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Abstract. ISO/SWS observations of Orion Peak 1 and Peak 2 show strong emission in the ro-vibrational lines of
CO v = 1−0 at 4.45–4.95 µm and of H2O ν2 = 1−0 at 6.3–7.0 µm. Toward Peak 1 the total flux in both bands
is, assuming isotropic emission, ≈2.4 and ≈0.53 L�, respectively. This corresponds to ≈14 and ≈3% of the total
H2 luminosity in the same beam. Two temperature components are found to contribute to the CO emission from
Peak 1/2: a warm component, with Tk = 200–400 K, and a hot component with Tk ∼ 3× 103 K. At Peak 2 the
CO flux from the warm component is similar to that observed at Peak 1, but the hot component is a factor of ≈2
weaker. The H2O band is ≈25% stronger toward Peak 2, and seems to arise only in the warm component. The
P -branch emission of both bands from the warm component is significantly stronger than the R-branch, indicating
that the line emission is optically thick. Neither thermal collisions with H2 nor with H I seem capable of explaining
the strong emission from the warm component. Although the emission arises in the postshock gas, radiation from
the most prominent mid-infrared sources in Orion BN/KL is most likely pumping the excited vibrational states of
CO and H2O. CO column densities along the line of sight of N(CO) = 5–10×1018 cm−2 are required to explain the
band shape, the flux, and the P -R-asymmetry, and beam-filling is invoked to reconcile this high N(CO) with the
upper limit inferred from the H2 emission. CO is more abundant than H2O by a factor of at least 2. The density
of the warm component is estimated from the H2O emission to be ∼2 × 107 cm−3. The CO emission from the
hot component is neither satisfactorily explained in terms of non-thermal (streaming) collisions, nor by resonant
scattering. Vibrational excitation through collisions with H2 for densities of ∼3× 108 cm−3 or, alternatively, with
atomic hydrogen, with a density of at least 107 cm−3, are invoked to explain simultaneously the emission from
the hot component and that from the high excitation H2 lines in the same beam. A jump shock is most probably
responsible for this emission. The emission from the warm component could in principle be explained in terms of
a C-shock. The underabundance of H2O relative to CO could be the consequence of H2O photodissociation, but
may also indicate some contribution from a jump shock to the CO warm emission.
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1. Introduction

The Orion molecular cloud embeds a complex molec-
ular outflow with two main kinematic components as-
sociated with the corresponding spectral features and
morphology: the low-velocity plateau, which extends in
the northeast-southwest direction, and the high-velocity
plateau, approximately perpendicular to this. The high-
velocity plateau is associated with a bipolar outflow that
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contains the two brightest H2 emission peaks in the sky:
Peak 1 and Peak 2 (Beckwith et al. 1978).

Both peaks have been observed in the H2 lines for
more than 25 years with increasing angular and/or spec-
tral resolution. Observations of other abundant species,
namely CO and H2O, which could test our understand-
ing of the physics involved in those molecular shocks,
are more scarce. Observations of pure rotational v = 0
CO lines in the millimetric (e.g., Rodŕıguez-Franco et al.
1999) are not sensitive to the temperature and density. In
the far infrared, CO observations have lacked high angular
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E. González-Alfonso et al.: CO and H2O vibrational emission 1075

resolution (e.g., Storey et al. 1981; Watson et al. 1985),
so that the inferred physical conditions are an average
over the entire Orion outflow, and mainly trace the low-
velocity plateau. Detection of mid-infrared ro-vibrational
CO lines by Geballe & Garden (1987, 1990; hereafter GG)
had much better angular resolution, but were limited to
a few lines from which the postshock gas conditions are
difficult to retrieve. On the other hand, H2O observations
have been restricted for a long time to maser emission
(e.g., Genzel et al. 1981; Cernicharo et al. 1994, 1999).
Recent SWAS observations of the 557 GHz H2O line trace
the quiescent molecular cloud (Snell et al. 2000), and both
the low-velocity and high-velocity flows (Melnick et al.
2000), but the H2O emission in the high-velocity plateau
is difficult to isolate.

The launch of ISO has opened the possibility of study-
ing the Orion outflows in more detail. LWS observations of
pure rotational CO (Sempere et al. 2000) and H2O lines
in emission (Cernicharo et al. 1999; Harwit et al. 1998)
still lack angular resolution and mainly trace the low-
velocity plateau. H2O pure rotational lines seen in ab-
sorption in the SWS spectrum toward IRc2 (Wright et al.
2000) also trace the low-velocity flow. Nevertheless, SWS
observations of the whole CO v = 1−0 at 4.7 µm and
H2O ν2 = 1−0 at 6.5 µm bands are very useful to study
the molecular emission from Peak 1 and 2. Although
with limited spectral resolution, the SWS angular reso-
lution in the mid-infrared allows the high-velocity flow
to be isolated from the low-velocity one. Very interest-
ingly, the ISO/SWS beam for the CO and H2O bands is
the same as the beam for most of the H2 lines studied
by Rosenthal et al. (2000, hereafter RBD) in Peak 1, so
that a direct comparison of the vibrational emission of
the major coolants in the shock around this position can
be performed. In this paper we study the CO and H2O
ro-vibrational bands as observed with ISO/SWS toward
Peak 1 and Peak 2. We also present the ISO/SWS spec-
trum of CO toward IRc2. Absorption/emission in the H2O
ro-vibrational band toward IRc2 and BN has been studied
by van Dishoeck et al. (1998) and González-Alfonso et al.
(1998).

This paper is organized as follows. In Sect. 2 the data
acquisition and reduction are described. The spectra and
the relevant observational parameters are presented in
Sect. 3. The analysis of the observations is developed in
Sect. 4, where the physical processes and parameters in-
volved in the observed emission are derived. In Sect. 5 we
discuss the main results, and Sect. 6 summarizes our main
conclusions.

2. Observations and data reduction

2.1. Observations

The full 2.4–45.2 µm spectrum of Orion Peak 1, ob-
tained in the SWS01 observing mode (de Graauw et al.

1996) on UTC October 3 1997 (TDT = 68 701 515), was
presented by RBD. We present a new reduction here.
A higher spectral resolution spectrum of Peak 1, from 4.45
to 5.01 µm, was taken in the grating mode SWS06 in par-
allel to a Fabry-Perot SWS07 observation on October 3
1997 (TDT = 68 701 611). The Orion Peak 2 spectrum
was obtained in the SWS01 observing mode only, TDT =
83301701, on February 25 1998. The central wavelengths
of the CO v = 1−0 and H2O ν2 = 1−0 bands are at
4.7 and 6.5 µm. The SWS06 observations have about the
nominal SWS spectral resolution, which is 1500–1800–
2500 and 1100–1300–1500 at 4.7 and 6.5 µm, respectively.
The range of values corresponds to the full SWS resolv-
ing power of an extended source, a 15′′ diameter source
and a point source, respectively, as given by Lutz et al.
(2000). Both SWS01 observations were taken with the
slowest scan speed 4, yielding a resolving power that is
a factor ∼1.4 lower than the nominal one (Leech et al.
2001). This results in SWS01 resolving powers of 1070–
1280–1790 at 4.7 µm and 790–930–1070 at 6.5 µm, for
the source extensions quoted above. The aperture size is
14′′ × 20′′ for both the CO and H2O bands. It was cen-
tered at α(2000) = 05h35m13.7s, δ(2000) = −05◦22′08.5′′

for Peak 1, and at α(2000) = 05h35m15.8s, δ(2000) =
−05◦22′40.7′′ for Peak 2. The long axis was oriented ∼5.5◦

E of N for both Peak 1 observations, and 169.5◦ for the
Peak 2 observation.

2.2. Data reduction

Data were reduced using version 9.5 of the Off
Line Processing (OLP) pipeline system. The Standard
Processed Data (SPD) were examined for sudden signal
jumps, which may indicate a pointing jitter, and consis-
tency between the up and down scan directions. No prob-
lems were found. Further, as SWS band 2 may be subject
to detector memory effects, we performed a special dark
current subtraction within the Interactive Analysis (IA)
software before deriving the Auto Analysis Result (AAR).
When compared with the pipeline AAR the two reduction
schemes agree well in terms of band shape, but the IA re-
duction resulted in a 10% lower flux. We here use fluxes
derived from the pipeline reduction, which uses the most
up-to-date relative spectral response and flux calibration
files. Following the AAR stage, further data processing,
such as flatfielding, sigma clipping and rebinning, was
performed using software in either the IA or Observer’s
SWS IA (OSIA) version 2.0 software packages. Flatfielding
was performed using a reference spectrum equal to a first
order polynomial fit to the average of all down scan data
for the CO and H2O bands. This was followed by clipping
any points more than 3 sigma outside of the average of all
data within a bin equal to the theoretical resolving power,
and subsequent rebinning using a bin equal to twice the
spectral resolution.
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3. Results

3.1. The CO v = 1–0 band

3.1.1. Peak 1 and Peak 2

Figure 1 shows the observed ISO/SWS06 and
SWS01 spectra toward Peak 1, the SWS01 spectrum
toward Peak 2, and the SWS06 spectrum toward IRc2,
between 4.45 and 5 µm. Toward Peak 1/2, the continuum
is nearly flat over that wavelength range, with a flux of
16–18 Jy at Peak 1 (≈2.3 × 10−16 W cm−2 µm−1), and
10–12 Jy at Peak 2. The individual ro-vibrational lines
of the CO v = 1−0 band are clearly detected above the
continuum with a typical flux of ∼9 Jy in the SWS01
spectrum. The corresponding flux is ∼5× 10−19 W cm−2,
only ≈8 and ≈4.5 times weaker than the 4.7 µm H2 0–0
S(9) line at Peak 1 and Peak 2, respectively. In Fig. 1,
we indicate the positions of some 13CO v = 1−0 and
12CO v = 2−1 lines that are not coincident with any
12CO v = 1−0 line. In the SWS06 spectrum of Peak 1,
some weak features match the positions of 12CO v = 2−1
lines, but the match is not systematic. On the other
hand, the 13CO lines could be responsible for an apparent
modulation of the continuum in the SWS01 data (see
Sect. 4.4 and Fig. 16).

Figure 1 shows that the CO band toward Peak 2, al-
though slightly weaker, displays a shape quite similar to
that of Peak 1. Apart from the relative enhancement of
the P (1) and P (2) lines toward Peak 2, the flux distribu-
tions observed toward both positions are nearly the same,
and the P (1) line may be contaminated by HI and [Fe II].
The similarity between the CO line fluxes at both posi-
tions is also striking because the H2 0–0 S(9) line in Fig. 1
is stronger at Peak 1 by a factor of ≈1.8, which is in good
agreement with the flux ratio obtained for the same H2 line
by GG. It is also worth noting in Fig. 1 that, at both
positions, the R−branch is significantly weaker than the
P−branch. Neither the uncertainties in the variation of
the continuum flux across the band, nor the possible con-
tamination of the P−branch by 13CO lines, can account
for this P -R-asymmetry. Our interpretation of this effect
is given in Sect. 4.4.

Most of the CO lines observed in the SWS01 are con-
sistent with a spectral resolution in the range 1050–1200,
indicating that the emission is extended compared with
the ISO/SWS beam. In the SWS06 spectrum of Peak 1
the line widths are 170–210 km s−1 (λ/∆λ ∼ 1600), also
suggesting spatially extended emission. This is supported
by the observations of GG, who found that the P (8) line
emission from the surroundings of Peak 1 (i.e., within the
ISO/SWS beam) is extended, although far from uniform.
On the other hand, adjacent R−lines are separated in ve-
locity by more than 300 km s−1, so that the individual
lines do not blend in the SWS06 spectrum of Peak 1.
Therefore, the continuum level can be correctly deter-
mined without line contamination. In the SWS01 spec-
trum, however, the lines blend partially in the R−branch
and the continuum level becomes uncertain.

Figure 2a shows the spectra between 5 and 5.23 µm
of Peak 1, Peak 2, and IRc2. Interestingly, the spectrum
of Peak 1 shows a series of emission features that coincide
rather well with the expected wavelengths of high-P (J)
CO lines, up to J = 48. Although the RSRF (Relative
Spectral Response Function) of band 2A shows, at these
wavelengths, a faint hint of fringes, neither the expected
height (≤0.5 Jy versus typical observed intensities of 2.5–
3 Jy) nor the fringe frequency agree with those of the
observed features. The IRc2 spectrum (Fig. 2a), with a
much stronger continuum, shows features with height and
frequency similar to the fringes of the scaled RSRF, thus
indicating that the RSRF estimate of fringes is accurate.
Furthermore, inspection of the SPD data have shown that
the “up” and “down” scans agree quite well, and both dis-
play these emission features. No signal jumps at the SPD
level have been found. Therefore, we conclude that these
features are not instrumental artifacts, i.e. fringes, but real
CO lines, with typical fluxes of ≈1.5× 10−19 W cm−2 at
Peak 1 and weak J-dependence, indicative of the presence
of a high temperature component. High R(J) lines are
also detected for J > 30 (Fig. 2b), but the correspond-
ing intensities are very uncertain due to partial blending.
Peak 2 also shows high-J lines in the P−branch, but they
are a factor ∼2 weaker than in the Peak 1 spectrum.

Line fluxes have been determined by fitting Gaussian
curves to the spectral features. We estimate a line flux
uncertainty arising from the spectral noise alone of 0.5×
10−19 and 0.3× 10−19 W cm−2 in the SWS06 and SWS01
spectra, respectively. However, the actual uncertainty in
some wavelength ranges is significantly higher because of
fluctuations and uncertainties in the continuum, blend-
ing with lines from other species, and partial blending
with other CO lines in the R-branch. Figure 3 displays
the fluxes toward Peak 1 and 2. The P (J) and R(J) line
flux distributions show marked differences. In Fig. 3c we
plot the normalized values of FTJ1

≡ FPJ1
+ FRJ1

against
J1, where J1 is the rotational quantum number of the
upper v = 1 level, FPJ1

denotes the flux of the P (J1 + 1),
and FRJ1

denotes that of the R(J1−1) line. From the shape
of these distributions, it seems evident that at least two
temperature components are necessary to account for the
CO v = 1−0 emission from both peaks. A hot component
will be responsible for the emission from J1 > 25, whereas
a region with much more moderate temperature (a warm
component) will account for the bulk of the emission from
J1 < 25 (Fig. 3c). The P -R-asymmetry is only related to
this warm component, i.e., the fluxes of the P (J1 +1) and
R(J1 − 1) lines are similar for J1 ≥ 23 (Fig. 3).

