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ABSTRACT 

Velocity profiles of the 2.12 /im 1-0 S(l) and 3.81 /mi 1-0 0(7) lines of H2 have been measured at a number 
of locations in the shocked gas region of the Orion molecular cloud. In the center of this region, the 0(7) lines 
have relatively stronger wings than do the 5(1) lines. With respect to the velocity of the molecular cloud, 
blueshifted 0(7) emission is more prominent than redshifted emission, as is the case for the S(l) line. These 
data imply that although some extinction through the outflow is present, the asymmetries in the H2 lines are 
due in part to actual line-of-sight distributions of velocities within the shocked gas. These distributions appear 
consistent with the sense of the bipolar outflow observed in millimeter CO lines between the lobes of H2 line 
emission. Scattering of H2 line photons off moving dust grains apparently is not the major cause of the broad- 
line emission within the lobes. 
Subject headings: infrared: spectra — interstellar: molecules — line formation — line profiles — 

nebulae: Orion Nebula — shock waves 

I. INTRODUCTION 

Line emission from shocked molecular hydrogen is a 
common feature near high-velocity molecular outflows associ- 
ated with embedded pre-main-sequence stars. A proper under- 
standing of the H2 line-emission phenomenon depends upon 
mapping of H2 line profiles at high spectral resolution. To date, 
the only object in which this has proven possible is the Orion 
molecular cloud (OMC-1). 

In OMC-1, measurements by Nadeau and Geballe (1979), 
Nadeau, Geballe, and Neugebauer (1982), and Scoville et al. 
(1982) have demonstrated that the velocity profiles of the 1-0 
S(l) line at 2.12 gm vary in shape from approximately sym- 
metric to a severe blue asymmetry, with velocity extrema of 
about +60 km s_1 and —100 km s_1 (LSR) and line-peak 
velocities near that of the surrounding unshocked cloud, +9 
km s“1 (LSR). In contrast, the millimeter CO profiles from the 
core (BN/KL region) of OMC-1 were found to be approx- 
imately symmetric and to extend 100 km s_1 to either side of 
+ 9 km s"1 (Kwan and Scoville 1976; Zuckerman, Kuiper, and 
Rodriguez Kuiper 1976). They imply that the velocity of the 
outflow source is very close to the cloud velocity. 

The blue asymmetry of the H2 S(l) line profiles was inter- 
preted by Nadeau and Geballe (1979) and by subsequent inves- 
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tigators as being due to extinction existing within the 
molecular flow and thus between shocked regions on the near 
and far sides of the flow. Roughly two magnitudes of internal 
extinction at 2.12 gm could suppress the redshifted 5(1) emis- 
sion on the far side and alter intrinsically symmetric line pro- 
files to the observed degree of asymmetry. If this explanation is 
correct, profiles of longer wavelength lines, where the extinc- 
tion is less, should appear more symmetric and possibly 
broader than the 2.12 gm line. Scoville et al. (1982) found that 
the blue wings of the 1-0 g(3) (2.42 gm) and 5(1) line profiles at 
Peak 1 and Peak 5 (designation of Beckwith et al. 1978) are 
stronger relative to line center than are the blue wings of the 
shorter wavelength 5(1) profiles and concluded that the blue- 
shifted emission is located interior to, and is more highly 
obscured than, the emission at line center. However, they were 
unable to obtain accurate measurements of redshifted Q(3) line 
emission because of telluric absorption of that part of that line. 
Evidence for internal obscuration at a few positions also has 
been reported by Beck et al. (1982), based on their observations 
of the 12.3 gm pure rotational 5(2) line profiles. However, since 
the 5(2) line has a significantly lower upper-state energy than 
does the 1-0 5(1) line, these observations do not sample the 
same gas as do observations of the 5(1) line. Thus, further tests 
are needed. 

An important development in the understanding of the 
diverse phenomena in the Orion molecular cloud was the 
determination by Erickson et al. (1982) that the outflow seen in 
the millimeter CO lines is bipolar. The degree of collimation of 
the outflowing gas is not well determined, but its existence 
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suggests that the explanation for the 5(1) line profiles may 
result wholly or in part from an intrinsic bipolar velocity effect 
and not from internal obscuration. 

