Later measurements 
of NH 3 indicated that this region, labeled S6, has gas kinetic 
temperatures as high as 270 K and represents a prominent 
maximum in NH3 emission distinct from IRe 2 (Batrla et al. 
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1983; Mauersberger et al. 1986). Interferometer observations 
uncovered a compact dust emission source, with a size of 
10" x 4" (Mundy et al. 1986), which coincided with peaks in 
the large-scale NH3 and CS J = 2-1 emission (Batrla et al. 
1983; Mundy et al. 1988). The millimeter continuum source is 
also coincident with the C180 emission region labeled Peak 4 
by Wilson et al. (1986), as well as the southern peak in 
A= 1300 11m (Schloerb, Snell, & Schwartz 1987; Mezger, 
Wink, & Zylka 1990) and A= 870 J.lm continuum maps 
(Mezger, Sievers, & Zylka 1991). There is no centimeter wave
length emission directly identified with the millimeter source 
(Mundy et al. 1986). Due to strong IR emission from adjacent 
dust heated by the Trapezium stars, the mid-infrared to far
infrared flux from Orion S has not been measured accurately 
and no near-infrared source has been detected within 3" of the 
dust continuum peak (McCaughrean 1988, 1992). The total 
luminosity of the region is estimated to be ~ 8.5 x 103 L 0 

(Drapatz et al. 1983; Mezger et al. 1990). Estimates of the 
overall mass of the molecular core in the Orion S region range 
from 50 to 140 M 0 (Keene et al. 1982; Drapatz et al. 1983; 
Schloerb et al. 1987; Mezger et al. 1990). 

Energetic outflow activity associated with Orion S has been 
observed in a number of molecular transitions. CO J = 2-1 
observations revealed a highly collimated bipolar outflow cen
tered within 2" of the continuum peak, which extends ~ 30" in 
the blue lobe and 120" in the red lobe at a position angle of 
-30° (Schmidt-Burgk et al. 1990). CO J = 7-6 observations 
(Schmidt-Burgk et al. 1989) detected hot ( 500-1000 K) gas 
extending out ~ 30 km s - 1 from the ambient cloud velocity, 
centered on Orion S. Thermal SiO emission, which is second 
in strength only to Orion IRe 2 (Ziurys, Friberg, & Irvine 
1989), shows a bipolar distribution with flux out to ± 12 km 
s- 1 from line center (Ziurys, Wilson, & Mauersberger 1990; 
Ziurys & Friberg 1987). 

In order to begin a more detailed study of the chemistry of 
Orion S, we have mapped the region in transitions of SiO, 
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S02 , H 13CO+, HC3N, and CH30H along with the A= 3.1 
mm continuum emission with the BIMA 3 array. The molecules 
were chosen to delineate the interaction of Orion S with its 
surroundings. For example, the SiO molecule is believed to 
have at least modest activation barriers which inhibit its for
mation in low-temperature gas, and its abundance is normally 
depressed by severe gas-phase depletions of Si (Blake et al. 
1987). SiO may therefore arise preferentially in high
temperature regions (Ziurys et al. 1989) such as gas strongly 
shocked by outflowing material or strongly heated by radi
ation. so2 also has relatively low abundance in normal cloud. 
material due to a combination of depletion of gas-phase 
atomic oxygen and sulfur abundances (Prasad & Huntress 
1982; Blake et al. 1987) and perhaps some energy requirements 
(Mitchell 1984). Increased abundances of atomic species and 
higher gas temperatures are expected in regions of mild to 
strong interaction between an atomic rich outflow and 
ambient gas. 

Methanol is thought to be enhanced when grain mantles are 
gently evaporated (Millar, Herbst, & Charnley 1991); direct 
production in postshocked gas is unlikely. Regions of weak 
interaction between an outflow working surface and the sur
rounding ambient gas could provide environments in which 
sufficient energy is provided to liberate grain mantles without 
destroying the grains themselves. HCO + was theoretically pre
dicted to be influenced by shock chemistry (Mitchell 1984); 
however, observations have revealed it to be an uncertain indi
cator of shocks and high-temperature chemistry (Ziurys et al. 
1989; Rudolph & Welch 1992). Comparison of the isotope 
H 13CO+ with other less ambiguous tracer molecules will help 
to clarify its role in the chemistry of star-forming regions. 
HC3N, whose abundance is relatively constant throughout the 
IRe 2 region (Blake et al. 1987), and the millimeter continuum 
emisson were chosen to trace the column density of the bulk of 
the material thus providing a standard for measuring relative 
enhancements. 

In this paper, we report the results of these observations, 
compare the Orion S region with the region around IRe 2 and 
discuss possible implications for the chemistry of molecular 
cloud material in the vicinity of young, massive stars. 