A usual way to visualize the distribution of fluxes is
the Boltzmann diagram of Fig. 4a, in which the upper
level column densities have been calculated by assuming
that the lines are optically thin, i.e.,

Nthin(v = 1, J) =
4π107

hΩB
× FTJ (W cm−2)
νPJ A

P
J + νRJ A

R
J

, (1)

where APJ (ARJ ) is the Einstein coefficient for spontaneous
emission of the P (J + 1) [R(J − 1)] ro-vibrational line,
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Fig. 1. Observed CO v = 1−0 band toward Orion/Peak 1 (SWS06 and 01 modes), Peak 2 (SWS01) and IRc2 (SWS06).
In addition to the expected positions of the 12CO v = 1−0 P (J) and R(J) lines, H2 and HI lines, the positions of some
12CO v = 2−1 and 13CO v = 1−0 lines that are not coincident with any CO v = 1−0 line are also indicated in the upper
spectrum. Insert panels show in more detail some profiles observed toward IRc2, and dashed lines indicate the RSRF scaled to
the IRc2 continuum. The apparent 13CO P (1) line is an effect of fringes.
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Fig. 2. Spectra around 5.12 and 4.45 µm observed towards
Orion/Peak 1, Peak 2, and IRc2. The expected positions of the
high-J CO v = 1−0 lines are labelled. Dashed lines indicate
the expected RSRF scaled to the observed continuum.

ν analogously denotes the line frequencies, and ΩB is the
solid angle of the ISO/SWS beam. The distributions of
Fig. 4a have been fitted to a two-temperature component
(dashed lines). Although, as argued in Sect. 4.4, the CO
emission from the warm component is optically thick, and
in fact the fit for the low-J lines is not satisfactory, Fig. 4a
gives a first rough estimate of the rotational temperatures
of the warm and hot components: 400 K and 3 × 103 K,
respectively. On the other hand, Fig. 4b shows that, apart
from the few lowest-J lines, the lines with upper level
energy up to 4×103 K (that include the contribution from
both the warm and hot components) are ∼20% stronger

Fig. 3. CO v = 1−0 fluxes toward Peak 1 and Peak 2
in the a) P− and b) R−branches, determined from
Peak 1/SWS06 data (triangles), Peak 1/SWS01 data (squares),
and Peak 2/SWS01 data (crosses), plotted against the ro-
tational quantum number J1 of the upper v = 1 level.
c) Normalized values of FTJ1

≡ FPJ1
+ FRJ1

. We have adopted
maximum fluxes of FTMAX = 1.6 × 10−18 W cm−2 for both
SWS06 data (triangles) and SWS01 data (squares) of Peak 1,
and FTMAX = 1.4× 10−18 W cm−2 for the Peak 2/SWS01 data.
For J1 ≥ 35 (Peak 1) or J1 ≥ 32 (Peak 2), FRJ1 is calcu-
lated from FPJ1

by correcting for the Einstein-A coefficient and
frequency.

at Peak 1, whereas the lines from the hot component are
a factor ∼2 stronger toward that position.

In order to estimate the total emission in the band,
we have adopted for Peak 1 fluxes of 6 × 10−19 and
2.5× 10−19 W cm−2 for the P (3) and P (29) lines, respec-
tively, and for Peak 2 fluxes of 5.5 × 10−19, 6.2 × 10−19,
1.3 × 10−19, 4.1 × 10−19, and 4.5 × 10−19 W cm−2 for
the P (3), P (4), P (29), R(0), and R(1) lines, respectively.
These lines are blended with H2 or H I lines, and our
flux estimates are simple guesses based on the fluxes of
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Fig. 4. a) Column densities of the CO v = 1 levels divided by
the level degeneracy (gJ = 2J + 1), plotted against the upper
level energy. Column densities are computed in the optically
thin limit. b) Peak 1 to Peak 2 line flux ratios.

the adjacent J–lines. The fluxes of the R−branch lines
with J1 ≥ 35 (for Peak 1) or J1 ≥ 32 (for Peak 2)
have been determined from the corresponding P−branch
lines by correcting for the Einstein-A coefficient and fre-
quency. The resulting flux of the CO v = 1−0 band to-
ward Peak 1 is 3.8 × 10−17 W cm−2 (L ≈ 2.4 L�). The
contribution of the hot component, assuming a Boltzman
distribution at 3 × 103 K, is ≈1.7 × 10−17 W cm−2, so
that the flux associated with the warm component is
≈2.1× 10−17 W cm−2. Similarly, toward Peak 2 the total
flux is ≈3.0× 10−17 W cm−2 (1.9 L�), and the contribu-
tions of the warm and hot components are ≈2.1× 10−17

and ≈0.9× 10−17 W cm−2, respectively. According to the
extinction curve of RBD in Peak 1, and assuming simi-
lar extinction toward Peak 2, these fluxes could be ≈20%
larger. The P−branch emission from the warm component
(i.e., after subtraction of the emission from the hot one)
is a factor of ≈2 stronger than the R−branch emission at
both peaks.

Toward Peak 1, the P (8) line has a flux of ≈1.3 ×
10−10 W cm−2 sr−1, a factor of 1.5 lower than that
measured by Geballe & Garden (1987) in a 5′′ beam.

On the other hand, the continuum intensity of ≈3.5 ×
10−8 W cm−2 µm−1 sr−1 is a factor of 1.4 larger than that
measured by Grasdalen et al. (1992) with the KAO 15′′

beam. Since there is observational evidence of marked spa-
tial gradients in the emission of the CO P (8) line (GG)
and of the continuum (RBD) around Peak 1, we conclude
that the fluxes measured by ISO are compatible with those
previous determinations. In particular, the long axis of
the ISO/SWS beam lies in the direction of the strong
BN source (see RBD), and the continuum emission is ex-
pected to rise in this direction due to both scattering of
radiation from BN by dust and/or thermal dust emission.
Nevertheless, the ISO/SWS beam does not include BN
itself, and the observed CO v = 1−0 emission must origi-
nate in the shock, rather than in the neighbourhood of BN.
Scoville et al. (1983) found in the CO v = 1−0 spectrum
toward BN an emission feature at 20 km s−1 with charac-
teristic temperature of ∼600 K, but neither the line width
nor the intensity are comparable with those of the P (8)
line observed toward Peak 1 (Geballe & Garden 1987).

3.1.2. IRc2

Toward IRc2 the CO band looks very different (Fig. 1).
Most of the 12CO P−branch lines show both emission and
absorption (“P-Cygni” type profiles), despite the limited
spectral resolution (>125 km s−1). The deep absorption
and strong emission of these lines cannot be ascribed to
fringes (right-hand insert panels in Fig. 1). The spectrum
also shows some apparent P-Cygni profiles that coincide
in wavelength with the expected positions of 13CO lines,
but these features are an effect of fringes as the compar-
ison with the RSRF scaled to the IRc2 continuum indi-
cates (see the example in the left-hand insert panel of
Fig. 1). The 12CO P (J ≥ 17) lines, when detected, are
in emission with little or no absorption. The R−branch
lines tend to show also P-Cygni profiles, but the emission
features in the R−branch are less prominent than those
of the P−branch. The CO band shape toward BN (not
shown) is also quite similar, and the CO line absorptions
relative to the continuum are nearly the same.

These profiles qualitatively resemble those of some
H2O pure rotational lines around 40 µm observed with
Fabry-Perot (Wright et al. 2000). In the case of CO,
however, the absorption is expected to be much more
spatially restricted to the direction of IRc2, because the
emission at mid-infrared wavelengths peaks much more
sharply around IRc2 than the extended far infrared emis-
sion (Wynn-Williams et al. 1984; Gezari et al. 1998).
Evans et al. (1991) observed some 13CO P (J = 9–
17) and 12CO P (J = 22–27) lines in the direction of
IRc2 with a 3′′–4′′ beam and ≈25 km s−1 spectral reso-
lution, finding P-Cygni profiles as in the present case. In
both cases, and according with the line velocity coverage,
the emission/absorption was ascribed to the low-velocity
plateau. In particular, Evans et al. (1991) showed that the
velocities of the absorption and emission peaks of the CO
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lines differ by about 30 km s−1. In the present case it is
however unclear, given our poor spectral resolution and
the consequent fill in of the absorption by the emission, if
the low-velocity flow alone can account for the observed
profiles and strengths; in principle, some contribution of
the high-velocity flow cannot be disregarded. In fact the
P (22) line detected by Evans et al. (1991) has emission
and absorption features with similar strengths separated
≈27 km s−1, and in the ISO/SWS spectrum this line is
hardly detected, because of the close cancellation between
both components (Fig. 1). Nevertheless, lower-J lines in
the low-velocity flow have much larger opacities than the
P (22) and could contribute to or even match the observed
pattern.

Either way, the absorption features of the lowest-J
lines are stronger than the emission features, probably
due to the absorption by the foreground quiescent cloud.
The P-Cygni profiles are a strong indication of radia-
tive pumping of the CO v = 1 state, and the differ-
ence in intensity between the emission components of the
P− and R−branches resembles the behaviour of the H2O
ν2 = 1−0 band toward BN (González-Alfonso et al. 1998),
for which the P−branch was observed in emission and the
R−branch in absorption. Similar radiative transfer effects
are presumably causing the CO pattern observed toward
IRc2, as well as the P -R-asymmetry in CO and H2O ob-
served toward Peak 1 and Peak 2 (Sect. 4.4).

3.2. The H2 O ν2 = 1−0 band

Figure 5a displays the observed 5.8–7.2 µm spectrum to-
ward Peak 1 and Peak 2. Those toward IRc2 and BN
have been presented by van Dishoeck et al. (1998) and
González-Alfonso et al. (1998). Besides strong H2 and
[Ar II] lines, weaker atomic hydrogen lines, and PAH emis-
sion at 6.2 µm, the spectrum shows a forest of features
that correspond to the H2O ν2 = 1−0 ro-vibrational lines.
After subtracting the continuum emission (broad dashed
lines), Figs. 5b,c show the resulting spectra where the po-
sitions of the strongest and/or low-lying H2O lines are
indicated.

The determination of fluxes has been carried out by fit-
ting Gaussian curves to the observed features coincident
with the positions of H2O lines. Most of the observed pro-
files are best matched with λ/∆λ ≈ 800, which suggests –
as in the case of CO – that the emission fills the ISO/SWS
beam. The fits are shown in Figs. 5b,c with dashed lines.
The assigned individual fluxes are in some cases doubtful
because of the close blending of lines at some wavelengths
(Fig. 5). Despite this, we show in Fig. 6a the corresponding
Boltzmann diagram, where the upper level column densi-
ties are computed in the optically thin limit from

Nthin(ν2 = 1, JK+K−) =
4π107

hΩB

×
∑
F (ν2 = 1− 0, JK+K− − J ′K+K−

)(W cm−2)∑
(νA)(ν2 = 1− 0, JK+K− − J ′K+K−

)
, (2)

where the summations extend to all the detected lines with
JK+K− as the upper level of the transition, and F denotes
the fluxes. The distribution of Fig. 6a can be fitted with
a straight line giving a rough estimate of the rotational
temperature in the H2O ν2 = 1 state, ≈150 K. According
to our analysis in Sect. 4.4.3, the ro-vibrational H2O lines
with upper level energy Eu > 2650 K are optically thin,
but most lines with Eu < 2600 K are optically thick. As a
consequence, the column densities for the latter lines are
underestimated in Fig. 6a, and therefore the fitted tem-
perature of 153 K may be considered an upper limit. This
temperature is much lower than the energy of the H2O
ν2 = 1 state above the ground vibrational state. Unlike
the CO emission, there is no evidence for H2O emission
from a hot component, so that we will assume that the
H2O emission arises entirely from the warm component
detected in the low-J CO lines.

As in the case of the CO band, the H2O R−branch
is weaker than the P−branch at both peaks. Only three
– weak – lines below 6.3 µm are detected (Fig. 5b):
ν2 = 1−0 303→212 (merging with 212→101), 221→110,
and 110→101 (unfortunately, in Peak 1 this line lies in a
region of fringes around the PAH feature). This asymme-
try is further discussed in Sect. 4.4.

Figure 6b shows that most lines display similar fluxes
toward both peaks, but there are a few lines stronger at
Peak 2 by more than 50%. Some of these flux ratios are
uncertain because the corresponding lines merge with oth-
ers (i.e., the H2O ν2 = 1−0 303→312, 220→331, 202→313,
and 110→101, as well as the 000→111), but the rest in-
dicate unambiguously striking differences in flux between
both peaks (H2O ν2 = 1−0 330→441, 321→432, 414→505,
312→423; see Fig. 5c) and have relatively high upper level
energies (>2500 K). However, not all of the observed H2O
lines are stronger toward Peak 2. In particular, the joint
emission in the R−branch of the H2O ν2 = 1–0 212→101

and 303→212 lines is somewhat stronger toward Peak 1
(Fig. 5b).

The total band flux is more reliable than the indi-
vidual line fluxes. We find values of 7.1 × 10−18 and
8.8 × 10−18 W cm−2 toward Peak 1 and 2, respectively.
However, there will be an additional contribution from
some H2O lines merging with the strong H2 line at 6.1 µm,
and also from other lines with flux densities below the
noise level of 1.5 Jy but giving all together a significant
contribution to the total emission. This unobserved con-
tribution has been estimated from the models discussed in
Sect. 4.4.3 to be roughly 20% of the total observed flux,
so that we adopt a total band flux of 8.5 × 10−18 and
10.6× 10−18 W cm−2 (luminosities of 0.53 and 0.67 L�)
toward Peak 1 and 2, respectively. According to the ex-
tinction curve of RBD in Peak 1, and assuming a similar
extinction toward Peak 2, these values could be ≈10%
larger.

The H2O band strength toward Peak 2 is then a factor
of 1.25 larger than toward Peak 1, and as shown above, the
CO band emission associated with the warm component is
similar toward both peaks. As in the case of the CO band,
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Fig. 5. a) Observed 5.8–7.2 µm spectrum toward Orion/Peak 1 and Peak 2. The dashed lines indicates the adopted continuum
emission. Panels b) and c) show the resulting spectra after subtracting the above continuum. The positions of some H2O
ν2 = 1−0 ro-vibrational lines are indicated, and dashed lines show Gaussian fits to the spectral features coincident with
H2O lines.

the similarity of the H2O bands toward both peaks indi-
cates similar physical conditions in the opposite regions
of the flow where the emission arises. Although the com-
bined effect of different extinction and relative calibration

could modify the relative fluxes to some extent, a signif-
icant spatial gradient of the H2O ν2 = 1−0–to–H2 and
CO v = 1−0–to–H2 flux ratios between both positions
will still remain: the H2 0–0 S(5) and S(6) lines in Fig. 5
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Fig. 6. a) Column densities of the H2O ν2 =1 levels (squares:
Peak 1; triangles: Peak 2), divided by the level degeneracy
(gs = 3 for ortho-levels and 1 to para-levels; gJ = 2J + 1),
plotted against the upper level energy. Column densities are
computed in the optically thin limit. b) Peak 1 to Peak 2
line flux ratios. Only those lines with fluxes larger than 6 ×
10−20 W cm−2 toward both peaks are accounted for. Lines are
labelled when fluxes at both peaks differ in more than 50%,
i.e. when the corresponding flux ratio lies out from the region
between the dotted lines.

and the 0–0 S(9) line in Fig. 1 are factors 1.5, 1.4 and 1.8
stronger toward Peak 1 than toward Peak 2, respectively.
Whilst the H2 lines are primarily sensitive to temperatures
larger than ∼500 K, the Boltzmann diagrams of Figs. 4a
(warm component) and 6a indicate more moderate tem-
peratures.