We report here high spectral resolution observations of both 
the H2 1-0 5(1) and 1-0 0(7) line at a number of positions in 
OMC-1. The 0(7) line at 3.81 /un was chosen for the following 
reasons. (1) Its upper level energy is similar to that of the 1-0 
5(1) transition and therefore the two lines are emitted by very 
nearly the same gas. (2) Its wavelength is sufficiently longward 
of 2.12 /un that any extinction through the line-emitting region 
should be reduced significantly. (3) It is only marginally attenu- 
ated by telluric absorption lines, and fluctuations in the 
thermal background are not as severe as at longer (12.3 /¿m) 
wavelengths in limiting the sensitivity of the measurements. 
Therefore, observations of the 0(7) line, together with those of 
the 5(1) line, can provide useful insight into the physical struc- 
ture of the shocked gas region. 

II. OBSERVATIONS AND VELOCITY CALIBRATION 

The observations were made at the NASA 3 m infrared 
telescope (IRTF) of the Mauna Kea Observatory on the nights 
of 1981 December 5-7, using the Fabry-Perot and cold grating 
spectrometer described by Persson, Geballe, and Baas (1982). 
Different Fabry-Perot interferometers were required to 
observe the two lines; each was set to a velocity resolution of 
22 + 2 km s “1 at the frequency of the line it was to measure. 
The entrance aperture of the grating spectrometer correspond- 
ed to a circular field of view of 6'.'5 at the IRTF. Standard 
chopping and beam-switching techniques were employed, 
using an east-west beam separation of ^45". 

Alignment and stability of each interferometer was moni- 
tored by recording interference fringes from a 6328 Â HeNe 
laser during data taking and by observing emission lines from 
discharge lamps. In the case of the 5(1) line, whose rest fre- 
quency is accurately known, an absolute velocity scale, accu- 
rate to ±2 km s-1, was determined from the discharge lamp 
observations. Velocity calibration was not directly possible for 
the 0(7) line spectra, because the rest frequency of that line was 
not known to sufficient accuracy at the time of the observa- 
tions. In order to obtain a velocity scale, we have assumed that 
the peak emissions in the 0(7) lines at Peaks 2 and 5 occur at the 
same velocities as the bright narrow peaks seen in the 5(1) line 
at those locations. Our measurements of the 5(1) line showed 
that at Peak 2 the LSR velocity of maximum intensity, +13 
km s-1, is redshifted by 2 ± 2 km s-1 relative to that at Peak 
5. The 5(1) spectra of Nadeau, Neugebauer, and Geballe (1982) 
and Scoville et al (1982) are in agreement with this shift. In our 
IRTF measurements of the 0(7) line a surprisingly large red- 
shift of -10 km s -1 was found at Peak 2 relative to Peak 5. It 
appeared possible that instability of the interferometer during 
our 0(7) measurements of Peak 2 led to unreliable data there 
or that the larger than expected velocity shift was a conse- 
quence of low signal-to-noise ratios on the 0(7) lines. In order 
to resolve the uncertainty, new measurements of the 0(7) line 
were carried out in 1983 at the United Kingdom Infrared Tele- 
scope by one of us (TRG). From the new measurements, the 
peak line intensity at Peak 2 was found to be redshifted by 
5 + 4 km s-1 relative to Peak 5, a result consistent with that 
obtained for the 5(1) line. 

Obviously, there is some uncertainty as to the proper veloc- 
ity scale for the 0(7) spectra. Because both the 0(7) and the 5(1) 
lines have narrow peaks at Peak 2 and Peak 5, we regard as 
sound the assumption that the peak 0(7) line emissions are at 

the same velocities as the 5(1) emissions at these two locations. 
The IRTF 0(7) measurement at Peak 5 probably is more reli- 
able than that at Peak 2 because of the somewhat higher 
signal-to-noise ratio and the lack of a strong continuum at the 
former position. Therefore, rather than splitting the velocity 
difference between the two positions:, we have defined the LSR 
velocity of maximum line emission at Peak 5 to be +11 km 
s-1 [the same as that observed in the 5(1) line there]. This 
definition is at the high end of the range of velocities, consistent 
with our assumption and with the uncertainties, and has a 
formal uncertainty of ( — 7, +3) km s-1. Errors of this magni- 
tude will not change the sense of the results presented below or 
the sense of the following discussion. We note that when using 
this definition there is good agreement of 0(7) and 5(1) line 
peaks at the other observed positions. 

