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THE [C u] 158 MICRON EMISSION FROM THE HORSEHEAD NEBULA

S. Zuou,'2 D. T. JaFrg,! J. E. Howg,''3 N. GEis,* > F. HERRMANN,* S. C. MADDEN,*
A. PoGLITSCH,* AND G. J. STACEY>'®
Received 1993 March 29; accepted 1993 June 18 .

ABSTRACT

We have mapped the [C 11] 158 um line and observed several rotational lines of CO, *3CO and CS toward
selected positions in the Horsehead extinction region in IC 434. The observations show that the region has a
gas density of about 10* cm ™3 and an external UV flux 20-100 times the average interstellar UV field.
Although this is a regime where the C* emission varies rapidly with UV intensity, fine-structure line emission
from gas with this range of physical conditions has not been investigated previously. Comparisons of our
results with models of photodissociation regions show that existing plane-parallel photodissociation region
models are in general agreement with the observed intensity. It is not necessary to invoke a clumpy structure
in the boundary layer to explain the observations, but the overall geometry of the cloud is important in deter-

mining the distribution of C* emission.

Subject headings: infrared: interstellar: lines — ISM: individual (IC 434) — ISM: molecules

1. INTRODUCTION

The [C 1] 2P;;, - 2P, , fine-structure line at 157.7 um has
been used to study a wide variety of Galactic regions and
external galaxies (Howe et al. 1991; Stacey et al. 1991, and
references therein). The luminosity of this line is 0.1% to 1% of
the total luminosity of galaxies, and there is a good correlation
between the [C 1] 158 um line intensity (Iy) and the CO
J =1 -0 line intensity (I¢o) from a large sample of galactic
regions and extragalactic nuclei (Crawford et al. 1985; Stacey
et al. 1991). Wollfire et al. (1989) interpreted the correlation as a
result of a common origin for these two lines: photo-
dissociation regions (PDRs) produced by the illumination of
molecular clouds by intense far-UV fluxes. Using one-
dimensional models of PDRs (see Tielens & Hollenbach 1985),
Wolfire et al. (1989) found that they could reproduce the
observed correlation if the emitting regions have G, > 10* and
Go/n > 1073 cm3, where G, is the incident far-UV radiation
field in units of the equivalent average local interstellar flux
(1.6 x 1073 ergs cm 2 s !; see Habing 1968) and n is density
in units of H atoms per cm?® (the density of molecular gas
defined as particles per cm? is ~0.6n).

The one-dimensional PDR models successfully explain the
intensity of the [C 11] emission observed in regions with strong
far-UV radiation (e.g., Galactic OB star-forming regions and
extragalactic starburst nuclei; Stacey et al. 1991), although they
have difficulties explaining the depth of the emitting region
into the cloud (Stutzki et al. 1988; Howe et al. 1991; Stacey et
al. 1993). The models also can account for the measured [C 1]
intensities of molecular interfaces near B stars in reflection
nebulae with values of G, from a few 10? to 10 (Chokshi et al.
1988; Jaffe et al. 1990) where both the [C 11]/CO 1 — 0 ratio
and the logarithmic dependence of I[C 11] on G, are similar to
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what one sees in the high G, regime. Models covering low to
moderate densities (10>~10* cm ~3) and radiation fields below
G, = 10? (Sternberg & Dalgarno 1989; Hollenbach, Taka-
hashi, & Tielens 1991) show that the [C 1r] line intensity varies
roughly linearly with G, for values between ~10 and 100,
while the intensity of the CO 1 — 0 transition varies much
more slowly. Up to now, there have been few detailed studies
of [C 1] line sources with low UV fluxes, because the lines are
weak and it is difficult to observe the often highly extended
sources in the far-IR.