2. OBSERVATIONS 

Spectral line and continuum data were obtained using two 
correlator setups of the three-element BIMA array between 
1990 June and 1991 January. The molecular transitions 
observed and specifics of the correlator setups are provided in 

3 Berkeley, Illinois, and Maryland Association. 

Table 1. Projected antenna spacings for the observations 
ranging from 2 x 103 A to 4.5 x 104 A were obtained in eight 
configurations for setup 1 and seven configurations for setup 2, 
yielding synthesized beams of 13" x 9" and 11" x 6" with 
natural weighting and 8':5 x 5':5 and 7" x 4':5 with uniform 
weighting, respectively. The pointing center position was 
a 1950 = 05h32m46~0, b1950 = -05°26'01':7. At 86.847 and 
100.076 GHz, the 6.1 m diameter antennas have primary beam 
widths of2~3 and 2~0, respectively. 

The compact sources PK 0420 and 0605-085 were used as 
phase calibrators. The flux scale was established from observa
tions of Mars and Venus using the brightness temperatures 
given by Ulrich (1981). PK 0420 was adopted as a secondary 
calibration standard with a flux density of 5.1 Jy at both 86 and 
100 GHz. Observations of 3C 84 were used to calibrate the 
passband. The single-sideband system temperature during the 
observations was generally ~ 600 K scaled to outside the 
atmosphere. 

For each correlator setup, a line-free continuum map was 
formed by averaging the channels in a correlator band showing 
no line emission. The dirty continuum maps were subtracted 
from the dirty spectral line maps, then the data were 
CLEANed using the MIRIAD data reduction package devel
oped by BIMA. Natural weighting maps were favored due to 
the extended nature of the observed emission. Typical rms 
noise values for the cleaned maps are given in the last column 
of Table 1. No correction for primary beam taper has been 
applied. 

Broad-band continuum data were obtained simultaneously 
with the spectral line data using the analog correlator 
(Av ~ 140 MHz). The flux in these data is dominated by free
free emission from the Orion H n region, M42. In order to 
better highlight the dust component at millimeter wavelengths, 
the A= 2 em map of the region from Mundy et al. (1986) was 
scaled assuming optically thin emission and subtracted from 
the BIMA data using the method outlined by Wright et al. 
(1992). 

3. RESULTS 

Integrated intensity maps for the five observed molecular 
species and the residual continuum flux at 96.7 GHz are shown 
in Figure 1. All channels with 4 u or greater emission were 
included in the integrated intensity maps; for S02 and SiO, the 
emission was integrated from 4.5 to 10.1 km s- 1. The SiO 
J = 2-1 transition shown in the top left panel exhibits compact 
emission centered west and a little south of the Orion S milli
meter continuum source (triangle) and a weaker extension off 
to the north. The strong emission near the top of the panel is 
associated with IRe 2 (square). For H 13CO+, the J = 1-0 emis-

TABLE 1 

OBSERVED TRANSITIONS 

Rest Channel Velocity rms Noise in 
Frequency Correlator Width Coverage CLEAN Maps 

Transition [GHz] Setup (km s- 1 ) (km s- 1) (Jy beam- 1) 

86.847 

{1 

0.27 34.5 0.5 
83.688 0.28 35.8 0.5 
86.754 0.14 17.3 0.5 

SiOJ = 2-1 .......................... . 
so2 8,7-8os .......................... . 
H''co+ 1 = 1-o .................... . 

HC3N J = 11-10 .................... . 100.076 0.12 15.0 0.64 
96.739 

{2 
0.12 15.5 0.5 

96.741 0.12 15.5 0.5 
CH 30H2_,-L 1 E ................ .. 
CH 30H20-1 0 A+ .................. .. 
CH 30H 20-1 0 E ................. · · · · · 96.744 0.12 15.5 0.5 
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FIG. !.-Integrated intensity maps. The contour levels are in steps of 3.3 for SiO, 2.4 for H 13CO+, 3.4 for S02 , 2 for CH 30H, and 3.4 Jy km s _, for HC 3N. For 

the 96.7 GHz continuum, contours are in steps of ±0.05 starting at 0.1 Jy. The triangle marks the position of the peak continuum (Orion S); the square marks the 
position of IRe 2. The beams for each observations are represented in the lower left column of the panel. The molecular line maps have been continuum subtracted 
(see §.2.) 

sion shown in the top center panel has a north-south elon
gated structure which peaks north of Orion S and has a weaker 
extension to the southwest overlapping the main SiO emission 
region. The multiple negative contours in the SiO and 
H 13CO + maps are the result of emission on larger spatial 
scales than those sampled by our observations. As shown in 
the top right panel, strong so2 emission was detected from the 
IRC 2 region, but only weak ( ~ 4 a) emission is seen in the 
vicinity of Orion S. It is important to note that the IRe 2 region 
lies just beyond the half-power point of the primary beam in 
these observations. Consequently, the emission from the IRe 2 
region is not accurately portrayed in our maps. 