3.3. Comparison between the observed luminosities
and shock model predictions

The CO v = 1–0 and H2O ν2 = 1–0 luminosities at
Peak 1 are 2.4 L� and 0.53 L�, i.e. 14% and 3% of the
total H2 luminosity in the same aperture (RBD), respec-
tively. At this point, and prior to the data analysis, it is
illustrative to compare the observed emission with predic-
tions for shock models. These models, in which the CO

and H2O ro-vibrational emission are assumed to originate
from thermal collisions in the postshock region, underes-
timate the fluxes we find in Orion Peak 1/2. For example,
the P (15) line flux in Peak 1 (1.4 × 10−10 W cm−2 sr−1)
is more than 20 times larger than in the Orion C-shock
model of Draine & Roberge (1982). Draine & Roberge
(1984) were able to predict CO v = 1−0 line fluxes in
excess of 10−11 W cm−2 sr−1 for C-shock velocities larger
than 35 km s−1, but in these models the R(20) line is sig-
nificantly stronger than the R(10) line, contrary to what
is observed. In the C-shock model of Kaufman & Neufeld
(1996a), the cooling by H2O vibrational emission is pre-
dicted to be about one order of magnitude larger than
that by CO. Also, both the rotational and the vibrational
cooling by H2 are expected to be more than 103 times
that of vibrational CO for moderate preshock densities.
At higher densities (Kaufman & Neufeld 1996b), the H2

cooling is greatly reduced due to efficient collisional de-
excitation, but the relative cooling of vibrational CO and
H2O still remains similar. Combinations of slow and fast
C-shocks based on the models of Kaufman & Neufeld have
accounted for the H2 emission from Peak 1 (RBD) and
Peak 2 (Wright 2000), but these will hardly account for
the CO and H2O band emission provided that the temper-
atures and densities involved in both shocks are not much
larger than in the works of Draine & Roberge (1982, 1984)
and that the covering factor of the high density compo-
nent is low. On the other hand, J-type shocks (Hollenbach
& McKee 1989, hereafter HM; Neufeld & Dalgarno 1989)
neither can account for the H2O band emission, since the
temperature at which H2O is formed is lower than the
temperature profile across C-shocks. The excess of CO
vibrational emission was first recognized by Geballe &
Garden (1987), and one important goal of this paper is
to shed light on the possible excitation mechanism of the
CO v = 1 and H2O ν2 = 1 states.

4. Analysis

It is usually accepted that, in molecular shocks, the molec-
ular levels involved in observed emission lines are pumped
by collisions with H2. This is justified in view of the en-
hancement of temperature and density in the postshock
gas. This is valid for most molecular transitions and in
most sources, but the case may be different for some
infrared molecular lines in regions where the radiation
field in the infrared is enhanced because of the pres-
ence of newly-born high-mass stars. In the vicinity of the
Kleinmann-Low Nebula the radiation field below 10 µm is
strong and dominated by the BN and IRc2 stellar sources.
Although Peak 1 is located at an angular distance of ≈15′′

from BN (1017 cm at 450 pc), and Peak 2 is at ≈20′′ from
IRc2, the CO and H2O ro-vibrational lines at 4.7 and
6.3 µm have large Einstein coefficients (∼15 s−1 for CO
and ∼10 s−1 for the strongest H2O transitions) and the
possibility that the excited vibrational states are radia-
tively pumped must be evaluated.
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4.1. Kinetic temperature

In order to discriminate between radiative and collisional
excitation, the kinetic temperature (Tk) of the emitting
gas must be estimated from the rotational distribution of
the line fluxes. The CO v = 1−0 band is used for this anal-
ysis. However, the determination of Tk from the CO band
shape is not obvious, because (i) Tk and the density are
coupled parameters and the latter is not well constrained;
(ii) there must be a gradient of physical conditions in the
extended region that lies within the ISO/SWS beam, at
least as a consequence of the cooling by the postshock
gas; (iii) if the CO v = 1 state is pumped by radiation
from BN, line opacity effects will alter the value derived
for Tk; if it is pumped by collisions, uncertainties in Tk will
also stem from the unknown state-to-state ro-vibrational
collisional rates. This problem is, however, lessened be-
cause of the expected validity of the scaling relationships
among the collisional rates that follow from the applica-
tion of the infinite order sudden approximation (IOSA),
as shown below. On the other hand, we start by assuming
that the lines are optically thin, but relax this assumption
later.

Statistical equilibrium applied to the populations of
the v = 1 state of CO implies, in the optically thin limit,

n1,J1 =
[
APJ1

+ARJ1

]−1 dn+
1,J1

dt
, (3)

where n1,J1 is the population of the (v = 1, J1) level,
and dn+

1,J1
/dt denotes the rate at which CO molecules are

pumped from the v = 0 state to the (v = 1, J1) level.
Equation (3) implicitly assumes that a molecule pumped
to a rotational level of v = 1 will leave it by always decay-
ing to the ground v-state through spontaneous emission.
This is very accurate because the probability of vibra-
tional spontaneous de-excitation (≈30 s−1) is much larger
than the probability for both spontaneous rotational de-
excitation and vibrational/rotational relaxation through
collisions for the densities and temperatures of interest
(see below). The addition of the emissivities of the P - and
R-lines that merge from a common (v = 1, J1) level yields

εTJ1
≡ εPJ1

+ εRJ1
=
hα

4π
×

dn+
1,J1

dt
, (4)

where εPJ1
[εRJ1

] is the emissivity of the P (J1+1) [R(J1−1)]
line, and

α =
νPJ1

APJ1
+ νRJ1

ARJ1

APJ1
+ARJ1

(5)

is independent of J1. Since εTJ1
is proportional to the sum

of the fluxes of the corresponding P - and R- lines, FPJ1
+

FRJ1
, Tk can be inferred from the comparison of the J1-

distribution of dn+
1,J1

/dt with that of the observed FPJ1
+

FRJ1
values shown in Fig. 3c.

4.1.1. Radiative pumping

Assuming that CO molecules scatter the radiation coming
from a stellar source with effective radius rs and temper-
ature Ts, the pumping rate is given by

dn+
1,J1

dt
=

r2
s

4r2
gJ110−0.4A4.7

[
ARJ1

exp{hνRJ1
/(kTs)} − 1

n0,J1−1

gJ1−1

+
APJ1

exp{hνPJ1
/(kTs)} − 1

n0,J1+1

gJ1+1

]
, (6)

where gJ = 2J + 1, r is the distance between the star and
the emitting CO molecules, and A4.7 is the extinction of
the 4.7 µm stellar radiation along that path. Equation (6)
neglects opacity effects in the CO ro-vibrational lines
and, within this approximation, shows that the rotational
distribution of εTJ1

will resemble that of the vibrational
ground state populations. These v = 0 rotational levels
are excited through collisions with H2.

Figure 7 compares the predicted and observed distri-
butions for various physical conditions. Following Lee &
Draine (1985) we simulate the radiation field from BN by
a blackbody of Ts = 1100 K, but results depend little on
this choice. Figure 7a shows the results that assume an
LTE distribution of populations in v = 0, which are ap-
propriate if the CO v = 0 rotational levels are (nearly)
thermalized. In this case, kinetic temperatures of 500 K
(±50 K) and ∼3 × 103 K (±600 K) are derived for the
warm and hot component, respectively. Non-LTE (NLTE)
results are obtained by computing the rotational distribu-
tion of populations in the v = 0 state with the use of
the Schinke et al. (1985) CO-pH2 collisional rates. The
dotted thin line in Fig. 7a displays the expected NLTE
distribution for n(H2) = 107 cm−3 and Tk = 3× 103 K. It
remains close to the 3 × 103 K LTE one; however, lower
densities would require higher Tk to match the distribu-
tion. In Fig. 7b (solid line) we adopt an H2 density of
n(H2) = 106 cm−3 for the warm component. In the op-
tically thin limit, and since the v = 0 rotational levels
are not thermally populated, the warm component is fit-
ted with Tk = 650 K, a value significantly larger than
the LTE one. These optically thin models underestimate
seriously the emission from low J1, so that a better fit
is achieved by including the scattering from a cold com-
ponent (dashed thick line in Fig. 7a). Figures 7c and d
show that the same physical conditions also match ap-
proximately the flux distribution for Peak 2, although the
relative weights of the warm and hot components are dif-
ferent from those of Peak 1.

The above fits are based on single-Tk models for the
warm and hot components, and therefore are far from be-
ing unique. An acceptable LTE fit to the warm component
of Peak 1 (from J1 = 8 to 24) is also obtained by including
two Tk components with suitable weights (e.g., Tk = 400
and 600 K, or Tk = 250 and 550 K). Similarly, the flux
distribution of the hot component (J1 > 25) may be repro-
duced with two temperature components at Tk = 2×103 K
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and 3.6×103 K, where the former dominates the emission
from the J1 < 38 lines, or Tk = 1.6×103 K and 3.6×103 K,
where the former dominates for J1 < 30. The lack of
spectral and angular resolution prevents the separation
between the possible several Tk components, although we
can conclude that components with Tk ≤ 1200 K will have
negligible contribution to the observed emission from the
hot component.

Opacity effects have been tested with the use of the
radiative transfer code described in González-Alfonso &
Cernicharo (1997), and are shown with dashed lines in
Figs. 7b and d. The model consists of a spherical shell of
radius 2.1×1017 cm (≈30′′ at 450 pc), which is illuminated
by an isotropic radiation field represented by a blackbody
at 1100 K diluted by the geometrical factor πr2

s /r
2. Only

the emission from the spherical cocoon that subtends a
solid angle equal to that of the ISO/SWS beam is consid-
ered (see Fig. 12 and Sect. 4.2.4). In our code the velocity
field can be characterized by an expansion velocity (ve)
and/or a microturbulent velocity (vt). In Figs. 7b and d,
results for the “pure microturbulent” models are shown
(i.e., ve = 0); these only depend on the N(CO)/vt ratio,
where N(CO) is the radial column density of CO. The
actual (beam-averaged) column density will be a factor
≈5.7 larger due to the contribution of the near and far
sides of the shell and to the curvature of the spherical
cocoon that lies within the beam (Fig. 12). If the opaci-
ties of the ro-vibrational lines become significant, the pre-
dicted band shape broadens: with the increase of N(CO),
the flux of the most saturated lines (J1 = 6–10) remains
nearly constant, while the fluxes of the less thick lines con-
tinue increasing. The broadening of the flux distribution
implies that lower Tk values must be invoked to match
the band shape. The following conclusions are achieved:
(i) for H2 densities high enough to thermalize the v = 0
rotational levels (n(H2) = 5 × 106 cm−3), Tk = 300 K
and N(CO)/vt = 6.6 × 1016 cm−2/(km s−1) provide the
best single-Tk fit to the data (dotted lines in Figs. 7b and
d); (ii) If n(H2) is decreased by one order of magnitude,
the data points are also matched with similar N(CO)/vt
but with Tk ≈ 380 K (dashed-dotted lines); (iii) the half-
power linewidths (HPW) of the CO P (8) line observed
toward Peak 1/2 are of order 50–100 km s−1 (GG), and
are matched with vt = 15–30 km s−1 (the CO P (8) line is
broadened due to opacity effects by a factor of ∼2 rel-
ative to the optically thin case); therefore, from these
models we obtain a radial column density N(CO) = 1–
2×1018 cm−2; (iv) a lower limit for Tk is 200 K, for which
N(CO)/vt = 2.6 × 1017 cm−2/(km s−1) (short dashed
lines); this model overestimates the flux of the low-J1 lines
and underestimates the flux of the J1 = 20–24 lines; (v) a
model composed of two spherical shells at 200 and 400 K,
and N(CO) decreasing with larger Tk, also yields a rea-
sonable fit to the data (long-dashed lines). (vi) Models
in which the lines are mainly broadened by a system-
atic velocity field (not shown) yield lower values for Tk

(∼250 K) and for N(CO) (by a factor of ∼2), and are
further discussed in Sects. 4.2.4 and 4.4.2. In Sect. 4.4

arguments are given that support that the lines are opti-
cally thick.

4.1.2. Collisional pumping

For collisional pumping we have:

dn+
1,J1

dt
= nc

∑
J2

n0,J2k0,J2→1,J1(Tk), (7)

where k0,J2→1,J1 is the thermal-averaged rate for CO col-
lisional excitation from the (v = 0, J2) to the (v = 1,
J1) level (J1 and J2 denote rotational quantum numbers),
and nc is the number density of the collisional partner.