Spectra of the 5(1) and 0(7) lines were obtained at five posi- 
tions: Peak 1, Peak 2, Peak 5, IRc2, and IRc4. These spectra, 
binned in 10 km s -1 wide intervals, are shown in Figure 1. The 
spectra at Peak 1 are also displayed in Figure 2. For several of 
the 0(7) spectra, most notably those at IRc2 and IRc4, linear 
and nearly flat baselines have been subtracted from the orig- 
inal spectra. Spectra of bright stars were also measured ; these 
show that the atmospheric transmission near the H2 lines is 
excellent and that ratios are not required. The H2 spectra are 
not flux-calibrated and have been normalized to the same peak 
line intensity in Figure 1 to allow easier comparison of the line 
profiles. The fractional line intensities in 50 km s "1 wide bands 
centered at 0, +50, and +100 km s-1 from the local cloud 
velocity of +9 km s-1 (LSR) are tabulated in Table 1, along 
with other relevant line parameters. 

in. RESULTS 

The H2 5(1) line profiles shown in Figure 1 and quantitat- 
ively described in Table 1 are generally consistent with those 
obtained by Nadeau, Geballe, and Neugebauer (1982) and by 
Scoville et al. (1982). The narrowest lines are found farthest 
from center of the H2-line-emitting region. Those closer in 
tend to have peaks which are blueshifted relative to the 9 km 
s"1 (LSR) velocity of the Orion molecular cloud and have 
asymmetric line profiles with excess line emission on their blue 
sides. The most extreme velocities are found at Peak 1, where 
the blue wing extends at least to —100 km s-1 and the red 
wing at least to +60 km s-1. Also striking are the sharp and 
nearly unresolved red edges of the 5(1) line profiles at IRc2 and 
IRc4. 

The principal difference between the 0(7) and 5(1) profiles 
concerns the fraction of intensity in the line center versus in the 
wings. The velocities of the peaks of the 0(7) lines are equal to 
those of the 5(1) line to within the uncertainties, but at four of 
the five positions the fraction of the total line intensity within 
the central 50 km s_ 1 of the 0(7) line is less than that for the 
5(1) line (see Table 1). The largest differences in line shape are 
at Peak 1 and IRc2, where the full widths at half-maximum of 
the 0(7) lines are significantly greater than those of the 5(1) 
line. 

Nonetheless, a significant result of these measurements is 
that there is no large difference between 0(7) and 5(1) lines in 
the degree of asymmetry at the three central positions. Here we 
are concerned with asymmetry with respect to the local cloud 
velocity of +9 km s~1 (LSR) and not with respect to the differ- 
ent velocities of the line peaks at the different locations. In this 
sense, Peak 1, IRc2, and IRc4 maintain distinct blue asym- 
metries in the 0(7) line, as is shown in Table 1. At IRc4 the 
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VELOCITY (km s'1 LSR) 
Fig. 1. Spectra of 1-0 0(7) and S(l) lines at a number of positions in OMC-1. Beam diameter was 675, and velocity resolution, shown in upper left panel, was 22 

km s 1. All spectra are normalized to same peak intensity. Linear baselines were subtracted from several of the 0(7) spectra. Light, vertical lines are at +9 km s -1 

(LSR). Noise may be estimated from the baseline fluctuations. 

TABLE 1 
H2 S(l) and 0(7) Line Parameters 

Position 
Aa, A<5a Line km s 1 LSR 

FWHMb   
km s“1 V< 

Fraction of Intensity in Velocity Interval 
(km s"1 LSR) 

-66 -66 < F < -16 -16 < K < 34 34 < F < 84 F > 84 ±(T 
Peak 5   
-4.4,27.0 . 
Peak 1   
-7.5,14.8 . 
IRc2  
6.0, -7.0... 
IRc4  
1.3, -11.4 . 
Peak 2   
22.4,-16.5 

S(l) 
0(7) 
S(l) 
0(7) 
S(l) 
0(7) 
S(l) 
0(7) 
S(l) 
0(7) 

+ 11 
+ 11 
+ 5 
+ 5 
+ 5 

0 
-5 

-10 
+ 13 
+ 20 

40 (30) 
45 (35) 
60 (50) 
85 (75) 
60 (50) 
85 (75) 
50 (40) 
50 (40) 
45 (35) 
50 (40) 