The lower left and lower center panels in Figure 1 display 
maps of the CH30H and HC3N emission, respectively. All 
three observed transitions of CH30H show the same compact 
emission centered south of Orion S. The HC3N emission 
shows a strong north-south elongated structure which is 
peaked south of Orion S but extends north into the main 
H 13CO + emission region. Again, the strong negative contours 
in the map are the result of missing flux on larger spatial scales; 
observations of the HC3N J = 12-11 transition by Martin
Pintado, Rodriguez-Franco, & Bachiller (1990) confirm the 
presence of the large-scale emission. Finally, the lower right 
panel shows the 96.7 GHz continuum flux after the extrapo
lated ionized gas emission from M42 has been subtracted. The 
continuum emission is compact and peaked on the position 
previously given by Mundy et al. (1986). The total continuum 
flux from Orion Sis 680 mJy at 96.7 GHz. Emission from the 
IRe 2 region is only marginally detected in the lower row of 
maps due to the smaller primary beam at 96.7 and 100.1 GHz. 

Table 2 lists the peak flux, integrated intensity, and position 
offset between the line peak and continuum peak. Figure 2 
shows the spectra for each molecule at the position of the 
continuum peak (left column), the SiO peak (center column), 
and the emission peak in each molecule (right column). The 
velocity extent of the molecular emission is less than 7 km s- 1 

with the exception of the SiO emission which displays line 
wings extending over ~ 14 km s- 1. As can be seen from the line 
channel maps in Figure 3, the SiO emission is spatially segre
gated with the blueshifted emission predominantly to the 
northeast and the redshifted emission predominantly to the 
southwest of Orion S. The opposite velocity pattern is barely 
discernible from the channel maps of H 13CO +shown in Figure 
4. There is no detectable velocity pattern to the HC3N emis
sion. The methanol emission is quite narrow, centered about 

TABLE 2 

MOLECULAR EMISSION TOWARD ORION S 

speak 
a J sp.ak dVa Offseth 

Transition (Jy beam- 1) (Jy beam- 1 km s- 1) (") 

SiOJ = 2-1 ........... 6.54 17.2 18"W/2"S 
S02 817-808 ........... 2.7 7.6 6"E/12"S 
H''co+ J = 1-o ..... 5.66 17.0 4"W/12"N 
HC3N J = 11-10 ...... 6.73 25.2 4"E/10"S 
CH 30H 20-1 0 E ...... 3.19 9.2 4"W/6"S 

a Emission in a natural weighted beam, 13" x 9" for H 13CO+ and SiO, 
11" x 6" for HC 3N and CH 30H. 

b Offset relative to millimeter continuum source, oo 1950 = 05•32m46~ 13; 
"1950 = -05°26'01':7. 
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FIG. 2.-Spectra of each of the detected molecules. Spectra are taken at the location of the continuum source (left column), at the position of the SiO peak (middle 
column), and at the peak position for each molecule (right column). 

10.8 12.2 13.6 C) 

0 

5h32m50" 488 46" 44" 50" 48" 468 44 8 508 48" 468 44 8 

FIG. 3.-Velocity maps ofSiO J = 2-1 emission. Contour intervals are± 1 Jy beam- 1 (2 u). The triangle marks the location of the peak continuum emission. The 
numbers in the upper left corner indicate the VLSR for each panel. The beam is represented in the lower right ofthe VLSR = 5.2 km s - 1 panel. 
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FIG. 4.-Velocity maps of H 13CO+ J = 1-0 emission. Contour intervals are ± 1 Jy beam- 1 (2 u). The triangle marks the location of the peak continuum 
emission. The numbers in the upper left corner indicate the VLsR for each panel. The beam is represented in the lower right of the VLSR = 6.0 km S- 1 panel. 

v;., = 6.5 km s- 1 and the SO 2 emission is too weak to yield 
conclusive velocity information. 

4. STRUCTURE OF THE ORION S REGION 

The large-scale structure in the Orion S region is best high
lighted in a number of previous molecular line observations. 
Maps ofNH3 (Ziurys eta!. 1981 and Bartrla eta!. 1983), C180 
(Wilson et a!. 1986), H 2CO (Batrla et a!. 1983; Johnston, 
Henkel, & Wilson 1984), CS (Mundy eta!. 1986) and the large
scale dust distribution (Mezger et a!. 1990) all show a roughly 
0:5 x 1:0 molecular core oriented north-south which forms the 
southern section of the Orion molecular ridge. Multi transition 
ammonia observations indicate gas temperatures ranging from 
75 K (Batrla eta!. 1983) to as high as 270 K (Mauersberger et 
a!. 1986) in this gas. Other observations suggest molecular 
rotation temperatures (Menten et a!. 1988; Groesbeck et a!. 
1993) and dust temperatures (Keene eta!. 1982; Werner 1982; 
Mezger et a!. 1990) in the range of 45-65 K. Estimates from the 
NH 3 and HC3N emission, and from the dust continuum, indi
cate gas densities ~ 105 em- 3 over 30" scales. 