Apart from vibrational excitation of H2, state-to-state
collisional rates for ro-vibrational transitions are only
available for the SiO-He system (Bieniek & Green 1983,
hereafter BG). Nevertheless, the large number of degrees
of freedom in Eq. (7) is greatly reduced provided that the
IOSA can be applied (Parker & Pack 1978). The IOSA
treats the rotational levels of the molecule as degenerate,
and assumes that the relative angle between the collisional
partners is held fixed during the collision; it is expected
to be valid whenever the collisional kinetic energy is large
compared to the rotational energy spacing. In such a case
the cross sections and thermal averaged collisional rates
for de-excitation from the (v = 1, J1) molecular level to
the (v = 0, J2) one can be scaled from only one column
of values:

k1,J1→0,J2 = gJ2

J1+J2∑
J3=|J1−J2|

C2(J1J2J3; 000)k1,J3→0,0, (8)

where C(J1J2J3; 000) are the Clebsch-Gordan coefficients.
DePristo et al. (1979) have shown that approximate cor-
rections for the finite rotational spacing can be done by
restricting the scaling relationships of Eq. (8) to down-
ward transitions (as indicated), and calculating the up-
ward transition rates from microscopic reversibility (al-
though the v = 0, J ≥ 33 levels of CO are above the v = 1,
J = 0 one, Eq. (8) is valid provided that the k1,J3→0,0 for
J3 > 30 are small enough). Insertion of Eq. (8) into Eq. (7)
yields

dn+
1,J1

dt
= gJ1 exp

{
−E1,J1

kTk

}
× σ(J1), (9)

where E1,J1 is the energy of the (v = 1, J1) level, and

σ(J1) = nc

∑
J3

gJ3k1,J3→0,0

×
∑
J2

n0,J2

gJ2

exp
{
E0,J2

kTk

}
C2(J1J3J2; 000), (10)

where J2 runs from |J1 − J3| to J1 + J3. Equations (4)
and (9) show that the J1-dependence of εTJ1

is the convolu-
tion of a Boltzmann distribution with that given by σ(J1)
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Fig. 7. Predicted and observed J1-distributions (a) and b): Peak 1; c) and d): Peak 2) of the total flux arising in the P−
and R−lines that have a common (v = 1, J1) level. Symbols have the same meaning as in Fig. 3. a) and c) Solid thin lines
show results for the warm and hot components in the optically thin limit and assuming LTE. The distribution of the total
flux, calculated by adding the fluxes from both Tk-components, is indicated by the solid thick line. The dashed thick line is the
result of including a third (cold) Tk = 50 K component to match the flux of the low-J1 lines. The dotted thin line displays the
expected distribution in NLTE for the hot component by assuming n(H2) = 107 cm−3. b) and d) Observed distribution after
subtracting the predicted fluxes of the hot component (solid thin line in panel a for Tk = 3000 K). The different curves show
the predicted distributions in NLTE for various labelled physical conditions (see text for details).

in Eq. (10). The J1-dependence of σ accounts for devia-
tions of the v = 0 populations from the Boltzmann dis-
tribution. If the density is large enough to thermalize the
v = 0 levels, then

σ∗ = ncn0,0

∑
J3

gJ3k1,J3→0,0 (11)

does no longer depend on J1; henceforth the distribution
of εTJ1

with J1 is expected to be, within the IOSA, purely a
Boltzmann distribution, independent of the specific values
of k1,J→0,0. For low J1, Erot

1,J1
� kTk and the pump rate

per magnetic sublevel becomes also independent of angu-
lar momentum. This result was found by Watson et al.
(1980) and Elitzur (1980) and applied to the study of the
collisional pumping of SiO masers in the innermost re-
gions of evolved stars. The more moderate densities that
may prevail in shocked regions will require in the present
case the estimate of the J1 dependence of σ. For this pur-
pose, we use the SiO-He relative values of gJ3k1,J3→0,0

(BG). Following DePristo et al. (1979), approximate cor-
rections for the finite duration of the collision can be done

by inserting in the J2 summation of Eq. (10) the adiabatic
factor∣∣∣A1,J1;0,J2

1,J3

∣∣∣2 =
[

E1,J3 −E0,J3−1+δJ3,0

E1,J1 −E0,J1−sign(J1−J2)

]4

, (12)

where sign(J1 − J2) is 1, 0 or −1 for J1 > J2, J1 = J2,
and J1 < J2, respectively. In Eq. (12) we have applied
the adiabatic limit (DePristo et al. 1979), appropriate to
both H2-CO and H-CO collisions for Tk ≤ 3000 K. The
results obtained with the application of this correction are,
nevertheless, very similar to those obtained without it.

Figure 8 compares the observed distribution of FPJ1
+

FRJ1
in Peak 1 with that predicted from Eqs. (9) and (10).

The latter is independent of the total rate coefficient for
CO v = 0−1 excitation because the calculated distribu-
tion is normalized. From the discussion above, it is evi-
dent that the LTE results are the same as in the case of
radiative pumping. For n(H2) = 106 cm−3, results are also
very similar to those of Fig. 7b in the optically thin limit,
yielding Tk of ∼650 K. The most important differences be-
tween radiative and collisional pumpings are obtained in
models where the ro-vibrational lines are optically thick.
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Fig. 8. Same as Figs. 7a,b but for collisional pumping (Peak 1).

For collisional excitation, opacities significantly larger
than unity hardly modify the width of the distribution
(dotted line in Fig. 8b), so that the relative fluxes of the
low J1 lines are always underestimated. The addition of
a component with lower Tk cannot solve this discrepancy
because of the very low values of the collisional rates at
low Tk (Sect. 4.2.1). According to the relative enhance-
ment of the low-J lines at Peak 2, this conclusion is also
applicable to the CO band at this position.

In Sect. 4.2.2 we show that only CO-H collisions in
(partially) dissociative shocks could have some observable
effects on the CO v = 1−0 emission; collisions with H2 can
be ignored because of their low translational to vibrational
energy transfer efficiency. A high atomic hydrogen fraction
will affect in general the distribution of populations in the
v = 0 state and also the relative values of gJ3k1,J3→0,0,
but none of these will modify, within the IOSA approach,
the Tk derived above if the v = 0 populations have nearly
a Boltzmann distribution. Green & Thaddeus (1976) have
shown that collisional rates for rotational transitions at
100 K for CO-H are lower than for CO-H2, but at higher
temperatures results are uncertain due to the presence
of resonances in CO-H rotational inelastic scattering that
are a consequence of the formation of the HCO interme-
diate complex (Lee & Bowman 1987). On the other hand,
experimental studies of the CO v = 1 rotational distri-
bution in CO-H collisions have been only performed for
well defined and high kinetic energies of H and low ro-
tational temperatures of CO (e.g., Wight & Leone 1983;
Chawla et al. 1988; McBane et al. 1991), so that thermal
averages cannot be derived from these data. Theoretical
efforts to fit those measurements underestimate the pop-
ulations of low J in v = 1 relative to those of higher J

Fig. 9. Rate coefficients for CO v = 0−1 excitation through
collisions with electrons, atomic hydrogen, molecular hydrogen,
and helium, and for H2O ν2 = 0−1 excitation through colli-
sions with atomic and molecular hydrogen. CO curves show fits
to experimental data, and are reported by Draine & Roberge
(1984) for CO-e, Glass & Kironde (1982) for CO-H, and
Millikan & White (1963) for CO-H2 and CO-He. H2O curves
are based in Eq. (13).

(McBane et al. 1991; Kim & Micha 1989; Green et al.
1996). Nevertheless, these discrepancies should not affect
the rotational distributions obtained in the present anal-
ysis, which is based on thermal averages.

For the warm component, the kinetic temperature we
derive in the optically thin limit for both types of pump-
ing, Tk ∼ 650 K, coincides with other determinations
that are based on observations of CO pure rotational lines
(Watson et al. 1985; Sempere et al. 2000). However, this
coincidence is surely fortuitous, because those pure rota-
tional lines have been observed with larger beams that
cover most of the OMC-1 shock, and arise from the low-
velocity flow. In fact, the best match to the observed band
shape is found in the case of radiative pumping and sig-
nificant CO column densities (Figs. 7b and d), for which
Tk ∼ 300 K.

4.2. Radiative versus collisional excitation

4.2.1. Collisional pumping rates

Figure 9 plots kCO−X
0−1 , the CO excitation rate into the

v = 1 state through collisions with partners X = e, H, H2,
and He. These curves are all based on laboratory data.
Experimental measurements of kCO−H2

0−1 and kCO−He
0−1 are

available from the works of Hooker & Millikan (1962) and
Millikan & White (1963), who showed that these systems
follow, like a variety of others, a systematic trend with Tk
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that is readily explained in terms of the Landau-Teller
theory. The absolute values of the vibrational relaxation
time for these systems were satisfactorily accounted for by
a single empirical equation, i.e.,

ln(pτv) = 1.16× 10−3µ1/2θ4/3

×
(
T
−1/3
k − 0.015µ1/4

)
− 18.42, (13)

where p is the partial pressure of the collisional partner in
atm, τv is the relaxation time in seconds, µ is the reduced
mass of the system in atomic mass units, and θ is the char-
acteristic temperature of the oscillator in K. Application
of this general equation to the CO-H2 and CO-He systems
yields for the de-excitation rates (Thompson 1973; Draine
& Roberge 1984)

kCO−H2
1−0 = 4.5× 10−14Tk exp{−68/T 1/3

k } cm3 s−1, (14)

and

kCO−He
1−0 = 1.0× 10−13Tk exp{−99/T 1/3

k } cm3 s−1. (15)

Equations (14) and (15) are valid for Tk above ∼200 K;
at lower temperatures deviations from these formula are
observed (Miller & Millikan 1970). These results may also
be confirmed in the light of more recent measurements
and calculations. Reid et al. (1997) have studied theo-
retically the relaxation times for vibrational deactivation
of CO v = 1 by ortho-H2 and para-H2 at temperatures
below 300 K, and found satisfactory agreement with the
available experimental data. Since they provide monoen-
ergetic cross sections for CO-H2(J) with J = 0, 1, and 2,
rate constants kCO−H2

1−0 at Tk above 300 K can be esti-
mated by extrapolating those cross sections and perform-
ing then the average over the kinetic energy distribution
(see also Ayres & Wiedemann 1989). This extrapolation
is justified because at Tk above ≈160 K the rate constants
are dominated by ballistic collisions (Reid et al. 1997). In
this way we have checked that the extrapolated rate con-
stants agree with the formula of Millikan & White (1963)
within a factor of 2–3 for Tk ≤ 1000 K. This is of course
merely indicative, but supports that the rate constants of
Eq. (14) are not strongly underestimated. On the other
hand, the translational to vibrational (T-V) energy trans-
fer efficiency is much lower for CO-He, and these collisions
can be ignored at this moment.

Experimental determinations of k for collisions with
atomic hydrogen are much more scarce, but the few avail-
able data indicate values of two to three orders of mag-
nitude larger than those corresponding to H2. T-V en-
ergy transfer is enhanced due to the formation of the
HCO intermediate complex. Vibrational relaxation prob-
ability for CO in collisions with H was first studied by
von Rosenberg et al. (1974), but here we use the results of
the subsequent experiments by Glass & Kironde (1982),
which were performed over a wider temperature interval
(840–2680 K) (see also Ayres & Wiedemann 1989):

kCO−H
1−0 = 9.9 10−15Tk exp{−3/T 1/3

k } cm3 s−1. (16)

The Glass & Kironde results have been extrapolated to
lower and higher temperatures in Fig. 9. On the other
hand, excitation through collisions with electrons is still
more efficient (Draine & Roberge 1984):

kCO−e
1−0 = 1.9× 10−11T 0.5

e (
√

2420/Te + 10
√

1 + 10 500/Te

× exp−10 210/Te) cm3s−1, (17)

where Te is the electron temperature (identified with Tk

in Fig. 9). Nevertheless, it seems unlikely that a high elec-
tron density is present at Peak 1: although Hasegawa &
Akabane (1984) claimed a possible detection of H51α in
Orion-KL, Jaffe & Mart́ın-Pintado (1999) do not find any
broad component in their H39α spectrum toward Peak 1.
Finally, we have assumed that Eq. (13) can be used to
compute the rates for collisional excitation of the H2O
ν2 = 1 state. We obtain for H2O-H2 collisions,

kH2O−H2
1−0 = 3.1× 10−14Tk exp{−47.1/T 1/3

k } cm3 s−1, (18)

and for H2O-H,

kH2O−H
1−0 = 2.3× 10−14Tk exp{−34.2/T 1/3

k } cm3 s−1. (19)

4.2.2. Radiative to collisional pumping rate ratio

In Fig. 10 we compare the radiative and collisional pump-
ing rates, for both the CO and H2O bands, by displaying
their ratio. Collisional rates for CO and H2O are taken
from Fig. 9. A density of 106 cm−3 has been adopted as
a reference value for any considered collisional partner,
H or H2, but the curves in Fig. 10 can be easily scaled to
other densities. H2 preshock densities of a few×105 cm−3

have been derived from the H2 line emission at Peak 1 by
several authors (Draine & Roberge 1982; Chernoff et al.
1982).

The radiative pumping rates have been computed from
Eq. (6) (i.e., in the optically thin limit) for CO (and simi-
larly for H2O) by assuming that the extinction at 4.7 and
6.5 µm is zero. The CO v = 0 populations have been as-
sumed to follow a Boltzmann distribution at Tk, but those
of H2O have been calculated by using the collisional rates
of Green et al. (1993) and assuming n(H2) = 106 cm−3.
However, we find that results are nearly independent of
the distribution of populations in the ground vibrational
state as long as all the ro-vibrational lines remain opti-
cally thin. Our choice of the stellar parameters attempts
to simulate the flux of the stellar radiation in the mid-
infrared at Peak 1, where the close and strong star BN is
assumed to be the main excitation source. We follow the
work of Lee & Draine (1985), who matched the intrinsic
BN flux (i.e., once the observed flux from BN is corrected
for the extinction by the quiescent cloud) between 2 and
10 µm by (i) a blackbody source with Ts ≈ 1100 K and
rs ≈ 8.4×1013 cm (at 450 pc), which represents the emis-
sion from optically thick dust surrounding BN, and (ii)
an additional contribution from optically thin dust emis-
sion that becomes dominant at wavelengths longer than
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Fig. 10. Estimation of the radiative to collisional pumping rate
ratio as a function of kinetic temperature. Rates of radiative
excitation for CO have been computed from Eq. (6) (zero ex-
tinction is assumed) by summing over all v = 1 rotational lev-
els, and similar expressions have been used for H2O. Molecules
are assumed to be located at r = 1017 cm from the stellar
source. Excitation through collisions with H2 and H is consid-
ered, with assumed densities of 106 cm−3 for both cases.

∼6 µm. We have ignored this last contribution, but com-
pensate for the consequent underestimation of the stellar
flux at 4.7 µm by increasing rs to 1014 cm. The stellar flux
at 6.5 µm is then still underestimated by a factor of ≈1.5.
The adopted distance between BN and the CO molecules,
r = 1017 cm, corresponds to the observed angular distance
between BN and Peak 1 (15′′) at 450 pc. Our simulation of
the radiation field at Peak 1 is only tentative, since apart
from the intrinsic uncertainty in the BN model by Lee
& Draine (1985), (i) we implicitly assume isotropic emis-
sion from the dust surrounding BN, (ii) we assume that
the extinction between BN and Peak 1 at 4.7 and 6.5 µm
is zero, (iii) we ignore the possible significant contribu-
tion from other infrared sources in the region, (iv) there
will be a range of distances r within the ISO/SWS beam,
and (v) line opacity effects are not taken into account.
Points (iv) and (v) are further discussed in Sects. 4.2.3
and 4.2.4. We estimate that the uncertainty associated
with the computed radiative pumping rates may be as
large as a factor of 4.