0.03 
0.05 
0.06 
0.07 
0.08 
0.11 
0.02 
0.01 
0.00 
0.00 

0.21 
0.15 
0.23 
0.27 
0.29 
0.32 
0.32 
0.40 
0.13 
0.13 

0.64 
0.57 
0.55 
0.45 
0.52 
0.40 
0.56 
0.39 
0.67 
0.67 

0.10 
0.16 
0.14 
0.16 
0.11 
0.13 
0.07 
0.17 
0.18 
0.22 

0.02 
0.07 
0.02 
0.03 
0.01 
0.05 
0.04 
0.03 
0.02 

-0.03 

+ 0.01 
+ 0.04 
±0.01 
±0.03 
±0.03 
±0.05 
±0.03 
±0.06 
±0.01 
±0.05 

a In arc seconds, from BN. 
b Deconvolved values in parentheses. 
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Fig. 2.—Spectra of 1-0 S(l) and 0(7) lines and 0-0 S(2) line (obtained by G. Serabyn), all at Peak 1. Beam size was 6" and velocity resolution 35 km s 1 for the S(2) 
line observations ; for the other lines they were 6"5 and 22 km s~l. 

difference between blue and red wing intensities appears to be 
somewhat less than in the S(l) line, but it is still large. Only at 
Peak 5 is there an apparent shift in the degree of asymmetry 
between the two lines; the 0(7) line is nearly symmetric. There 
is no evidence at any of the positions for differences in the 
extreme velocities in the two lines, although this result is some- 
what uncertain because of the low signal-to-noise ratios on the 
wings of the 0(7) lines. 

These results appear to contrast somewhat with those of 
Beck et al (1982), who reported significant differences in the 
symmetry of profiles of the 12.3 /mi S(2) line and the 2.1 /un 
5(1) line. We note that the interstellar extinctions at 3.8 fim and 
12.3 fim are approximately equal (e.g., Rieke and Lebofsky 
1985), but that the pure rotational 5(2) line is emitted largely by 
cooler gas than the 1-0 0(7) or 5(1) lines. Thus, differences in 
the 5(2) line profiles might be expected to rise from causes 
other than extinction. At three of the four positions where we 
have measured the 0(7) line, either no 5(2) line was detected by 
Beck et al or the signal-to-noise ratio of their 5(2) line is too 
low to allow the shape to be well characterized. At the other 
position, Peak 1, their 5(2) line appears broader than the 0(7) 
line and rather symmetric. However a more recent and higher 
signal-to-noise ratio spectrum of the 12.3 ¿un 5(2) line at Peak 
1, obtained in 1982 by E. Serabyn, shows that the line has a 
blue asymmetry relative to VLSR — 9 km s-1 and is somewhat 
narrower at half-maximum than either the Beck et al line or 
the 0(7) line. The 5(2) line is still quite broad, although lack 
of baseline prohibits an accurate estimate. This spectrum 
is shown in Figure 2 along with the 5(1) and 0(7) spectra at 
Peak 1. 

IV. DISCUSSION 

In this section, our goal is to obtain a global picture of the 
shocked gas region of Orion that is somewhat more detailed 
than previous pictures. In proceeding toward this goal we rely 

partially on comparisons of the spectra both at Peak 1, which 
produced the best 0(7) data, and at the other central positions 
where the lines of sight ought to include all components of a 
global picture and where the results are similar to those at 
Peak 1. It must be emphasized, however, that every position 
for which we have data apparently tells a slightly different 
story. Until better and more comprehensive data are available, 
especially for the 0(7) line, we do not feel that it is worthwhile 
to dwell on these differences. 

a) Interpretation of the Line Profiles 
The result that, with respect to ^lsr — + 9 km s \ the 3.8 