Our observations concentrate on some of the detailed 
chemical and physical structures within the overall context of 
this molecular core. In the following subsections, we will 
discuss our data and compare them with previous observations 
of the five molecules being studied. Molecular column densities 
are derived using the formula 

3c2 Q(1';01) J s. dv ( E. ) 
Nx =--3-3 -- 2 exp -- ' 

16n V g. I Jlud QB kT.ot 
(1) 

which assumes optically thin emission and local thermodyna
mic equilibrium. In this equation, Q(1';01) is the partition func
tion, g. is the statistical weight of the upper level, 0 8 is the 
beam solid angle, E. is the energy of the upper state, I Jl.11 is the 

dipole moment matrix element, and 1';01 is the rotational excita
tion temperature. The partition function, energy of the upper 
state, dipole matrix element, and statistical weights were 
obtained from the line catalog of Poynter & Pickett (1984). An 
excitation temperature of 50 K is adopted from Menten et a!. 
(1988). Table 3lists the derived values for the column density of 
each molecule at various position in the Orion S region. The 
column densities are underestimates in the cases where there is 
missing flux due to extended structures. For the maps of SiO 
and HC3N, we estimate that we are recovering approximately 
60% of the total emission which leads to an underestimate in 
the column density of these molecules of ~ 20%, assuming that 
the missing emission is distributed on scales slightly larger than 
the maximum measured spacing. A 10 K uncertainty in rota
tion temperature leads to a ~ 15% uncertainty in our calcu
lated column densities. 

4.1. SiO 
Observations of SiO J = 2-1 by Ziurys & Friberg (1987) 

gave a T~ = 1.1 Kline with wings extending ± 12-15 km s- 1. 

This line is distinct from emission associated with IRe 2 both 
spatially and kinematically (VLsR = 7.8 km s- 1). More recent 
observations (Ziurys eta!. 1990) have established the bipolarity 
of the high-velocity SiO emission, showing a peak 10" south of 
Orion S for the redshift gas and 5" north of Orion S for the 
blueshifted gas. The outflow is characterized by densities 
~ 3 x 105 em- 3 and may have a kinematic energy as high as 
~ 9 x 1045 ergs. The overall size of the region is estimated to 
be 5" x 10" for the line center and 15" x 30" for the wings. 
Comparing with our observations, we find a good correspon
dence between both the position of peak emission and the 
general morphology of the source. Our spectra show emission 
over a more restricted velocity range, ~ 14 km s- 1, but this is 
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TABLE 3 

MOLECULAR COLUMN DENSITIES 

Nx 
Position 

J SdV' 
(Jy beam- 1 km s- 1 ) (1014 cm-2) 

r~ 7.2 
<2.0b 
18.2 
6.2 

100.0' 

Peak continuum ...... . 

{ 10.2 4.2 
<2.0b 

7.5 
<3.0b 
65.0' 

Peak SiO ..... 0000000000 

rw 9.8 
<2.0b 
16.1 

<3.0b 
70.0' 

Peak H 13CO+ 00 00 00 00. 

r~ 4.0 
<2.0b 

25.2 
6.4 

80.0' 

PeakHC3N OOooooOOooo 

{ 50 6.1 
<2.0b 
22.0 

9.2 
100.0' 

PeakCH30H 000000000 

r~ <2.0b 
3.8 

14.5 
4.3 

70.0' 

Peak S02 oooooooooooooo 

' Emission in an 11" x 6" beam. 
• 2 u upper limits. 
' Based on data from Mundy et al. 1988, 7':5 beam. 

<0.4 
0.8 

<4.3 
1.5 

86.0 
24.8 

1.4 
0.5 

<4.3 
0.6 

<42 
16.1 

<0.4 
1.1 

<6 
1.3 

<42 
17.4 

<0.4 
0.5 

<6 
2.1 

89.0 
20.0 

0.7 
0.7 

<6 
1.8 

128.0 
24.8 

<0.4 
<0.2 

8.2 
1.2 

59.9 
17.4 

Molecule 

SiO 
H 13co+ 

S02 
HC3 N 

CH 30H 
cs 

SiO 
H 13co+ 

S02 
HC3N 

CH 30H 
cs 

SiO 
H 13co+ 

so2 
HC3 N 

CH 30H 
cs 

SiO 
H 13co+ 

so2 
HC3N 

CH 30H 
cs 

SiO 
H 1'co+ 

S02 
HC3 N 

CH 30H 
cs 

SiO 
H 13co+ 

S02 

HC 3N 
CH 30H 

cs 

likely to be due to lack of sensitivity. We derive a SiO column 
density of 1.4 x 1014 em- 2 at the position observed by Ziurys 
& Friberg (1987). This value is consistent with their measure
ments after correcting for the difference in assumed rotation 
temperature and beam size. 

4.2. HC3N andH13CO+ 

HC3N J = 12-11 emission from the Orion S region shows a 
high-density condensation with a modest velocity width 
(Martin-Pintado et a!. 1990). In these maps, the HC3N emis
sion is extended, particularly north along the quiescent molec
ular ridge. The morphology of the J = 12-11 maps is 
consistent with the structure in our J = 11-10 maps and 
reveals the large-scale structure causing the negative features in 
our map. The position of peak emission in our map is consis
tent with that of Martin-Pintado et a!. (1990). The peak 
column density derived for HC3N, N(HC3N), is 2.1 x 1014 

em - 2 • As is evident from Figure 1, the HC3N emission is more 
extended than the emission from the other four molecules. Its 
column density varies only by a factor of 3 over the positions 
given in Table 3. 