Despite of this, a number of conclusions can be drawn
from Fig. 10: 1) Collisions with H2 can be completely ig-
nored in the warm component as compared with the es-
timated radiative excitation rates. 2) A very high atomic
hydrogen density in the warm component (Tk ≈ 500 K) is

needed to compete with radiation in pumping the excited
v-states of both CO and H2O (∼5×107 cm−3 for CO and
∼5× 108 cm−3 for H2O). 3) For the hot component, col-
lisions with both H2 and H are presumably more efficient
than radiation, according to the fact that densities of at
least 107 cm−3 are necessary to explain the rotational dis-
tribution for Tk = 3× 103 K (otherwise higher Tk should
be invoked).

Concerning Peak 2, the main source of radiative exci-
tation is most probably located in the vicinity of IRc2, but
the intrinsic flux from this source is more difficult to quan-
tify. Gezari et al. (1998) showed that IRc2 itself is not the
dominant luminosity source in the region, and suggested
that the hot star(s) that ionize the compact HII region “I”,
which is displaced 0.′′8 from IRc2 and is coincident with
the SiO maser, could account for most of the luminosity
from Orion BN/KL. Source “I” may be heavily obscured
by the intervening hot core, which has τ ∼ 0.05 at 3.5 mm
(Wright et al. 1992) and could have τ > 5 at 20 µm (Gezari
et al. 1998), thus explaining the lack of a strong point-like
emission at the “I” position in the mid-infrared images of
BN/KL (Gezari et al. 1998). If the dust cocoon around
this star (where the SiO maser emission arises) has a tem-
perature of ∼103 K and a radius of ∼0.′′05 (3.4×1014 cm)
(Gezari et al. 1998), and the hot core does not block the
radiation emitted from that cocoon in the direction of
Peak 2, the unattenuated 4.7 µm continuum flux at the
position of Peak 2 (at 2 × 1017 cm from source “I”) will
be twice the continuum flux at Peak 1 as calculated from
the model for BN described above. In such a case, the in-
tensity of the radiation field in the mid-infrared at Peak 1
would be also dominated by the emission from source “I”
(rather than from BN), thus accounting for the similarities
between the CO and H2O band fluxes at both positions.

The above estimate is however very uncertain, and
mainly has the purpose of showing that the radiative
pumping of the CO v = 1 and H2O ν2 = 1 states at
Peak 2 may be as efficient as at Peak 1. Given that the
band shapes and fluxes are very similar at both peaks,
we will assume that the conclusions on the relative im-
portance of radiative and collisional pumping (based on
differences of orders of magnitude) are also applicable to
Peak 2, and for simplicity we will further assume that
the parameters Ts, rs, and r in Fig. 10 can be also used
to characterize approximately the continuum intensity at
Peak 2.

4.2.3. Column densities for the warm component
in the optically thin limit

If the excitation of the CO v = 1 state were collisional,
the beam averaged CO column density N(CO) would be
related to the observed flux by

N(CO) =
4πλ
hcΩB

107F v=1−0
CO (Wcm−2)
n(X)kCO−X

0−1

cm−2, (20)

where X is the collisional partner, λ is the average wave-
length of the emitted photons, and kCO−X

0−1 is the total
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Fig. 11. Beam averaged CO and H2O column densities re-
quired to explain the observed fluxes toward Peak 1 from the
warm component through collisions with H2 (CO-H2 and H2O-
H2 curves), collisions with H (CO-H and H2O-H), and resonant
scattering (CO-rad and H2O-rad). Densities of 106 cm−3 have
been assumed for both H2 and H. Calculations for resonant
scattering assume that the ro-vibrational lines are optically
thin, and the parameters Ts, rs, and r are those of Fig. 10.
Since band fluxes are very similar at both peaks, these results
can be also applied to Peak 2.

rate for excitation into the CO v = 1 state. Equation (20)
is valid also for optically thick emission, provided that
A/τ remains much larger than the rate for collisional
de-excitation from v = 1 to the ground state. If the
ro-vibrational lines are optically thick, line photons will
be scattered several times before leaving the cloud, but
with little chance of being thermalized by a collisional
de-excitation event. Finally, Eq. (20) assumes isotropic
emission. On the other hand, if the pumping were radia-
tive, and the ro-vibrational lines were optically thin, an
expression similar to that of Eq. (20) is valid with the
substitution of n(X)kCO−X

0−1 by the corresponding radia-
tive pumping rate per molecule (the parameters Ts, rs,
and r are those of Fig. 10). Similar expressions are also
used for H2O.

Figure 11 shows that, for the warm component, the col-
umn densities that must be invoked to explain the CO and
H2O fluxes from Peak 1 through excitation by collisions
are very large for the assumed H density of 106 cm−3. Only
a very high density of atomic hydrogen (∼5× 107 cm−3)
could reduce N(CO) to acceptable levels, but still the
band shape would be difficult to explain (Sect. 4.1.2). In a
strong J-shock (HM; Neufeld & Dalgarno 1989), molecu-
lar reformation follows the formation of H2 and, although

still an important fraction of CO may coexist with signifi-
cant amounts of atomic hydrogen, H2O is formed after the
reformation of H2 is almost complete and its abundance
remains more than one order of magnitude lower than
that of CO. This prediction disagrees with our observa-
tions. C-shocks can be also disregarded because of their
low dissociation fraction. Therefore it is very unlikely that
collisions pump the excited v-states of CO and H2O in the
warm component. This result also applies to Peak 2, given
that the band fluxes and shapes are very similar at both
positions.

On the contrary, the assumption of resonant scattering
yields significantly lower (although still large, Sect. 4.2.4)
column densities at Peak 1, nearly independent of Tk.
Effects of line opacities, discussed below, show that
N(CO) and N(H2O) in Fig. 11 may be underestimated
by factors of 3 and 2, respectively. Nevertheless, the main
source of uncertainty is the intensity of the radiation field.
The assumption of zero extinction between BN and Peak 1
could also lead to an underestimate of N(CO, H2O), but
may be supported by the cavity-model for Orion-KL pro-
posed by Wynn-Williams et al. (1984). On the other hand,
the distance r = 1017 cm between BN and the emit-
ting CO molecules could be somewhat overestimated: GG
showed that the spatial distribution of the CO P (8) line
in Peak 1 is quite different from that of the H2 S(1). The
P (8) line was found to peak along a narrow “ridge”, which
is closer to BN (10′′ or 7×1016 cm) than Peak 1 and seems
to extend further in the direction of BN. This ridge, al-
though close to the edge of the SWS aperture, lies within
it. It is also worth noting that, since H2 is excited through
collisions (RBD), the assumption of different excitations
mechanisms for CO and H2 readily accounts for the above
difference in their spatial distributions. Regarding Peak 2,
it is further from IRc2 than Peak 1 from BN, but Geballe
(1993) showed that there are also striking differences in
the spatial distributions of H2 and CO at this position:
several CO ro-vibrational lines were found to be as strong
as the H2 S(9) line 10′′ north from Peak 2, i.e., closer
to IRc2 and BN.

Two additional observational facts show the ability of
IRc2 and BN to excite the CO v = 1 and H2O ν2 = 1
states through radiative pumping. First, the P-Cygni pro-
files of most CO P(J) lines observed toward IRc2 (Fig. 1)
are a strong indication of radiative pumping. Second,
we reported in González-Alfonso et al. (1998) that the
H2O band toward BN shows the R−branch in absorption
and the P−branch in emission. This absorption/emission
pattern was readily explained in terms of radiative pump-
ing. The fact that the emission in the P−branch was
found to be stronger than the absorption in the R−branch
was primarily ascribed to some contribution from a region
where the H2O ν2 = 1 state is pumped through collisions,
although deviations from spherical symmetry around BN
could also account for it. In view of the present obser-
vations and analysis, we conclude that deviations from
spherical symmetry, which are the consequence of the
extension of the flow in the plane of the sky, are most
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probably producing the excess of emission in the H2O
P−branch toward BN.

An additional point supports the possibility that the
CO v = 1−0 emission from the warm component in
OMC-1 is radiatively pumped: Grasdalen et al. (1992)
showed that the CO band emission is correlated with the
continuum in the near infrared. Given the lack of stellar
sources at the observed positions, and that the continuum
at 4.5–5 µm in Peak 1 (Fig. 1) seems bluer than the BN in-
trinsic spectrum inferred by Lee & Draine (1985), the ob-
served continuum is supposed to originate from scattering
by dust. Thus the above correlation is readily explained if
both the CO vibrational emission and the dust emission
at the same wavelengths are caused by scattering.

Accepting that resonant scattering is responsible for
the observed emission, Fig. 11 also indicates that the
beam-averaged N(CO) is a factor of >2 larger than
N(H2O). This result does not depend on Tk nor on the
luminosity of the stellar sources. Under the assumption
that the stellar spectrum in the direction of Peak 1/2 can
be characterized by effective temperatures not much larger
than Ts = 1100 K, the following considerations further in-
dicate that CO is more abundant than H2O: (i) effect of
line opacities will modify by a similar factor the inferred
column densities of CO and H2O (Fig. 13); (ii) the extinc-
tion Aλ along the path that connects BN and IRc2 with
Peak 1 and Peak 2, if significant, can be expected to be
larger at 4.7 than at 6.5 µm, leading to a larger CO abun-
dance relative to that of H2O; (iii) assuming isotropic
emission from BN, in the model of Fig. 11 the BN flux at
6.5 µm is underestimated in relation to the flux at 4.7 µm,
because of the additional contribution of optically thin
dust emission at 6.5 µm (Fig. 7 of Lee & Draine 1985).

4.2.4. Opacity effects and abundances

Opacity effects have been tested with the radiative trans-
fer code described in González-Alfonso & Cernicharo
(1997, 1999). A sketch of the model source is given in
Fig. 12. Following Draine & Roberge (1982), the Orion
shock front is idealized as a spherical shell of gas with inner
and outer radii of 2×1017 and rM = 2.1×1017 cm, respec-
tively. The outer radius corresponds to 30′′ at 450 pc, so
that the OMC-1 infrared cluster should be located around
the center of the sphere. The ISO/SWS beam is centered
at Peak 1/2, so that only the region above the horizon-
tal plane is supposed to be covered by the beam. The
z-coordinate of this plane is defined as fb×rM. If fb = 0.7,
the spherical cocoon above the plane subtends a solid an-
gle equal to that of the ISO/SWS beam (6.6×10−9 sr). In
such a case, and according to the contribution by the near
and far sides and to the curvature of the shell, the beam-
averaged column density is ≈5.7 times the radial column
density.

In order to avoid those opacity effects that are the
consequence of the spherical symmetry, the radiation
from BN/IRc2 and the rest of the infrared sources is

Fig. 12. Schematic representation of the modelled source,
which is a spherical shell of gas with outer radius rM =
2.1 × 1017 cm and inner radius of r = 2 × 1017 cm. Only the
emission from the spherical cocoon above the dashed horizon-
tal plane (with z coordinate fb × rM) is observed with the
ISO/SWS beam. The column density calculated along the di-
rection of the observer and averaged over this cocoon defines
the beam-averaged column density.

represented as a background isotropic source with Ts =
1100 K and diluted by the geometrical factor πr2

s /r
2,

where rs = 1014 cm and r = 1017 cm. The corresponding
continuum intensity is multiplied by the factor fs, which
accounts for the uncertainties regarding the stellar flux in
the infrared and the distance r (Sects. 4.2.2 and 4.2.3).

In Fig. 13, solid lines show the predicted CO and H2O
fluxes for “pure microturbulent” models (Sect. 4.1.1) and
assuming fs = 1. For the adopted vt = 20 km s−1, the
calculated HPW of the CO P (8) line is 50–70 km s−1 for
CO column densities larger than ≈3× 1018 cm−2. The re-
sults of Fig. 13 indicate that the column densities required
to explain the observed CO and H2O band fluxes are fac-
tors of ≈3 and ≈2 times, respectively, larger than those
obtained in the optically thin limit (Fig. 11). Other char-
acteristics of the models are the following: (i) Predicted
band fluxes are modified by less than 25% for CO and by
less than 40% for H2O if n(H2) is decreased by one order of
magnitude or Tk is increased up to 600 K; (ii) band fluxes
are nearly independent of the geometrical parameters (rM
and the width of the shell) as long as fb is varied so that
the solid angle subtended by the source remains equal to
the SWS beam; (iii) band fluxes are proportional to fs;
(iv) if vt increases, line opacities decrease and solid lines in
Fig. 13 approach the optically thin results (dashed lines);
(iv) if the observed linewidths are primarily broadened
by a systematic – expanding – velocity field, the velocity
dispersion in the radial direction decreases, and therefore
larger column densities (or larger fs) are required to ex-
plain the observed fluxes.
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Fig. 13. CO v = 1−0 and H2O ν2 = 1−0 total fluxes versus
beam-averaged column densities. Solid lines display the results
of models that include opacity effects (Sect. 4.2.4). The solid
angle subtended by the source is equal to that of the ISO/SWS
beam (fb = 0.7; see text). Dashed lines indicate the linear
relationship that would hold if the ro-vibrational lines were
optically thin. Horizontal dotted lines indicate the observed
fluxes from the warm component toward Peak 1 (values for
Peak 2 are similar).

The derived beam-averagedN(CO) of ≈6×1018 cm−2,
which corresponds to a radial N(CO) of ≈1018 cm−2, is
similar to the value inferred from the observed band shape
(Sect. 4.1.1). High N(CO) along the line of sight (at least
5 × 1018 cm−2) are also needed to match the observed
P -R-asymmetry, discussed in Sect. 4.4.2. These three esti-
mations are consistent and independent of each other, but
are not consistent with the H2 column densities observed
in the same beam. At Peak 1 and 2, the beam-averaged
N(H2) above 200 K does not exceed ≈1.3 × 1022 cm−2

(RBD; Wright 2000), which imposes an upper limit for
the beam-averaged N(CO) of ≈3.5 × 1018 cm−2 (we use
the gas-phase C/H ratio of 1.4 × 10−4 derived by Sofia
et al. 1997). If the H2 0–0 S(1) line, with upper level col-
umn densities of ≈5.5× 1020 cm−2 at Peak 1 (RBD) and
≈3.3 × 1020 cm−2 at Peak 2 (Wright 2000), is assumed
to arise entirely from a region at 200 K, the consequent
strong upper limits for N(CO) will be 6.3×1018 cm−2 and
3.7× 1018 cm−2 for Peak 1 and Peak 2, respectively, but
they will decrease by a factor of ≈3.7 if Tk rises to 300 K,
which is the best Tk estimate for the warm component.
It is also interesting to compare the intensity predicted
for the CO v = 0 J = 2−1 pure rotational line with

that observed at Peak 1. For N(CO) = 6 × 1018 cm−2,
∆v = 50 km s−1 and Tk = 200–300 K, the opacity
of the CO v = 0 J = 2−1 line is 0.28–0.12 and the
peak brightness temperature is 50–34 K. These values
are still compatible with the peak antenna temperature
at Peak 1 of ≈50 K (once the contribution from the qui-
escent cloud has been approximately subtracted), as mea-
sured by Rodŕıguez-Franco et al. (1999) at offset position
(−12′′, 24′′) from IRc2. Nevertheless, the above N(CO)
may be also considered a strong upper limit because the
emission in the CO v = 0 J = 2−1 line is probably
dominated by gas components with temperatures lower
than 200 K.