^m 0(7) lines and the 2.1 pm 5(1) lines have comparable asym- 
metries at several positions in OMC-1 is important for under- 
standing the morphology of the outflow and the shocked 
molecular gas there. The previous interpretation that the 2.12 
/un 5(1) line asymmetries are entirely due to obscuration of 
redshifted line emission from the far side of the flow by dust 
within the flow itself predicts that the redshifted emission of the 
3.81 pm 0(1) line should be nearly as strong as the blueshifted 
emission, whereas examination of the fractional line strengths 
in the red and blue channels (34 < F < 84 and 
— 66 < V < —16) in Table 1 shows that this is not the case for 
the central three positions, Peak 1, IRc2, and IRc4. Thus, it 
must be concluded that the line asymmetries reflect in large 
part the actual line-of-sight distribution of velocities in the 
shocked gas. Along lines of sight covering much of the line- 
emitting region, including much of the northern lobe, there is 
apparently an actual preponderance of blueshifted shocked 
gas. This interpretation is consistent with the sense of the bipo- 
larity of the molecular outflow in the core of the Orion molecu- 
lar cloud (Erickson et al 1982). 

Nevertheless, there are real differences between the 3.8 pm 
and 2.1 pm line profiles, which must be explained. At the 
central three positions, the 0(7) lines can be described as fatter 
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(but not wider in their extrema) than the S(l) lines. There are at 
least two possible explanations for this. One is that the rota- 
tional temperature is higher in the high-velocity line-emitting 
gas than in the low-velocity gas, so that the wings of lines 
emitted from states of higher J levels are enhanced. Scoville et 
al (1982) attributed the ~40% higher values of the S(2)/S(0) 
ratios in the blue wings compared to their core values at Peak 
1 and Peak 5 to this effect. A similar increase in both the red 
and blue wings is found here for the 0(7)/S(l) ratio at Peak 1, 
IRc2, and IRc4. However, if the observed differences between 
the S(0) (2.22 jum) and S(2) (2.03 ¿un) profiles, or between the 
5(1) and 0(7) profiles, are wholly attributed to velocity- 
dependent temperatures, and if the low-velocity line-emitting 
gas is assigned the standard temperature of 2000 K, the rota- 
tional temperature of the wing-emitting gas is required to be 
~ 4000 K. Extinction corrections (see below) would imply con- 
siderably higher wing temperatures. Such temperatures are 
unphysically high, because, due to strong dissociation cooling, 
shocked H2 radiates in AF = 1 lines predominantly in the 
range 1000-4000 K (Shull and Beckwith 1982). Therefore, we 
question whether the temperature mechanism is the dominant 
cause of the line profile differences. 

The second explanation is that the line emission at higher 
velocities is more highly obscured than that at low velocities, 
so that there is a comparable enhancement of both wings of the 
0(7) line. It has already been suggested by Chevalier (1980) and 
by Nadeau, Geballe, and Neugebauer (1982) that H2-exciting 
shocks can occur in the molecular outflow itself, which is inte- 
rior to the low-velocity shock front being driven into the cloud 

by the outflow (see Fig. 3). If this is the case, the effect of the 
dust on the 5(1) and 0(7) line profiles could be as observed, 
because the high-velocity line emission from the shocks in the 
flow will be obscured by dust swept up by the flow; this dust 
lies between the low-velocity line emission from the shocked 
cloud and the flow (see Fig. 3) and thus affects the red and blue 
wings similarly. We favor the second explanation, which is an 
extension of that used by Scoville et al (1982) to account for 
the differences they observed between the Q(3) and 5(1) lines 
(which have the same upper state and thus whose differences 
cannot be due to temperature). In both cases it is the longer 
wavelength line of the pair which shows the brighter wing(s). 
Note that this is the opposite of what Scoville et al observed 
for the 5(0) 5(2) pair. There is no way to make all three profile 
comparisons consistent by invoking velocity-dependent 
extinction and temperature. We have already pointed out 
that explanations of the 5(0) and 5(2) profiles based on 
temperature are probably unphysical, and we show below 
that extinction alone is probably sufficient to account for 
the differences between the 0(7) and 5(1) profiles. (Indeed, a 
rotational temperature which is velocity dependent with the 
opposite sense of that inferred by Scoville et al would make the 
0(7)/5(l) and g(3)/5(l) data slightly more consistent.) Although 
it is clearly important to understand the 5(0) and 5(2) profiles, 
because we can think of no straightforward explanation for 
their ratio which involves temperature and extinction and 
which is consistent with the higher signal-to-noise 5(1), g(3), 
and 0(7) data, we ignore the 5(0) 5(2) comparison in the 
remainder of this paper. 