The emission distribution of H 13CO + is very similar to that 
of HC3N. N(H13CO+) ranges from nearly equal to N(HC3N) 
to a factor of 4 less. There are no previous estimates of 
N(H 13CO+) toward Orion S but, from the negative features in 
our integrated maps, we expect that there is larger scale struc
ture in the emission; consequently, the true N(H13CO+) may 
be somewhat higher. 

4.3. CH30H 
An extensive study of methanol emission in the Orion-KL 

region was performed by Menten et a!. (1988). Spectra of a 
number of transitions in the 3 mm window seem to be best fit 
by two velocity components, a broad redshifted wing and the 
main 3 km s - 1 wide line, similar to the NH 3 observations of 
Batrla et a!. ( 1983). A map of the 5 _ c40 E emission shows a 
sharp peak near Orion S similar to our 20-1 0 E map. Menten 
eta!. (1988) interpret the emission peak as a real enhancement 
in CH30H abundance, driven by internal heating from an 
embedded source. They estimate N(CH 30H) ~ 3 x 1016 

em- 2 which is similar to the value derived by Groesbeck et a!. 
(1993; N(CH30H) = 2.5 ± 0.3 x 1015 cm- 2 for T..ot = 45 ± 2 
K). These values are consistent with our peak column density 
after correcting for a smaller source size. Column densities 
derived at most other positions are only upper limits. 

4.4. so2 
Sulfur dioxide has been detected from the Orion S region in 

the 313-202 transition by Irvine, Good, & Schloerb (1983) and 
in the 817-808 transition by Ziurys (1992). Observations by 
Groesbeck eta!. (1993) have detected a number of A = 0.87 mm 
S02 transitions toward Orion S using the Caltech Sub
millimeter Observatory (CSO). A rotation diagram fit to these 
spectra yields T..ot = 75 ± 6 K and N(S02) = 1.9 ± 0.3 x 1014 

cm- 2 • The BIMA data yield a peak S02 column density of 
8 x 1014 em- 2, consistent with the CSO results after correct
ing for beam dilution. 

4.5. Dust Continuum 

Continuum emission from millimeter through far-infrared 
wavelengths (Mundy eta!. 1986; Mezger eta!. 1990; Keene et 
a!. 1982; Drapatz eta!. 1983) indicates the presence of a warm, 
compact dust source in the Orion S region. Fits to the highest 
resolution data (Mezger eta!. 1990; Mundy eta!. 1986) yield a 
dust temperature of65 Kanda source size of roughly 12" x 7". 
Our peak and total continuum fluxes and source size 
(deconvolved source size of 11" x 7") are very similar to pre
vious A = 3.1 mm interferometric observations (Mundy et a!. 
1986). Assuming a dust temperature of 65 K, a mass opacity 
coefficient of 10 g em- 2 at A = 250 Jlm (Hildebrand 1983), and 
a wavelength dependence of A - 2 for the dust emissivity, the 
mass in the compact interferometer source is ~56 M 0 . If 
instead a A - 1 wavelength dependence is used, as suggested for 
optically visible young stellar objects (YSOs) by Beckwith eta!. 
(1990), the mass reduces to 4.5 M 0 ; however, this estimate is 
likely to be unrealistically low for Orion S since Wright et a!. 
(1992) find wavelength dependences from A -1.5 to A - 2 for 
embedded sources in the Orion IRe 2 region. When the same 
assumed dust properties are applied to single-dish continuum 
data (Schloerb et a!. 1987; Mezger et a!. 1990), the overall 
molecular core associated with Orion S has a mass of ~ 280 
M 0 . Thus, the compact source contains about t of the mass in 
the region. 
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5. CHEMISTRY OF THE ORION S REGION 

5.1. Interpretation of Molecular Column Densities 

Interpretation of the molecular distributions in star-forming 
regions is problematic. As seen in Figure 1, the Orion S region, 
like the Orion IRe 2 region, exhibits different morphologies in 
various molecular transitions, even when these transitions 
should trace regions with similar densities and temperatures. 
In order to study these variations, we compare column den
sities of the observed molecules at the different peak positions. 
Since HC3N is the most extended of the distributions and is 
also seen to be relatively constant over a range of physical 
conditions (Blake et al. 1987), we will use HC3N as an internal 
standard to measure relative enhancements or depletions of 
other species. We also compare to the CS observations of 
Mundy et al. (1986; Fig. 2). CS is expected to be insensitive to 
the presence of shocks or high-temperature chemistry and has 
abundances in active regions which are well fitted by models 
(Hartquist, Oppenheimer, & Dalgarno 1980; Prasad & Hunt
ress 1982; Blake et al. 1987). We find N(CS)/N(HC3N) ranges 
from 10 to 27, although the CS emission may have an optical 
depth greater than 1. 