We find two possible solutions to this conflict. First,
we may assume that fs is significantly larger than 1 (i.e.,
fs = 2–3). The beam-averaged column densities inferred
from Fig. 13 would decrease as f−1

s − f−2
s (depending

on the opacity). Since still large source-averaged column
densities are required to explain the band shape and the
P -R-asymmetry, it follows that significant beam-filling
would affect the observed emission. Therefore one would
conceive the emitting source within the ISO/SWS beam
as long and discreet tongues of gas nearly aligned along
the line of sight, or a shell fragmented into structures that
are primarily elongated in the direction of the observer.
This scenery may find support in the observations of GG,
who showed that the emission of the CO P (8) line is un-
evenly distributed around Peak 1, and in the NICMOS
image of the region (Stolovy et al. 1998), showing a small-
scale clumpy structure in the emission of the H2 v = 1−0
S(1) line. A clumpy structure has been also observed by
Vannier et al. (2001) around Peak 2. Second, the possi-
bility that a substantial fraction of hydrogen is in atomic
form cannot be disregarded (see RBD).

These considerations also lead to the conclusion that
relatively large densities (at least 5 × 106 cm−3) are in-
volved in the observed CO and H2O emission at both
peaks. Lower densities would imply higher temperatures
to match the CO band shape (Sect. 4.1.1) and, since the
H2 column density decreases strikingly with Tk (RBD;
Wright 2000), a stronger discrepancy would be found be-
tween the CO and H2 column densities. The analysis of
the H2O band in Sect. 4.4.3 confirms this point.

4.2.5. The CO column density in the hot component

The CO emission from the hot component at Peak 1 can-
not be reconciled with the H2 column densities reported by
RBD if (i) collisions with H2 are assumed to be responsible
of the CO v = 1 excitation, and (ii) n(H2) is significantly
lower than ∼3× 108 cm−3. For reference: using Eq. (20)
with n(H2) = 107 cm−3 and Tk = 3 × 103 K, we find
N(CO) ≈ 1.8×1017 cm−2, to be compared with N(H2) of
2.4×1019 cm−2 for Tk ≥ 1800 K (RBD). Also, in Sect. 4.3
we estimate that, at least in the framework of current C-
shock models, it is very unlikely that this component has
its origin in ambipolar diffusion. Therefore, an H2 density
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of at least 3× 108 cm−3 and Tk ∼ 3× 103 K are involved
or, alternatively, these extreme physical conditions can be
partially relaxed by assuming that atomic hydrogen with
relatively high densities coexists with CO in the hot com-
ponent pumping its v = 1 state. With n(H) = 107 cm−3

and Tk = 3× 103 K, we derive N(CO) ≈ 9× 1015 cm−2.
The H2 dissociation fraction will be given by

XD = 1−X(CO)
N(H2)
N(CO)

, (21)

where X(CO) is the CO abundance relative to half of the
hydrogen nuclei, and excitation through collisions with
H2 is assumed to be negligible (i.e., H2 densities are
significantly lower than 3 × 108 cm−3). Adopting again
N(H2) = 2.4 × 1019 cm−2, and X(CO) = 2 × 10−4, we
obtain an H2 dissociation fraction larger than 40%. These
numbers are merely indicative, but strongly suggest that
a component with high density, temperature, and perhaps
dissociation fraction, is at the origin of the high-J CO ro-
vibrational lines and, at least partially, also at the origin
of the H2 emission from the highest energy levels.

Sempere et al. (2000) found in the ISO/LWS spec-
trum of IRc2 CO pure rotational lines up to Jup = 43,
indicating the presence of a high temperature component.
Confusion in the LWS grating spectrum by lines of other
species was critical, but the fluxes of the lines around
Jup = 40 could be estimated to be ∼10−17 W cm−2. We
have checked that the hot component observed in the
CO ro-vibrational lines could also account for that emis-
sion. Since all the strong H2 sources in Orion BN/KL
are located within the LWS beam (≈70′′), with regard
to Fig. 12 we compute the fluxes of the pure rotational
lines from the whole spherical shell (≈60′′ diameter).
Adopting a radial N(CO) = 1.6×1015 cm−2 (correspond-
ing to a source-averaged N(CO) = 9 × 1015 cm−2 within
the spherical cocoon of Fig. 12), Tk = 3 × 103 K, and
n(H) = n(H2) = 107 cm−3, the predicted fluxes for the
lines around Jup = 40 are ≈10−17 W cm−2, as observed.
The contribution from the spherical cocoon in Fig. 12
(with fb = 0.7) is ≈0.2× 10−17 W cm−2. Results are sim-
ilar if n(H) = 0 and n(H2) = 3× 108 cm−3 are adopted.

4.3. Nonthermal collisions with H2

Ambipolar diffusion must be also considered as a possi-
ble excitation mechanism of CO v = 1 in the hot com-
ponent. In a C−type shock, charged dust grains and
ions drift through the neutrals and momentum transfer
from magnetic field to the neutral gas takes place as a
consequence of the resulting non-thermal high-velocity
collisions (Draine 1980; Draine et al. 1983). After an
ion-neutral collision occurs, the accelerated neutral par-
ticle generates a collisional cascade, so that most of
the streaming collisions take place among neutral parti-
cles. Nonthermal collisions are predicted to be respon-
sible for some degree of dissociation in an MHD shock
(Draine & Roberge 1982; Chernoff et al. 1982), and also

of enhanced excitation of high energy ro-vibrational lev-
els of H2 (O’Brien & Drury 1996). RBD have suggested
that this may be an important mechanism for the emission
from high-lying lines of H2 in Peak 1.

We can roughly estimate the importance of this pro-
cess in exciting the v = 1 state of CO as follows. Following
O’Brien & Drury (1996), we assume that in a charge
particle–H2 or H2–H2 collision the velocity distribution
of the collided H2 is isotropic in the centre-of-mass frame.
If the mass of the charged particle is much higher than
that of H2, the average velocity of H2 after the (assumed
elastic) collision in the laboratory frame (shock frame)
is
√

2vd, where vd is the drift velocity between the charged
and neutral components. For typical vd ∼ 20 km s−1,
the kinetic energy Einik of the outcoming H2 is ∼8 eV.
The subsequent collision cascade will distribute homo-
geneously this energy among the colliding H2 particles.
After n generations, the average Ek of the collided H2

molecules is lower than the excitation energy of CO v = 1
(Ev=1

CO = 0.26 eV), so that CO-H2 collisions in subsequent
generations will not be able to excite the CO v = 1 state.
In the first n generations, 2n = Einik /Ev=1

CO collisions have
taken place, and the probability that one of them oc-
curs between H2 and CO isX(CO)σCO−H2/σH2−H2 , where
X(CO) is the CO abundance relative to H2 and σ denotes
the cross section of the collision. Therefore the rate of ex-
citation of CO v = 1 by non-thermal collisions with H2 is
roughly

dn+
v=1

dt
= P01X(CO)

σCO−H2

σH2−H2

2nnin(H2) < σv >i−H2 , (22)

where the subindex i refers to both charged dust grains
and ions, and P01 is the translational-to-vibrational (T-V)
energy transfer probability for CO v = 1 excitation in a
CO-H2 collision. This quantity should be considered some
average over the kinetic energies available in the different
generations. The predicted CO v = 1−0 flux observed
in the ISO/SWS beam is F 1−0

CO ∼ 10−7hcΩB/(4πλ) ×
dn+

v=1/dt×N(H2)/n(H2) W cm−2.
According to Kaufman & Neufeld (1996b), we can

characterize the coupling between the neutral and ion-
ized (including dust grains) components by an ion-neutral
coupling length Lin (which we estimate from their Fig. 1),
so that

ni < σv >i−H2∼
vdMA

Lin
, (23)

where MA is the neutral Alfvén Mach number. On the
other hand, since T-V energy transfer probability P01 for
monoenergetic CO-H2 collisions are not available, we will
use the results for CO-H collisions; they must be consid-
ered a strong upper limit due to the much higher efficiency
for CO v = 1 excitation through CO-H than through
CO-H2 collisions (Fig. 9). Green et al. (1996) derived a
cross section of 1.8 A2 for CO v = 1 excitation in CO-H
collisions at Ek = 2.3 eV, from which P01 ∼ 5 × 10−2.
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Adopting P01 = 0.1 we finally obtain

F 1−0
CO ∼ 1.4× 10−19

(
σCO−H2

σH2−H2

)(
P01

0.1

)(
X(CO)
10−4

)
×
(
MA

10

)(
N(H2)

1022 cm−2

)
×
( vd

20 km s−1

)3
(

1016 cm
Lin

)
(24)

in W cm−2. If the terms in parenthesis are not much larger
than unity, this is much lower than the observed flux in
both the warm and the hot components. We thereby con-
sider it unlikely that ambipolar diffusion has any signifi-
cant effect on the observed CO v = 1−0 emission.

4.4. The P-R-asymmetry

4.4.1. General remarks

The P -R-asymmetry observed at Peak 1 and 2 in the
CO v = 1−0 emission qualitatively resembles the gen-
eral aspect of the H2O ν2 = 1−0 band we observed with
ISO toward Orion BN (González-Alfonso et al. 1998).
We found that the P−branch was in emission while the
R−branch was in absorption against the strong continuum
of BN, and interpreted this effect as evidence of radiative
pumping of the H2O ν2 = 1 rotational levels. The simple
3-level system of Fig. 14, where levels 1 and 2 belong to
the v = 0 state of the molecule and level 3 to the excited
v state, accounts for this effect. We assume that Einstein
coefficients and mean intensities are very similar for tran-
sitions 3–1 and 3–2. If level 3 is radiatively pumped, and if
its population does not change in time, statistical equilib-
rium ensures that a net transfer of population via 1–3–2
takes place as long as the population per magnetic sub-
level of level 1, n1/g1, is larger than that of level 2, n2/g2.
The larger the difference n1/g1−n2/g2 (i.e., the lower the
rotational temperature), the more important the transfer
of population will be. Since the 3–1 transition corresponds
to the R−branch and the 3–2 to the P−branch, one may
expect that in spherical symmetry (and if the source is not
spatially resolved) the R−branch is observed in absorption
and the P−branch in emission against the continuum of
the central exciting source.

The possibility that some lines are observed in absorp-
tion relies of course on the location of the excitation source
–BN in the present case- within the beam; since for both
the Peak 1 and Peak 2 observations BN and IRc2 lie out of
it, all the CO lines are observed in emission. However, the
P -R-asymmetry suggests that an effect analogous to what
was found toward BN in the H2O ν2 = 1−0 band is also
playing a role in the radiative transfer of the CO v = 1−0
lines that arise from the warm emitting region.

If the ro-vibrational lines are optically thin and in ab-
sence of a background source, it is easy to demonstrate
that the P -R-asymmetry is negligible. In the system of
Fig. 14, the fluxes of the P− (3–2) and R− (3–1) lines
differ according to the different values of νA. For CO,

Fig. 14. 3-level molecular system that generally accounts for
the P -R-asymmetry. The v = 0 rotational levels 1 and 2 are
connected with the excited vibrational level 3 through R− and
P−transitions (dashed arrows), for which we assume similar
Einstein coefficients. If the mean intensity is similar for both
3–1 and 3–2 transitions, the transfer of population 1–3–2 (solid
arrows) will take place as long as the population per magnetic
sublevel is larger for level 1 than for level 2.

the expected FPJ1
to FRJ1

ratio decreases with J1, and the
P -R-asymmetry becomes lower than 10% for J1 ≥ 8. This
is contrary to what is observed.

If the lines are optically thick, line-emitted photons
will be eventually absorbed by other CO molecules, al-
lowing some 1–3–2 population transfer to take place.
Following Sahai & Wannier (1985), the ratio of the flux of
the P (J1 + 1) line to the R(J1 − 1) line is given by

FPJ1

FRJ1

=

(
νPJ1

νRJ1

)4

× n0,J1−1/gJ1−1

n0,J1+1/gJ1+1
, (25)

where we have assumed that the ro-vibrational lines are
optically thick at all velocities within the line profiles, and
that the population per magnetic sublevel of the v = 1,
J1 level can be neglected in comparison with the popula-
tions of the v = 0, J1− 1 and J1 + 1 levels. Equation (25)
implies that the relative fluxes of P and R lines with the
same upper J1 level only depend on the rotational temper-
ature, Trot, in the v = 0 state (Sahai & Wannier 1985). For
Trot = 300 K and J1 ranging from 7 to 17, Eq. (25) yields
flux ratios between 1.18 and 1.48 (in agreement with the
models shown below). However, the observed fluxes in the
warm component of both Peak 1 and 2, yield ratios larger
than 1.5 (and most of them larger than 1.8). Lower rota-
tional temperatures, of ∼150 K, are required to match the
observed flux ratios, but a warmer component is needed
to match the observed band shape. We conclude that,
although optically thick emission is needed to account
for the observed P -R-asymmetry, some other effects are
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required to explain it quantitatively. Optically thick emis-
sion is consistent with the observations by GG, who found
that the P (8) line is considerably less peaked than the H2

0–0 S(9) line at Peak 1 and 2.
Wavelength-dependent extinction along the line of

sight may account for some P -R-asymmetry, but it is ap-
preciable only for sufficiently large J1 (>15). From the ex-
tinction curve of RBD we estimate that the fluxes at 4.4
and 5 µm are attenuated by factors of 1.3 and 1.2, yielding
a P -R-asymmetry lower than 8% for the lines that trace
the warm component. On the other hand, column densi-
ties of hydrogen nuclei within the emitting source may be
∼5× 1022 cm−2 (for N(CO) ∼ 7× 1018 cm−2 – Fig. 13 –
and a CO abundance relative to H nuclei of 1.4× 10−4),
from which the extinction at 4.7 µm will be ∼2.5 mag (we
assume NH = 2× 1021AV and Aλ ∼ λ−1). If all the dust
is assumed to be located in front of the gas, differential
extinction across the band will account for a flux ratio of
the P (15) line to the R(13) line of 1.13.