Fig. 3.—Proposed model of the core of OMC-1, as viewed in a slice perpendicular to the E-W axis. Observer views from the right. Outflow source and its dense 
circumstellar disk are shown at center. Dark arrows indicate protostellar wind. Dust and swept-up molecular cloud are shown. Shock waves which excite H2 are 
found both in the protostellar wind and at the interface of the wind and the molecular cloud. Positions of H2 line peaks are indicated. 
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TABLE 2 
Extinction from Low to High Velocity Shocked H 2

a 

Position 

AA2A2ßm Peaks Peak! IRc2 IRc4 Peak 2 
Á (blue)-A (low) (mag)b   -0.3 ± 0.4 0.6 ± 0.3 0.6 ± 0.3 1.0 ± 0.5 0.0 ± 0.7 
A (redM (low) (mag)b   1.0 ± 0.6 0.6 ± 0.3 0.8 ± 0.6 2 ± 1 0.5 ± 0.5 

a Assumes Aa » 2“1-7 ; uses results shown in Table 1. 
b Blue refers to line emission in velocity interval — 66 < F < —16, low to —16 < F < 34, and red to 

34 < F < 84 (km s_ 1 LSR). 

The extinction between the low-velocity gas and the blue- 
shifted gas resulting from swept-up material can be calculated 
using the 0(7) and ^(l) line profiles. We have done so by using 
the fractional line intensities in the central and adjacent blue- 
shifted velocity intervals in Table 1, and we have listed the 
results in Table 2. At the three central positions (Peak 1, IRc2, 
IRc4) and assuming a rotational temperature which is indepen- 
dent of velocity, the most probable differential extinctions 
between 3.8 ¿an and 2.1 ¿an range from 0.4 to 0.6 mag. 
Assuming a 2"17 law (Rieke and Lebofsky 1985), the 2.12 ¿un 
extinctions from the low-velocity gas to the blue-shifted gas lie 
in the range 0.6-1.0 mag at 2.1 ¿un. Seo ville et al (1982) also 
have found evidence in their 1-0 ^(l) and Q(3) profiles at Peaks 
1 and 5 for increased obscuration of the blue wing, amounting 
to ~1.7 magnitudes at 2.1 ¿un. Our extinctions are generally 
lower than the Scoville et al. result, but consistent with it to 
within the uncertainties. However, at Peak 5 our extinction 
estimate is discrepant from that of Scoville et al. ; in fact, we 
obtain a slightly negative (although, within the uncertainties, 
indistinguishable from zero) extinction. 

The extinctions from the low-velocity gas to the gas emitting 
the red wing, as derived from the 0(7) and S(l) profiles, range 
from 0.5 to 2.0 mag at 2.1 ¿un (see Table 2). Although some of 
the individual values are highly uncertain, as a group they tend 
to be higher than the extinctions to the blue wing. This result 
would be expected if the outflow itself contains some dust 
because the red wing is emitted further along the line of sight. 
There may also be a contribution to the low-velocity line emis- 
sion from shocked molecular cloud on the far side of the 
outflow (see Fig. 3). Because of the high extinction to that 
region, such a contribution is likely to be very small. However, 
any contribution will mean that the extinctions to the red and 
blue wings derived above are underestimated. 

The preceding analysis of our data and the Scoville et al. 
(1982) data suggests that ~1 mag of extinction at 2.1 ¿un 
occurs in swept-up material between the shocked H2 in the 
foreground molecular cloud and the high-velocity outflow. It 
also suggests that within the outflow itself there is some extinc- 
tion (0-1 mag at 2.1 ¿un) which is highly variable with position. 
This latter extinction is not large enough to account for the 
blue asymmetries in the 1-0 S(l) line profiles, and thus the 
profiles must be to large extent intrinsic, as stated above. 

b) Scattering 
Because many of our spectra have low signal-to-noise ratios, 

our interpretations of them should be treated with some 
caution and alternative mechanisms for producing the profiles 
should be considered. In particular, scattering of line photons 
by moving grains can modify the intrinsic line shapes. Sur- 
rounding the bright northern and southern lobes of 5(1) emis- 
sion in OMC-1, Gatley and Kaifu (1986) have recently detected 

highly polarized, diffuse, S(l) line emission. They interpret this 
emission as line radiation scattered by dust in the surrounding 
molecular cloud. Within the lobes, where we have measured 
H2 line profiles, the degree of linear polarization that they and 
that Joyce and Simon (1982) find in the S(l) line is considerably 
less. The large-scale alignment of the polarization found by 
Gatley and Kaifu in the central region is less obviously sugges- 
tive of a reflection-nebula mechanism, but it is not yet certain 
whether this weaker, central polarization is predominantly due 
to dichroic absorption by foreground dust or whether it is due 
to scattering by dust moving in the flow itself. If the latter is 
true, then the emitted line profiles within the lobes may be 
drastically altered by the dust. 