Table 4 lists the ratios of the molecular column density to 
N(HC3N) for the different peak positions, for TMC-1 and 
various components of IRe 2. On average, N(HC3N) at the 
peak positions is comparable to that in the Orion IRe 2 
extended ridge component. The H 13CO+ column density ratio 
varies by about a factor of 4 over the peak positions. Since the 
observed transitions have similar critical densities, this ratio 
suggests that the abundances of these molecules are fairly con
stant. Because H 13CO + is dependent on the gas fractional 
ionization, models predict a decrease in its abundance in the 
denser portions of clouds at constant temperature if grains are 
ignored (Iglesias & Silk 1978). In centrally condensed sources, 
models incorporating both gas-phase and grain mantle chem
istry predict a flat or slightly increasing H 13CO+ abundance 
with density due to molecular depletion (Rawlings et al. 1992). 
HC3N is expected to be abundant in dense regions and to 
show some enhancement toward higher temperature regions. 
In Orion KL, H 13CO+ is associated solely with the quiescent 
material, while HC 3N is observed in all but the compact ridge 
component and is most abundant toward the hot core and 
plateau components (Blake et al. 1987). Recently, observations 
have shown that ions such as Hco+ and H 30+ may be more 
robust than previously thought (Phillips, van Dishoeck, & 
Keene 1992); this may explain the apparent cohabitation of 
H 13CO + and HC 3N in Orion S. 

The SiO column density varies significantly with respect to 
HC3N, with the strongest enhancement offset from the contin-

TABLE 4 

COLUMN DENSITY RATIO: NxfNHc,N 

Position SiO H' 3co+ CH 30H S02 cs 

Continuum peak ......... <0.3 0.5 57 <2.9 17 
SiOpeak .................. 2.3 0.8 <70 <7.2 27 
H' 3co+ peak ............ <0.3 0.9 <32 <3.3 13 
CH 30Hpeak ............ 0.4 0.4 71 <2.4 14 
HC3N peak .............. <0.3 0.2 42 <2 10 
S02 peak ................. <0.3 <0.2 50 6.8 15 
TMC-1 ................... <0.0003 0.75 0.33 <0.2 1.7 
Orion IRe 2 hot core ..... <0.009 77-769 < 15.4 >7.7 
Orion IRe 2 ridge ........ <2.5 0.20 75 <25.0 18.8 
Orion IRe 2 plateau ..... 0.9 17.3 0.6 

uum source. Chemical models predict that both high tem
peratures and shocks can produce enhancements in the 
gas-phase SiO abundance. On the basis of the abundance ratio 
of SiO to HCN in several molecular clouds, Ziurys et al. (1989) 
deduced that SiO is formed by endothermic reactions with 
activation barriers around 90 K. Langer & Glassgold (1990) 
produced a model which explains the sensitivity of SiO to high 
density and temperature as the dependence of the rate coeffi
cients on the population of the excited fine-structure levels 
of the neutral Si atom. However, observations of low
temperature star-forming regions with SiO emission question 
this relationship (Bachiller, Menten, & del Rio-Alvarez 1990; 
Bachiller, Martin-Pintado, & Fuente 1991). Martin-Pintado, 
Bachiller, & Fuente (1992) suggest a shock-formation mecha
nism in which grains are disrupted by a shock, thereby re
leasing Si into the gas phase allowing SiO to form via 
ion-molecule reactions or shock chemistry. Based on the dis
placed position of the SiO peak with respect to the continuum 
source (and presumed heat source), we favor a shock origin for 
the SiO emission in Orion S. The SiO emission then traces 
regions where the outflow strongly interacts with the ambient 
cloud material. The peak fractional abundance of SiO is 
-10 -lo which represents a very small fraction of the cosmic Si 
abundance (3 x 10- 5); hence, only a small amount of grain 
disruption is needed. 

The weak S02 emission associated with Orion S is located 
along the southeast edge of the SiO emission, near the HC3N 
peak. The chemistry responsible for S02 is thought to be quite 
distinct from that for SiO. For example, in Orion IRe 2, the 
S02 is mainly seen in the extended "doughnut" while the SiO 
is concentrated near IRe 2 (Plambeck 1988; Wright et al. 1983). 
so2 has been observed toward both quiescent and active star
forming regions, unlike SiO (Irvine et al. 1983; Ziurys et al. 
1989). Chemical models predict that S02 and SiO should 
behave differently in response to shocks, so2 being strongly 
enhanced in C-type shocks and only moderately affected by 
J-type shocks while the opposite trend is predicted for SiO 
(Mitchell 1984; Neufeld & Dalgarno 1989). Thus, the high 
N(S02) in Orion KL may be explained as a slow shock from 
the low-velocity plateau gas (Blake et al. 1987), while other 
sources (e.g., L1448; Bachiller et al. 1990) have smaller S02 
column densities due to very high velocity, J-type shocks. Simi
larly, Orion S may be explained as having outflow conditions 
more favorable to formation of SiO than to S02. 