The observed continuum emission could enhance the
observed P -R-asymmetry significantly. It provides a
source of background that may play a role similar to that
of a background stellar source. Consider a ray traveling
in the direction of the observer. Both line photons and
continuum at the right frequency will produce a net 1–3–
2 transfer of population if the conditions outlined above
are met. This transfer involves emission events in the
P−branch and absorption events in the R−branch rel-
ative to that (observed) continuum; as pointed out above,
the presence of a much more important source of excita-
tion (the external radiation from BN/IRc2) will increase
the fluxes of both branches and avoid the R−branch to be
observed in absorption. The efficiency of dust scattering
in enhancing the P -R-asymmetry depends on the relative
location of dust grains and CO molecules, and will be
the greatest if the dust is located behind CO, i.e., if the
continuum photons provide a background source. This is
not known, of course, and we assume in the models below
that dust and CO are coexistent. On the other hand, the
P -R-asymmetry is enhanced with larger N(CO), because
the line opacities increase and also because the value of Tk

(and therefore the rotational temperatures) that fits the
band shape decreases (Sect. 4.1).

4.4.2. Models for CO

Apart from the inclusion of dust, models in this section
are the same as those described in Sect. 4.2.4. Photons
scattered by dust are simulated simply by adopting an
emissivity for grains with a temperature of 750 K (so that
the continuum emission at 4.7 µm is nearly flat in units
of Jy, as observed); the dust abundance is then fitted to
match approximately the observed continuum flux. Dust
emission enhances the P -R-asymmetry but only modifies
by a few per cent the band fluxes.

Figure 15 shows some model predictions. For all them,
a Tk = 3 × 103 K LTE model has been assumed for the

hot component, and for the warm component n(H2) =
5 × 106 cm−3, and fb = 0.7 (the source fills the beam).
At this density the relevant CO v = 0 rotational levels are
nearly thermalized (Sect. 4.1.1), so that results for larger
densities are nearly the same. The “pure microturbulent”
model of panel a (vt = 20 km s−1, and ve = 0 km s−1)
shows that, even for N(CO) = 7.5 × 1018 cm−2, the ob-
served P -R-asymmetry is underestimated if dust is not
taken into account. In panel b the effect of dust is in-
cluded, and although the P -R-asymmetry increases signif-
icantly, it does not entirely account for the observed one
despite the overestimation of the continuum flux (30 Jy
against the observed continuum flux of 18 Jy). If the
line widths are primarily broadened by an expanding ve-
locity field (panel c), lower N(CO) and Tk match the
band shape but fs must increase and the P -R-asymmetry
is not reproduced. In panel d, two concentric shells of
gas, at 230 K and 400 K, compose the modelled source.
The P -R-asymmetry is better matched, but the required
N(CO) of ≈1019 cm−2 is a factor of ≈3 larger than the
upper limit inferred from the H2 emission (Sect. 4.2.4).
If vt increases, the dust effect is enhanced but, as shown
in Sect. 4.1.1, N(CO) must also increase to match the
band shape. In the framework of our 1-D models, and
taking into account the uncertainty concerning the sub-
traction of the flux from the hot component, we conclude
that source-averaged CO column densities along the line of
sight of at least 5×1018 cm−2 at 200–400 K are required to
explain the P -R-asymmetry observed in the warm com-
ponent, and that a beam filling factor of 2–3 (and/or a
dissociation fraction of ∼50%) is also needed to recon-
cile this high column density with that inferred from the
H2 emission.

Figure 16 compares the observed and predicted (model
from Fig. 15d) CO v = 1−0 spectrum, the latter made up
of the contributions of both the hot and warm compo-
nents. It should be noted that the apparent absorption of
solid CO at 4.67 µm could be nothing more than the re-
sult of a fictitious continuum across the band that is the
consequence of the limited spectral resolution. The calcu-
lations for the warm component include also 13CO, with
an adopted abundance 60 times lower than that of 12CO.
The contribution of the 13CO v = 1−0 band can be identi-
fied in the modelled spectrum as a modulation of the con-
tinuum in the P−branch of CO, between 4.67 and 5 µm.
A similar modulation can be observed in the SWS01 data,
thus suggesting that weak 13CO emission is also present
in the observed spectrum. However, the 13CO lines cannot
account for the observed P -R-asymmetry in 12CO. In the
model for Peak 2, the intensity of the hot component is a
factor of 2 weaker than at Peak 1.

4.4.3. Models for H2O

The Einstein-A coefficients of the H2O pure rotational
transitions are much larger than those of CO. This im-
plies that, for the densities of interest, the H2O rotational



E. González-Alfonso et al.: CO and H2O vibrational emission 1095

Fig. 15. CO v = 1−0 fluxes toward Peak 1 in the P− (filled symbols) and R− (open symbols) branches compared with model
predictions. Triangles and squares indicate SWS06 and SWS01 data, respectively. Solid and dashed lines show results for the
P− and R−branch, respectively. Thin lines show predictions for the hot (3 × 103 K with v = 0 level populations in LTE)
and warm (see text for details) components, and thick lines show the sum of both. Beam averaged CO column density, kinetic
temperature, continuum flux, fs factor, expansion velocity (ve), and microturbulent velocity (vt) used for the warm component
are indicated in the corresponding panels.

levels of the ground vibrational state will not be populated
according to LTE, and therefore the excitation conditions
will be strikingly dependent on Tk, n(H2) and the H2O
column density (through radiative trapping). In the mod-
els below we assume Tk = 300 K (i.e., the average tem-
perature inferred from the CO warm emission), and vary
n(H2) and N(H2O) to fit the observed H2O ν2 = 1−0 line
fluxes.

First of all, it is easy to show that the relative fluxes
of the P− and R−branches (Figs. 5 and 17a) cannot
be explained if the ro-vibrational lines are optically thin.
In that case, relatively strong emission in the 110→101

line at 6.18 µm and in the 212→101 and 303→212 lines
at 6.05 µm is expected if the strongest P−branch lines
are approximately matched. For N(H2O) ≈ 1017 cm−2

(Fig. 17b), a few low-lying lines have peak opacities larger
than 1 but still the above lines and the 101→110 one
are seriously overestimated. Neither the inclusion of dust,
nor plausible variations in Tk and n(H2) solve this dis-
crepancy. As shown in Fig. 17c, both the increase of
N(H2O) and the effect of dust reduce the flux of the R–
branch lines to an acceptable level (noise level). Also with

N(H2O) ≈ 1018 cm−2 and n(H2) ≈ 2 × 107 cm−3, most
high-lying lines are approximately matched; this high
n(H2) is consistent with the required thermalization of the
pure rotational v = 0 CO lines discussed in Sect. 4.2.4.

The main drawback of the model from Fig. 17c is that
the 6.86 µm spectral feature (composed of the 221→330

and 220→331) is expected to be the strongest one, whereas
the observations indicate that the 6.5 and the 6.64 µm
features are stronger (however, the latter may be con-
taminated by the [Ni II] line –RBD). It is worth noting
that the 6.86 µm feature is actually the strongest to-
ward BN (González-Alfonso et al. 1998). Also the model of
Fig. 17c underestimates the flux of the 111→220 line flux
at 6.67 µm. Figure 18 displays the dependence of the 6.86-
to-6.5 µm and of the 6.86-to-6.64 µm flux density ratios
on N(H2O). For n(H2) = 5× 106 cm−3 and Tk = 300 K,
N(H2O) around 1017 cm−2 would match the observed
flux density ratios of those features but, as pointed out
above, the lack of emission in the R–branch would then
remain unexplained. However, Fig. 18 also shows that the
above flux ratios strongly depend on n(H2) and Tk. If the
rotational excitation temperatures decrease, lower values
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Fig. 16. Comparison between the observed CO v = 1−0 band and the composite hot-warm model prediction of Fig. 15d (after
subtracting the continuum). An LTE Tk = 3× 103 K component has been assumed for the hot component, whereas the warm
component includes 13CO with an abundance 60 times lower than that of 12CO. We have assumed λ/∆λ = λ/∆λ(4.7 µm) +
330(λ(µm)− 4.7), where λ/∆λ(4.7 µm) = 1150 and 1500 in the SWS06 (panel a)) and SWS01 (panels b) and c)), respectively.
The model for the warm component at Peak 2 only differs from that of Fig. 15d in the fact that the illuminating flux has been
reduced by 10%. The observed SWS06 spectrum of Peak 1 and SWS 01 spectrum of Peak 2 have been shifted up 7 Jy and 8 Jy,
respectively.

for the above ratios are expected at any N(H2O). Since
these low-excitation conditions cannot reproduce the flux
of other higher excitation lines, a gradient of physical con-
ditions seems necessary to fit the H2O band.

Figure 17d shows that a low excitation component (i.e.,
Tk = 100 K and n(H2) = 105 cm−3) favours just the fluxes
of the P−lines which are underestimated in Fig. 17c. Thus
the composite model of Fig. 17e, where the fluxes are
the addition of those of Figs. 17c and 17d, reproduces

reasonably the observed band shape. The conditions for
the warm component (Tk = 300 K, n(H2) = 2×107 cm−3)
are consistent with those derived for CO.

Inspection of Fig. 19 may help to compare in more
detail the model results of Fig. 17e and the observa-
tions. In Fig. 19a the “observed” and modeled column
densities are both computed in the optically thin limit
from Eq. (2). Figure 19b compares directly the pre-
dicted and observed line fluxes, the region between the
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Fig. 17. Observed H2O ν2 = 1−0 band toward Peak 1 a) and model predictions b–e). In all the models fb = 0.7, vt = 20 km s−1,
and ve = 0 km s−1; other varying parameters are indicated in the corresponding panels. In e) the source is composed of the
warm component in panel c) (300 K) and the colder (100 K) component in panel d).

dashed lines indicating line fluxes which are reproduced
within 50%. Only a few – labelled – lines lie out from
that region. Most of them are lines that merge with oth-
ers (313→212, 212→101, 505→616, 202→211, 330→441,
000→111, 101→212, 303→414), are weak lines of the
R−branch (221→212, 221→110, 220→111), or lie in a
spectral region of relatively high noise (110→101), so
that the measured fluxes are uncertain. The main dis-
crepancy concerns the 523→532 line (Eu = 2950 K),
the flux of which is underestimated by a factor of ≈3.5.

At Peak 1, this line appears as a wing of the strong 6.5 µm
spectral feature, but it is more clearly detected toward
Peak 2 (Fig. 5b). With Tk and N(H2O) from Fig. 17c,
an H2 density of ≈108 cm−3 is required to match its line
flux. However, other high-lying lines such as the 423→432

at 6.556 µm (Eu = 2750 K) are overestimated in the
model of Fig. 17c, and therefore these discrepancies do
not seem significant in view of the uncertainties regard-
ing the collisional rates for pure rotational transitions.
In the model of Fig. 17c, lines with Eu > 2650 K are
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optically thin, whereas most lines with Eu < 2550 K are
optically thick but with moderate opacities (<10). The
source-averaged N(H2O) of 1.2× 1018 cm−2 corresponds
to a radial N(H2O) of 2.1× 1017 cm−2, which is in agree-
ment within a factor of 2 with the value we inferred toward
BN (González-Alfonso et al. 1998). The values of n(H2)
and Tk derived here are higher than in the model for BN,
because the shell is located much further from the star and
therefore the stellar radiation has a negligible influence on
the distribution of populations in the ground vibrational
state.

We have also performed some models for H2O at
Tk = 3 × 103 K to estimate the possible contribution to
the H2O band from the hot component. Since radiative
trapping in the hot component is not important, excita-
tion temperatures in the ground vibrational state will be
moderate despite the high Tk, and then significant line
emission will arise just in the same lines that account
for the emission from the warm component. Therefore,
we can only give upper limits for N(H2O) that do not
conflict with the observed line fluxes. Assuming that the
CO emission is pumped through collisions with H2, i.e.,
n(H2) = 3×108 cm−3 and n(H) = 0 (Sect. 4.2.5), N(H2O)
above 2.5 × 1015 cm−2 would imply some line fluxes
larger than observed (for N(H2O) = 2.5 × 1015 cm−2,
the 101→110 line is expected to arise entirely from this
hot component, but the 523→532 line is still underes-
timated). On the other hand, if collisions with atomic
hydrogen are responsible for the CO emission from the
hot component, i.e., n(H) = n(H2) = 107 cm−3, the up-
per limit found for N(H2O) is ∼3 × 1016 cm−2. In this
case, significant emission is predicted to arise only from
low-lying lines, and the relatively high upper limit found
for N(H2O) is a consequence of the fact that T-V en-
ergy transfer in H2O-H collisions is only slightly enhanced
relative to H2O-H2 collisions (Fig. 9). In conclusion, we
estimate that H2O is less abundant than CO in the hot
component if CO v = 1 is excited through collisions with
H2, but the relative abundances will be much more un-
certain if the density of atomic H is high (this conclusion,
however, is subject to the uncertainties regarding the col-
lisional rates for H2O-H excitation).

5. Discussion and conclusions

5.1. The CO/H2 O abundance ratio

In our best-fit models for the warm component, the source-
averaged column densities for CO and H2O in Peak 1 and
Peak 2 are 5−10 × 1018 cm−2 and 1−2 × 1018 cm−2, re-
spectively (Sects. 4.2.3, 4.2.4, 4.4.2, and 4.4.3). Although
these values are subject to considerable uncertainty, the
abundance ratio is more reliable. From the discussion
in Sect. 4.2.3, we conclude that CO is more abundant,
by at least a factor of 2, than H2O in the SWS beam
around Peak 1 and 2. Concerning the hot component in
Peak 1, it seems that CO is also more abundant than H2O

Fig. 18. Predicted flux ratio relation for the 6.86 µm to 6.5 µm
spectral features (solid lines), and for the 6.86 µm to the
6.64 µm spectral features (dashed lines), versus beam-averaged
H2O column density. The 6.86 µm feature corresponds to the
joint emission of the H2O ν2 = 1–0 221→330 and the 220→331

lines, the 6.5 µm feature is the joint emission of the H2O
ν2 = 1–0 101→212 and the 212→303 lines, and the 6.64 µm
feature is the joint emission of the H2O ν2 = 1−0 110→221

and the 303→414 lines. Upper lines: n(H2) = 5 × 106 cm−3,
Tk = 300 K; middle lines: n(H2) = 5× 105 cm−3, Tk = 150 K;
lower lines: n(H2) = 2.5 × 105 cm−3, Tk = 100 K. For all the
calculations fs = 1, fb = 0.7, vt = 20 km s−1, ve = 0 km s−1,
and dust is not included. Horizontal thick lines indicate the
observed values at Peak 1. Toward Peak 2, the observed values
are 0.74 (solid line) and 0.71 (dashed line).