In this paper, we present [C 1] observations toward the
Horsehead Nebula. The optical nebula IC 434, located at a
distance of 475 pc, extends over 1° on the plane of the sky. We
concentrate on a ~ 10’ section of the nebula centered on the
horsehead-shaped extinction region. Within the extinction
region, there is dense gas (~10* cm~3); to the west, the gas
column density drops sharply. These are characteristics of a
true cloud edge. There are several young stars forming in the
mapped portion the cloud, all of low luminosity (Reipurth &
Bouchet, 1984; Sandel et al. 1986). From the projected dis-
tances to { and ¢ Ori, we estimate G, at the cloud surface to be
about 20-100 (see § 3.1). The simplicity of the region makes it
an ideal laboratory for testing models of PDRs in regions with
small ambient UV fields. In addition, studies of this low-UV
intensity regime are relevant both to a wide range of galactic
molecular cloud interfaces and to the interpretation of emis-
sion from galaxies, many of which have global values of G,
within the range found in the Horsehead Nebula (Madden et
al. 1993; Stacey et al. 1990). In particular, Stacey et al. (1991)
propose the use of the [C 1]/CO (J = 1 — 0) line intensity ratio
as a diagnostic of global star-formation activity in galaxies.
Determination of this ratio in Galactic regions with low UV
intensity and no star formation is an important reference point
for the diagnostic.

Maps of [C 1] emission can also probe the structure near
cloud edges. Previous far-IR fine-structure line studies have
produced useful information about the excitation and ener-
getics of cloud surfaces (Stutzki et al. 1988; Howe et al. 1991;
Meixner et al. 1992; Stacey et al. 1993), but the observations
were toward regions with very high incident UV fields (10 to
103 times that of the Horsehead Nebula) and high densities,
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such as M17 SW and the Orion Bar. Cloud edges away from
luminous star-forming regions have been studied in CO lines
by Falgarone, Phillips, & Walker (1991), who find the structure
to be both complex and hierarchical. [C 1] observations
provide another way to study the structure of cloud surfaces.
The Horsehead region has a density comparable to the regions
studied by Falgarone et al. (1991).

2. OBSERVATIONS AND RESULTS

We made the [C 1] 158 um observations using the Max-
Planck-Institut fiir Extraterrestrische Physik/University of
California at Berkeley Far-Infrared Fabry-Perot spectrometer
(FIFI) (Poglitsch et al. 1991) on the NASA Kuiper Airborne
Observatory (KAO) in 1991 September. FIFT hasa 5 x 5 focal
plane array with detectors spaced by 40”. The beam size for
each detector is 55" (FWHM) and the beam shape is approx-
imately Gaussian (68" equivalent disk; Q = 8.3 x 1078 sr). The
Lorentzian instrumental profile gave a 51 km s~ ! spectral
resolution. To preserve our sensitivity to extended low-level
emission, we observed sources by switching the bandpass of
the Fabry-Perot filter between a reference frequency and an
observing frequency at ~ 10 Hz while sweeping the observing
frequency of the Fabry-Perot filter across the [C 1] line. The
maximum spectral switch was + 3.2 resolution elements. We
subtracted residual baseline curvature by taking frequency-
switched scans on blank sky ~1° west of the Horsehead.
Typical integration times were 10 minutes per array placement.
The data were calibrated by observing an internal blackbody
source about once every hour. We derived the correction for
telescope and instrument throughput from observations of
Mars to obtain a relation between the blackbody signal and an
absolute intensity scale. The calibration uncertainty is ~ 30%,
and the absolute pointing uncertainty is <15".

Figure 1 shows a contour map of the [C 1] 158 um inte-
grated line intensity superposed on the Palomar Observatory
Sky Survey (POSS) O-print. The peak [C 11] intensity is
4.3 x 10 *ergscm ™2 s~ ! sr ! with a noise level about 10% of
the peak intensity. Systematic uncertainties in the baseline
rather than random noise from the thermal background domi-
nate the overall noise level.

Using the 10.4 m telescope of Caltech Submillimeter Obser-
vatory (CSO)’ and the 30 m telescope of Institut de Radio
Astronomi Millimetrique (IRAM), we also observed the Horse-
head Nebula in lines of CO and CS. Table 1 summarizes the
parameters for the molecular and [C 11] line observations.

The '2CO and !3CO J = 2 — 1 observations were made at
30” intervals along a right ascension cut with 6 = —02°28'30"

7 The CSO is operated by the California Institute of Technology under
funding from the National Science Foundation, contract AST 90-15755.