The weakness of S02 could also be seen as an indicator of 
the relative youth of Orion S compared to Orion IRe 2. SO is 
made fairly directly from Sand 0 2 or OH. S02 is then produc
ed from SO by reactions again with OH. Steady state models 
predict roughly equal amounts of SO and S02 as seen in the 
hot core of Orion-KL. However, if the abundances are 
growing due to grain evaporation or shattering, the so2 abun
dance lags behind that of SO. Strong detections of several 
transitions of SO in Orion S (Groesbeck et al. 1993) leave open 
such a possibility. A simple kinetic model run at densities of 
nH2 = 106 em- 3 and ~inetic = 50 K predicts that the pro
duction of S02 from SO takes approximately 104 yr. This 
scenario could also explain the morphology of the IRe 2 region 
where atomic Si (Haas, Hollenback, & Erickson 1991) and SiO 
are concentrated on IRe 2 and tracing the recently shocked gas 
while SO and S02 are more extended and trace the more 
evolved shocked gas. 

The ratio of N(CH 30H)/N(HC 3N) is fairly constant over the 
region detected in methanol. The CH 30H emission, like 
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H 13CO+ and HC3N, peaks at a VLsR of ~6.5 km s- 1 suggest
ing a correspondence between these molecules. CH 30H is now 
thought to be an abundant component of grain mantles, which 
when gently evaporated can lead to gas-phase enhancements 
(Charnley et al. 1990; Millar, Herbst, & Charnley 1991). The 
grain mantle composition and evaporation requirements for 
methanol emission appears spatially confined and hence may 
not arise from the bulk of the gas traced by H 13CO + and 
HC3N. However, the large partition function for CH 30H 
limited our ability to detect weaker, wide-spread emission. 

Overall, it appears that Orion S has not yet modified local 
molecular abundances as strongly as IRe 2. The potential 
coexistence of species from presumedly different chemistries, 
for example CH 30H and HC3N, may indicate that Orion S is 
beginning to alter the composition of the surrounding gas. The 
localization of the SiO emission away from the continuum 
source suggest that the Orion S outflow is beginning to disrupt 
the surrounding molecular core. The lack of strong S02 and 
CH 30H emission associated with the SiO emission suggests 
that SiO is tracking a strong shock front. 

5.2. Molecular Fractional Abundances and Comparisons 
with Other Regions 

In this section, we derive fractional abundances, N(x)/N(H2), 

for the observed molecular species and compare them to abun
dances in other regions. The fractional abundances are derived 
for the position of A = 3.1 mm continuum peak and for a 
position 12" to the north along the molecular ridge which 
should represent the local quiescent cloud. At the A = 3.1 mm 
continuum peak, all maps were convolved to a 11" x 6" beam 
and the H 2 column density was calculated from the continuum 
flux, 430 mJy beam -1, using the relation of Hildebrand (1983) 
with a wavelength scaling of A -z, yielding N(H 2) = 8 x 1024 

em- 2 • For the position 12" north, the A = 1.3 mm continuum 
data of Mezger et al. (1991) were used to estimate N(H2) using 
the same opacity relation, yielding N(H2) = 2 x 1024 cm- 2 • 

The molecular emission at the north position was smoothed 
over a 11" beam to match the resolution of the A = 1.3 mm 
data. The results are shown in Table 5. Flatter wavelength 
scaling would lead to higher molecular abundances in all cases. 

Based on the data in Table 5, the molecular abundances in 
the compact component of Orion S appear to be depleted. The 
molecular column densities of HC3N and H 13CO+ show 
increases of ~40% toward Orion S while the H 2 column 
density increases by a factor of 4; hence, averaged over the line 
of sight, the gas-phase abundances appear to drop by at least a 
factor of 3. If the quiescent cloud column density along the line 
of sight to Orion S is the same as for the northern position, the 

data require even larger depletions in the gas associated with 
Orion S. A possible alternative is that the molecular emission is 
optically thick and therefore insensitive to column density. In 
the case ofthe CS emission, Mundy et al. (1988) argued that the 
peak brightness temperature of the line was consistent with 
optically thick emission. In the current observations, the 
HC 3N and H13CO+ lines show peak brightness temperatures 
of 12.5 K and 8.0 K, respectively, compared to the adopted 
rotational temperature of 50 K and the observed peak bright
ness temperature of 34 K in CS J = 2-1. Given that the density 
in this region is ~106 cm- 3 , it is likely that the HC3N and 
H 13CO + transitions are optically thin. Measurement of deple
tion in CH30H is limited by the upper limits on the column 
density toward the north position; SiO and S0 2 were not 
detected at either position. 

The most obvious indication of the depletion is the lack of 
strong peaks in the molecular emission associated with the 
Orion S continuum source in uniform-weighted maps. 
Uniform-weighted maps of HC3N and H 13CO+ show emis
sion of 2.6 Jy beam - 1 and 4.5 Jy beam - 1 at the position of the 
continuum source. Calculating the column densities as before, 
N(H2 ) is 1.1 x 1025 em- 2 in the 7" x 5" beam and the molecu
lar fractional abundances in the smaller beam are 4 x 10- 12 

and 9 x 10- 12, for HC3N and H 13CO+, respectively; down by 
a factor of 5-10 from the 12" north position. This finding of 
molecular depletion is consistent with a growing body of evi
dence for gas-phase depletions in dense regions (Mauersberger 
et al. 1992; Blake, van Dishoeck, & Sargent 1992). 