(Sect. 4.4.3), but this result strongly depends on the as-
sumed H2 dissociation fraction.

Unfortunately, abundances relative to H2 are more dif-
ficult to infer because, although the ISO/SWS beam for
the CO and H2O bands is the same as the beam for most
of the H2 lines, in the warm component (i) the H2 lines
are optically thin but the CO and H2O lines are opti-
cally thick; (ii) H2 is excited through collisions (RBD)
but the CO v = 1 and the H2O ν2 = 1 vibrational states
are radiatively pumped; (iii) only a few lowest-lying H2

lines trace regions with Tk ≤ 400 K, where the warm CO
and H2O emissions arise, and the kinetic temperature in-
ferred from those H2 lines is not well constrained (as a
consequence, in part, of the uncertainty in the flux of the
H2 0–0 S(0) line). Nevertheless, in Sect. 4.2.4 we have
argued that the beam-averaged N(H2) above 200 K at
both peaks imposes an upper limit on the beam-averaged
N(CO) of ≈3.5× 1018 cm−2, and therefore a beam filling
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Fig. 19. a) H2O upper level column densities toward
Orion/Peak 1 (squares) and Peak 2 (triangles), compared with
the model prediction of Fig. 17e (circles). Column densities
have been calculated from Eq. (2) (i.e., as proportional to the
line fluxes) and by using the same lines for the observations
and the model. b) Predicted-to-observed flux ratios. Dotted
lines indicate values of 0.66 and 1.5.

factor of 2–3 and a possible substantial fraction of atomic
hydrogen are invoked to reconcile this upper limit with the
larger source-averaged N(CO) required to match the ob-
served P -R-asymmetry. In the hot component, and even
assuming that the high-J CO emission arises in the same
region as the high excitation lines of H2 (RBD), the CO to
H2 abundance ratio will strongly depend on the assumed
dissociation fraction and density.

The CO/H2O abundance ratio derived at both peaks
does not match the predictions for C-shock models. Once
the temperature across a C-shock exceeds 400 K, most
oxygen not bound in CO molecules is expected to form
H2O molecules for a wide range of preshock densities
and shock velocities larger than 15 km s−1 (Kaufman
& Neufeld 1996a, 1996b). Adopting the gas-phase abun-
dances for oxygen and carbon nuclei of 3.2× 10−4 (Meyer
et al. 1994; Meyer et al. 1998) and 1.4 × 10−4 (Cardelli
et al. 1996; Sofia et al. 1997) relative to H nuclei,

respectively, and assuming that all carbon is bound in
CO molecules, the expected H2O abundance is a fac-
tor 1.3 higher than the CO abundance, and will increase
above this value if grain mantles return efficiently to the
gas phase at the shock. This is contrary to the inferred
CO/H2O relative abundances.

5.2. The hot component

The CO band emission in Peak 1 reveals a component
with high temperature (Tk ∼ 3 × 103 K), high density
(>107 cm−3), and an uncertain but probably high dis-
sociation fraction (Sect. 4.2.3). In principle, the required
CO excitation could be ascribed to collisions with H2 alone
by invoking H2 densities large enough (≥3 × 108 cm−3).
However, the combination of these high values of n(H2)
and Tk leads to interpretation problems when one at-
tempts to identify the emitting region with the hottest
part of a C-shock. In C-shocks, the compression factor in
the hottest region is relatively low, so that the high density
required to produce the observed CO emission requires
high preshock densities, as in the models of Kaufman &
Neufeld (1996b). In these models, however, the maximum
temperature of the neutral component hardly approaches
the required Tk of 3× 103 K without reaching the break-
down conditions that lead to a jump shock (Fig. 4 of
Kaufman & Neufeld 1996b).

It seems therefore necessary to invoke collisions with
atomic hydrogen, but again C-type shocks hardly account
for the required dissociation fraction. Models of C-shocks
specifically applied to the Orion/Peak 1 shock yield disso-
ciation fractions less than 10% (Draine & Roberge 1982;
Chernoff et al. 1982). Henceforth high preshock densities
are again required but, apart from the above tempera-
ture problem, the dissociation fraction is expected to re-
main very low (less than 1% in the models of Kaufman &
Neufeld 1996b).

HM predict for a J-shock high H I densities at tem-
peratures larger than 400–500 K, where H2 has not been
reformed yet on dust grains. CO is not easily destroyed at
the shock front because of its high binding energy, but may
be chemically dissociated downstream at Tk > 3× 103 K
by endothermic reaction with H I, and photodissociated by
the FUV field. Nevertheless, once CO has self-shielded all
carbon can be channelled into CO even when the H2 abun-
dance is low (HM). Similar theoretical results have been
found by Neufeld & Dalgarno (1989). Since the CO abun-
dance is larger than 10−5 at Tk < 104 K (at least in
the HM standard model), and the compression factor is
typically 102 (Hollenbach & McKee 1979), a J-shock ap-
pears as a promising way to explain the emission from the
hot component. Furthermore, the lack of large amounts
of H2O at this temperature is readily explained by the
fact that H2O formation follows that of H2. On the other
hand, Smith (1991) suggested that, in fast bow shocks,
high H densities would coexist with CO at Tk ∼ 3×103 K
in the transition zone between the leading dissociative
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Table 1. Physical parameters derived for Peak 1 and Peak 2.

Component Tk n(H2)a N(CO)b N(H2O)b Excitation Shock typec

(K) (cm−3) (cm−2) (cm−2)

Warm 200–400 ∼2× 107 5−10× 1018 1−2× 1018 Radiative C

Hot ∼3× 103 ≥107 ∼1016 <3× 1016 Collisional J

a For the hot component, lower limit required to match the CO band shape for Tk = 3× 103 K.
b Source-averaged column densities (in the warm component, beam-averaged values will be lower according to the beam-filling
factor). For the hot component, (i) we have assumed n(H) = 107 cm−3, and (ii) at Peak 2 N(CO) will be half of the quoted
value.
c Type of shock that better matches the properties of the emission. Some contribution of a J-shock to the warm component
may be present.

J-shock and the C-shock at the bow flanks. This inter-
pretation is consistent with the NICMOS image of the
Orion BN/KL region (Stolovy et al. 1998), where clumps
shaped as bow shocks are observed in the emission of H2

v = 1−0 S(1). The high H I density required to explain
the observed CO emission gives additional support to the
suspicion of RBD that H2 formation pumping could ac-
count for some of the emission in the high-lying H2 lines.
The total CO emission from the hot component toward
Peak 1, including both the pure rotational and the ro-
vibrational lines, is ∼0.1 erg s−1 cm−2 sr−1. This value is
comparable with the total H2 emission in the same aper-
ture (0.28 erg s−1 cm−2 sr−1, RBD), and indicates that CO
is an important coolant of the hot gas.

It is worth noting that the CO emission from the hot
component, which is at Peak 1 a factor of ∼2 stronger
than at Peak 2, is – unlike the warm component – roughly
correlated with the H2 emission: the H2 column density
at Peak 1 is a factor ≈1.5 higher than at Peak 2 (Wright
2000). (For some individual H2 lines whose upper energy
level is above 104 K, as the 0–0 S(9), the Peak 1-to-Peak 2
intensity ratio is closer to 2.) In combination with the facts
that the CO hot emission is optically thin, it is excited
through collisions, and traces a region of high temperature
(i.e., properties similar to those of the H2 emission), this
strongly suggests that the bulk of the H2 emission and the
CO emission from the hot component arise in the same
region. The observed CO emission will impose important
constraints on any model that attempts to explain the
emission from the H2 high energy levels.

5.3. The warm component

At both peaks, the emission from the warm component
is found to arise from resonant scattering (Sect. 4.2.2).
Both the CO and H2O band shapes and the ob-
served P -R-asymmetry indicate a moderate temperature
(200–400 K) and high column density. Our derived ra-
dial N(CO) (1−2 × 1018 cm−2) is not far from the value
of 3.5× 1018 cm−2 predicted by Draine & Roberge (1982)
for the Orion/Peak 1 C-shock model. It is unclear, how-
ever, if the band shape can be matched by this shock
model, once scattering and opacity effects are taken into

account. If so, moderate values of the shock speed should
be involved (Fig. 14 of Draine & Roberge 1984), and this
would also account for the relative weakness of the H2

1–0 S(1) line at the position where the CO P (8) line is
strongest (GG). The underabundance of H2O relative to
CO could be the result of H2O photodissociation by the
FUV radiation field in OMC-1.

Some contribution from a J-shock cannot, however, be
disregarded. J-shock models predict a dominant temper-
ature component at Tk ∼ 400 K, which is the result of the
heating of gas through collisional de-excitation of newly
formed H2 in the molecular reformation region (HM;
Elitzur et al. 1989; Neufeld & Dalgarno 1989). The tem-
perature of the “plateau” coincides rather well with the
upper limit found for the CO emission in the warm compo-
nent. HM predict for this plateau N(CO) ∼ 1018 b cm−2,
where b = vA/1.84 and vA is the Alfvén velocity in km s−1,
similar to our derived radial N(CO) for b = 1−2. The
main discrepancy concerns the low H2O abundance gener-
ally predicted by J-shock models. The predicted N(H2O)
is a factor >25 lower than N(CO) for shock speeds faster
than 60 km s−1 and preshock densities n0 ≤ 106 cm−3

(Neufeld & Dalgarno 1989). Preshock densities larger than
a few ×106 cm−3 would be needed to explain the inferred
N(H2O), but it seems unlikely that these conditions ap-
ply to the whole region covered by the ISO/SWS beam.
Anyway, some contribution of a J-shock to the observed
CO emission may also explain the underabundance of H2O
relative to CO. This possibility is strengthened from the
fact that the H2O-to-CO flux ratio is larger at Peak 2
than at Peak 1, whereas the CO emission from the hot
component is weaker toward Peak 2.

Since the observed warm rovibrational emission arises
from resonant scattering, it does not contribute to the
cooling of the postshock gas; in fact, the conversion of
R−branch photons into P−branch photons involves some
heating of the gas through thermalization of the en-
ergy excess. The unobserved pure rotational emission will
be responsible for the cooling. Despite the underabun-
dance of H2O, it still dominates the cooling because of
its high dipolar moment. From our models we estimate
that the total warm rotational emission in the direction of
Peak 1 is ∼0.2 and ∼1 erg s−1 cm−2 sr−1 for CO and H2O,
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respectively. The uncertainties are considerable (a fac-
tor of 3) but still the cooling contribution by H2O is
expected to be larger than by H2 (total emission of
0.28 erg s−1 cm−2 sr−1 toward Peak 1, RBD). This is pre-
dicted for C-shock models with high preshock densities
(Kaufman & Neufeld 1996b).

5.4. Peak 1/Peak 2

The CO emission (flux and band shape) from the warm
component (i.e., once the emission from the hot compo-
nent has been subtracted) is very similar toward Peak 1
and Peak 2, whereas the H2O emission is slightly stronger
toward Peak 2 (Sect. 3.1.1). In principle, this is unex-
pected in view of the relative intensities of the H2 lines at
both positions. This lack of correlation can be attributed
to the fact that CO and H2O trace regions colder than
those traced by most H2 lines. Other possible causes are
(i) CO/H2O and H2 are excited through different mech-
anisms, and are therefore sensitive to different physical
parameters (flux of radiation against density); (ii) the
CO/H2O lines are optically thick and the H2 lines are op-
tically thin, and therefore the sensitivity of their emission
to variations of column density is different; and (iii) the
bulk of the H2 emission and that of the CO and H2O could
originate in different flows, as the spatial shift between the
CO P (8) line and Peak 1 (GG) suggests.

Some differences are still found in the CO and H2O
spectra toward both peaks, which suggest that the col-
umn density of the warm gas, and perhaps also the den-
sity, are larger toward Peak 2. These are (i) the relative en-
hancement of the CO low-J lines toward Peak 2; (ii) some
high-lying H2O P–lines are a factor of ≈2 stronger at this
position; and (iii) the modulation of the continuum in the
P−branch of the CO band, attributable to the contribu-
tion of 13CO (Fig. 16), is more striking at Peak 2 than at
Peak 1 (Figs. 1 and 16). However, differences in column
density and density between both peaks are not expected
to be larger than a factor of 2, and since the uncertainties
in the physical conditions inferred from our models are
larger, we have not attempted to model the emission from
both peaks separately.

6. Summary

We have analyzed the CO v = 1−0 and H2O ν2 = 1−0
molecular bands in the the ISO/SWS spectra of Orion
Peak 1 and Peak 2. Our main results are:

1. The CO band reveals the presence of two components: a
warm component, with kinetic temperature of 200–400 K,
and a hot component, with Tk around 3 × 103 K. The
P−branch emission from the warm component is a factor
∼2 stronger than the R−branch.

2. The H2O emission arises from a region with charac-
teristics similar to those of the CO warm component.
The P−branch emission is also much stronger than the
R−branch, which is hardly detected.

3. Neither the warm CO or H2O emission can be explained
in terms of collisional excitation. Resonant scattering of
photons coming from the strongest infrared sources in
Orion BN/KL is invoked to account for it.

4. The CO band shape, band flux, and P -R-asymmetry in-
dicate large source-averaged CO column densities (5−10×
1018 cm−2) that can be hardly reconciled with the ob-
served -too weak- emission from the low-J H2 lines. Beam-
filling in the optically thick CO emission and/or a sub-
stantial H2 dissociation fraction are invoked to solve this
discrepancy.

5. The density inferred from the H2O emission is ∼2 ×
107 cm−3. The P -R-asymmetry observed in H2O also in-
dicates optically thick emission, but the H2O column den-
sity in the warm component is at least a factor of 2 lower
than the column density of CO.

6. A C-type shock could in principle account for the CO
and H2O emissions from the warm component. The un-
derabundance of H2O relative to CO could be the conse-
quence of H2O photodissociation, or of the contribution
from a jump shock to the CO emission.

7. The warm CO and H2O column densities are probably
somewhat larger toward Peak 2 than toward Peak 1.

8. The emission from the hot component is only clearly de-
tected in CO. The flux is a factor of ≈2 larger at Peak 1
than at Peak 2. CO excitation is pumped through colli-
sions, and the hot CO emission seems to arise in the same
region where the bulk of the H2 emission is generated.

9. In order to explain the CO emission from the hot
component through collisions with H2, a high H2 density
(∼3 × 108 cm−3) is required to reconcile the hot H2 and
CO column densities. However, collisions with atomic hy-
drogen in a dissociative shock may better account for this
component.
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