It is not easy, however, to understand both the S(l) and the 
0(7) line profiles in terms of scattering by moving dust. If 
scattering from typical-size moving grains causes the broad 
5(1) lines, the reduced scattering cross section of dust at longer 
infrared wavelengths implies that the 5(2) and the 0(7) lines 
should have substantially weaker wings than the 5(1) lines. This 
difference is not observed in the 0(7) lines. Comparisons with 
the 5(2) lines are less conclusive; however, they are less impor- 
tant because the 5(2) line arises substantially from different gas. 
Therefore, we tentatively conclude that the bulk of the high- 
velocity 1-0 5(1), 1-0 0(7), and 0-0 5(2) line photons actually 
are emitted by high-velocity shocked H2 molecules. This asser- 
tion could be tested directly by measuring the velocity depen- 
dence of the polarization of the H2 lines. 

c) A Model of the Outflow and Shocked Gas Region 

The infrared H2 and millimeter CO line profiles in the core 
of OMC-1 are good indicators of the line-of-sight velocity dis- 
tributions of the shocked gas and molecular outflow there. One 
can use them and other data to derive a picture of this region. 
It is especially important to note several specific characteristics 
of the line profiles and intensity distributions of H2, CO, and 
other molecular lines, as well as infrared continuum and 
polarization maps. Some of the most important of these char- 
acteristics are listed below : 

1. The CO millimeter line profiles of Erickson et al. (1982), 
which demonstrate the bipolarity of the outflow, actually show 
red and blue-shifted wings at each position; it is only a rather 
modest asymmetry in their line profiles which establishes the 
bipolarity. 

2. A somewhat similar situation occurs for the H2 line pro- 
files. Those with blue wings are found at declinations almost as 
far south as Peak 2, further north than Peak 5, and everywhere 
in between (Nadeau, Geballe, and Neugebauer 1982; Scoville 
et al. 1982). Red wings are found near Peak 1 in the north and 
Peak 2 in the south, but not in between. The only position 
where a red asymmetry has been clearly observed is near Peak 
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2 (see Scoville et a/., Fig. 3), whereas blue asymmetries are 
found over a wide region. 

3. Higher blueshifted than redshifted velocities are observed 
in the H2 lines; in the CO millimeter lines, the red and blue 
extrema are approximately equal (±100 km s-1; e.g., Kwan 
and Scoville 1976) and comparable to the highest blueshifted 
velocities seen in H2 (Nadeau and Geballe 1979). 

4. The highest velocities observed in the shocked H2 lines 
cannot be actual shock velocities, because as such they would 
be more than sufficient to dissociate H2 (Chernoff, Hollenbach, 
and McKee 1982; Draine, Roberge, and Dalgarno 1983). 

5. The peak intensities of the H2 line profiles always occur 
at low velocities, within ~ 15 km s -1 of the cloud velocity, even 
at positions where the line profiles are quite broad (Nadeau 
and Geballe 1979; Scoville et al. 1982; Nadeau, Geballe, and 
Neugebauer 1982; Matsumoto, Moritsugu, and Uyama 1985). 

6. The extinctions to the regions of H2 line wing emission 
are higher than those to where the line centers are emitted 
(Scoville a/. 1982; this paper). 

7. A large, disklike structure of dense gas, whose axis coin- 
cides with the direction of the molecular outflow, is present in 
the core of OMC-1 near the position of IRc2 (e.g., Hasegawa et 
al. 1984). 

8. Fundamental-band CO absorption spectroscopy of IRc2 
(Geballe and Wade 1985) reveals weak blueshifted absorption, 
which apparently extends only to —60 km s_1 (LSR); this is 
considerably less than the highest blueshifted velocities 
observed in either the H2 or millimeter CO lines. 