TABLE 1

OBSERVATIONAL PARAMETERS

Resolution Efficiency

Line Name Telescope AV (kms~') Beam Nmb
[Cu]?Py, > 2Py ... KAO 51 55"
COQ2-1) i, CSO 0.13 30 0.71
BCOR-1) e, CSO 0.13 30 0.71
CSR=1) cevriiiinnnn. IRAM 0.12 24 0.68
CSB3>2) oo IRAM 0.20 17 0.68
CS(5-4) cooovvininnnnn. IRAM 0.12 11 0.49

in 1991 November at the CSO. These observations had a
spatial resolution of 30” and a spectral resolution of 1.3 km
s~ 1. Table 2 lists the results of the CO cut. To get the radiation
temperature T,,,, we divided T% (obtained at the telescope) by
0.71, the main beam efficiency at 230 GHz (J. G. Mangum,
private communication).

We observed eight points in the CS J =2 -1, 3 > 2, and
5—4 lines in 1991 October at IRAM. Figure 2 shows the
positions observed in CS superposed on the contour map of
[C 1] emission. Table 1 lists the beam sizes, velocity resolu-
tions, and main beam efficiencies; Table 3 gives the results of
the CS observations. Note that the velocity of the CS
J =21 line appears to be redshifted by 0.2 km s~ with
respect to the J = 3 — 2 line. This shift was seen in all sources
observed on the same run and is probably caused by an error
in the observing frequencies. Zhou et al. (1993), whose CS
observations were obtained on the same observing run, give
more details about the observations.

3. DISCUSSION

3.1. The Nature of the Horsehead

The Horsehead region in Figure 1 is on the western edge of
the Orion B molecular cloud (L1360). The optical nebula west
of this cloud, IC 434, appears to be ionized gas streaming into a
low-density region. The edge of the molecular cloud runs
north-south in the plane of the sky, marked by a sharp cutoffin
optical emission on the POSS plates. The Horsehead is an
optical extinction and molecular emission region which
extends into IC 434 across an otherwise straight boundary.

The Orion B molecular cloud, including the Horsehead
region, has been mapped in the CO and '3*CO J = 1 — 0 lines
(Stark & Bally 1982; Maddalena et al. 1986) and the CS
J =2 — 1 line (Lada, Bally, & Stark 1991) with beam sizes of
1'8 or larger. These studies place the Horsehead near the edge
of the CO emitting region, coincident with a CS clump (clump
42 of Lada et al. 1991) which has a size of 0.2 pc and a virial
mass of 35 M.

TABLE 2
CO OBSERVATIONS

12CO DATA I=T%AV
I1(Cn)

RA? 14 AV T% (Kkms™?) (10~* ergs

(5"38™) (kms™!) (kms™') (K) '2CO '3CO cm %s!'sr7l)
17%4....... 53 2.7 1.9 9.4 1.0 1.1
194....... 5.3 3.0 1.7 114 2.1 14
20.4....... 109 2.6 30 185 20 1.6
214....... 10.8 23 7.7 190 9.0 1.7
24....... 10.8 24 149 454 9.8 20
234....... 11.0 2.5 17.5  54.1 11.7 20
254....... 11.0 2.5 124 504 42 20
274....... 10.8 24 1.1 353 8.7 1.9
294....... 10.5 2.6 9.7 300 83 22
314....... 10.6 2.7 101 314 11.1 3.0
334....... 10.6 29 1.1 379 104 32
354....... 10.6 2.8 112 360 84 32
374....... 10.7 2.7 108 403 9.2 1.8
394....... 10.6 2.6 10.5 356 83 14
414....... 10.6 29 9.6 297 8.8 .
434....... 10.7 29 105 364 8.2
454....... 109 32 1.1 443 9.1
474....... 11.6 39 148 716 12.6

2 All points have 6 = —2°2830” and the same hour and minute in right

ascension.
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Fi1G. 2—[C 1] integrated intensity map as in Fig. 1. The crosses mark the
positions where the CS lines were detected, and the dots mark the positions for
which there are CS upper limits. The small arrows mark the position of the CO
cut. The large arrows indicate the directions to { Ori and o Ori.