Fractional abundances for the Orion IRe 2 hot core and 
extended ridge components, and for TMC 1-S are also given in 
Table 5. Examining the fractional abundances, the values for 
Orion S fall closer to those for the Orion IRe 2 ridge and 12" 
north position than to either the Orion hot core or TMC 1-S. 
The abundances for the Orion IRe 2 extended ridge and 12" 
north position are reasonably similar, suggesting an overall 
common chemistry. Compared to this, the various components 
of IRe 2 show up to two orders of magnitude increases in 
selected molecular abundances. In contrast, Orion S shows 
significant decreases in all measured fractional abundances. 
Despite the outflow associated with Orion S having compara
ble dynamical age to that of IRe 2 (Schmid-Burgk et al. 1990), 
it appears that this outflow, and the associated stellar lumi
nosity, have not yet enhanced local abundances. It can be 
argued that this is due to the lower stellar luminosity and lower 
outflow energy associated with Orion S but many sources with 
luminosities and outflow energies comparable to or less than 
Orion S have significantly altered local abundances (NGC 
2071, Goldsmith et al. 1992; L134N, Swade 1989). In fact, the 

TABLE 5 

MOLECULAR FRACTIONAL ABUNDANCES•: [N(X)/N(H 2)] 

Orion-S Orion S Orion Orion 
Species TMC-1• Reference 12"N Reference Cont. Peak Reference Hot Core• Reference Ridge• Reference 

HC3N .................. 6(-9) 1 4( -11) 4 1( -11) 4 1.6( -9) 5 1.3( -10) 5 
cs ...................... 1(-8) 1 9(-10) 4 3(-10) 4 >1(-8) 5 2.5(-9) 5 
CH 30H ............... 2(-9) 2 <1(-9) 4 1(-9) 4 0.1-1( -6) 6 3(-9) 6 
H 13co+ ............... 9(-11) 1 4( -11) 4 1( -11) 4 <1(-11) 7 2.6( -11) 5 
S02 ..••..••..•.....••.. <1(-9) 1 <2(-10) 4 <4( -11) 4 <2(-8) 5 <3(-9) 5 
SiO ..................... <2(-12) 3 <2(-11) 4 <5( -12) 4 <3( -10) 5 

• Abundances based on single-dish observations (except [7] Vogel et al. 1984). 
RllFERENCES.--{1) Irvine et al. 1987; (2) Friberg et al. 1988; (3) Ziurys et al. 1989; (4) This work; (5) Blake et al. 1987; (6) Menten et al. 1988; (7) Vogel et al. 1984. 
NoTE.-Assumed N(H 2) was 8 x 1024 em- 2 for the Orion S continuum peak and 2 x 1024 em- 2 for the 12" north position. 
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SiO emission is good evidence that the Orion S outflow is 
sufficiently energetic to alter the local chemistry but has simply 
not had sufficient time to bring about broad changes. This, 
along with the depletions of common molecules, suggests that 
Orion Sis in an early stage of chemical evolution. 

6. SUMMARY 

The evolution of the chemistry and molecular abundances in 
gas associated with forming stars is not well-defined at this 
point. Ideally, we would like to construct a chemical evolution 
sequence for YSOs based on observable sources. The physical 
processes that accompany the birth and early evolution of a 
star modify the chemistry in the surrounding medium through 
increases in density and temperature and through the injection 
of energy via stellar winds and photons. By establishing an 
evolutionary sequence, we can hope to improve our under
standing of individual objects and of the overall pattern of 
physical and chemical evolution in YSOs. Unfortunately, 
nature is not so compliant as to make the identification of an 
evolutionary sequence easy. However, there appear to be some 
chemical signposts which mark stages of development in this 
evolution. 

From the observations presented, Orion S appears to be a 
young object. The broad SiO emission signals the presence of 
energetic outflow activity, while the weak S02 emission, a mol
ecule which responds more slowly to this activity, probably 
indicates a relatively recent onset. The weak CH30H emission 

also suggests youth to the extent that this emission arises from 
regions of weak outflow interaction; the development of new 
chemistries driven by the star-forming activity, as in IRe 2, may 
be underway but is not clearly established. Analysis of the 
spatial distributions also reveals the absence of strong emission 
peaks coincident with the continuum source. Derived fraction
al abundances indicate a substantial depletion of gas-phase 
material consistent with the early stellar stages being marked 
by a "freezing" out of molecules onto grains surfaces. Later, as 
the object interacts with its surroundings, this material is rel
eased and gas-phase enhancements occur, as seen in IRe 2. 
Finally, a comparison of the fractional abundances toward 
Orion S with nearby "quiescent" regions show greater simi
larity in abundances with this material than with any of 
the components of IRe 2, further suggesting an early age for 
Orion S. 
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