The following description of the core of OMC-1 is based on 
the above characteristics and is sketched in Figure 3. A bipolar 
outflow from IRc2 contains molecular gas moving at velocities 
of 100 km s_ 1 or more. The outflow is oriented with respect to 
us, such that its northern lobe lies partly in front of the 
southern lobe. Gas is ejected by IRc2 along our line of sight at 
considerably lower velocity than along the axis of the outflow. 
The outflow has swept up a considerable amount of material 
from the surrounding molecular cloud; this material is in the 
form of a thin, dense shell, which is now moving at rather low 
velocities (perhaps 10-40 km s_1) into the cloud because of its 
own momentum and that of the impinging outflow. A much 
larger volume has been swept up by the northern lobe of the 
outflow than by the southern lobe. Near the outer surface of 
the shell, ambient molecular cloud material is being shocked, 
resulting in the widespread, bright line emission by excited H2 
in this rather low-velocity range. Nondissociative (low- 
velocity) shocks are also present within the outflow and 
perhaps also at the boundary of the outflow and the swept-up 
shell; some of the H2 lines emitted in these shocks occur at 
high radial velocities in our frame of reference. 

The dust in the shell of swept-up material obscures the 
outflow and the line emission therein. Dust within the outflow 
itself has the effect of further obscuring the back (redshifted) 
portion of the outflow. The large disk around IRc2 obscures 
redshifted infrared line emission from behind it. The presence 
of the disk helps to explain why so little high-velocity red- 
shifted H2 line emission is detectable to the south of IRc2. 
Indeed, it appears that only just a few arc seconds from Peak 2 
is there a glimpse of this gas (see Scoville et al. 1982, Fig. 3). 
Line radiation from the shocked molecular cloud on the back 
side of the outflow is obscured by all of the above and, in 
addition, by the back side of the shell of swept-up material. It is 

likely that very little near-infrared line emission from that gas 
reaches us. 

The opening angle of the bipolar outflow from IRc2 likely is 
quite large, otherwise it probably would not be possible for 
such a wide range of H2 radial velocities to be observed over 
such a large range of positions or for the low-velocity line- 
emission peak (due to shocked gas at the shell-molecular cloud 
interface) to be so widespread. The existence of the large disk of 
gas around IRc2 from millimeter observations and the rather 
weak and relatively low-velocity CO 4.7 /mi fundamental-band 
absorption observed there imply that the outflow is bipolar at 
its source. However, the shape of the cavity excavated by a 
given outflow is determined by existing density inhomoge- 
neities in the surrounding cloud. The shape of the cavity will 
affect the observed line profiles of both shocked and unshocked 
gas. Taken as a whole, the H2 and millimeter molecular line 
mapping and spectroscopy, together with the infrared CO 
spectra of IRc2, suggest that both intrinsic flow bipolarity and 
cloud inhomogeneities have helped to create the present 
appearance of the outflow region. 

The foregoing description accounts for most of the general 
and some of the specific phenomena associated with the 
outflow in Orion. Future, more detailed observations will 
provide important tests of this picture. For example, the differ- 
ent H2 line profiles must be understood on a position-by- 
position basis; this will require high-resolution spectroscopy of 
lines covering a wide range of excitation and wavelength. 
Clearly it is essential to further test whether the high-velocity 
H2 wings are due to actual motions of the shocked gas; this 
can be accomplished by high-resolution spectropolarimetry 
and spectroscopy of H2 lines. Millimeter and submillimeter 
line measurements at high angular resolution can delineate the 
extent of the molecular outflow. Finally, it is not clear how the 
extremely energetic phenomena in Orion, such as the high- 
velocity Herbig-Haro objects found by Axon and Taylor (1984) 
fit into the picture. These may be minor events in the evolution 
of the outflow and its source, or they may require substantial 
modifications of the present model. 

v. SUMMARY 

The 3.8 /¿m 0(7) line profiles in the core of OMC-1 generally 
resemble those of the 2.1 /¿m ^(l) line in their degrees of asym- 
metry, but have somewhat higher emission in their wings rela- 
tive to their cores than do the S(l) lines. The increased wing 
emission indicates that photon scattering off dust grains is not 
important in producing the wings and argues that the wings 
arise deeper in the cloud than do the cores of the lines. The 
data support the presence of line emission at high velocities 
within the outflow which originates in the BN/KL region. 
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