Our higher resolution CO data (Table 2) show strong CO
emission at 10.5 km s~ ! extending from the main body of the
cloud out to the western edge of the Horsehead, where the CO
intensity drops sharply (Fig. 3). The CO intensity does not
drop to zero west of the Horsehead, however. There is weak
CO emission at 5.5 km s~ !, which partially overlaps the 10.5
km s~ ! emission. Our CS data (Table 3) show emission at ~ 10
km s~ !, which disappears beyond the western edge of the
Horsehead. The weak CO emission at 5.5 km s~ ! likely arises
elsewhere along the line of sight, separated from the CS emis-
sion region.

From the CS line temperatures in Table 3, we estimate the
volume density of molecular gas and the CS column density
using a large velocity gradient model similar to those described
in Snell et al. (1984). The derived volume densities cluster
around 2 x 10* cm ™3 (Table 3); the total mass derived by
multiplying the density by the volume gives ~40 M, similar
to the virial mass (Lada et al. 1991). The agreement of the two
mass estimates implies a gas volume filling factor of nearly 1.
The high volume filling factor means that, unlike in the clouds
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FiG. 3—Integrated intensities of the [C u] 158 um line, CO, and '*CO
J =2 -1 lines along a cut at constant declination § = —02°28'30". The CO
and '3CO intensities are in units of K km s ™!, and the [C 1] intensities are in

units of 2.5 x 10 " *ergsem ™25~ ' sr7 1,

modeled by Stutzki et al. (1988) and Howe et al. (1991), there is
not much opportunity for UV photons striking the envelope of
the Horsehead to penetrate for long distances without inter-
cepting the dense gas.

The primary sources of UV radiation are the binary system
{ Ori (09.5 Ibe and B0 III) to the north and ¢ Ori (09.5 V) to
the west (spectral types from Warren & Hesser 1977; directions
toward the stars are marked in Fig. 2); both are about 0°5 (4
pc, projected on the sky) away from the Horsehead. The UV
radiation from the embedded infrared sources is insignificant.
Assuming the stars and the nebula are in the same plane per-
pendicular to the line of sight with no extinction between them,
the incident far-UV flux would range from G, = 60 to 90—
higher toward the northwest. We derived these far-UV fluxes
by summing the contributions from { and ¢ Ori assuming that
the stars radiate like blackbodies at the effective temperatures
appropriate for their spectral type (Panagia 1973; Morton &
Adams 1968) and purely geometric dilution of the radiation
field. If dust absorption in the cloud is considered, the UV
intensity would be much lower than 60 toward the south and
east.

3.2. The [C 1] Emission and Comparison with Models

The [C 1] emission in Figure 1 can be divided into two
parts: an east-west protrusion along the northern edge of the

TABLE 3
CS OBSERVATIONS®

CSJ=2-1 J=3-2 J=5-4
o é v AV T% AV T% T log n log N

(5"38™) (—2°) (km s™') (km s™1) (K) (km s™1) (km s™1) (K) (K) (cm™3) (cm™2)
2057......... 27'8 ) <12 <0.8 <18
20.7.....o.n 27.2 <1.2 <0.8 <18
234......... 27.8 10.8 0.66 3.1 10.5 0.82 1.5 <18 4.5 139
24.7......... 28.2 10.6 0.73 4.2 10.5 0.74 2.6 <18 39 14.7
260......... 27.8 10.5 0.72 32 10.3 0.64 23 <18 4.7 13.8
314......... 28.5 104 0.63 2.8 10.1 0.77 19 <18 4.5 13.9
34.0......... 28.5 10.3 0.77 2.7 10.2 0.90 1.6 <1.8 39 14.5
36.7......... 28.5 10.5 0.76 22 10.3 0.93 0.9 <18 49 135

2 Observed points are marked in Fig, 2.
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Horsehead and a narrow north-south ridge. We compare our
observations with PDR models, which give the emergent [C 11]
158 pm line intensity (when viewed face-on) from a plane-
parallel medium with a constant n (density) and G,. While the
model geometry is much simpler than in real clouds, the
models show how the [C 11] line intensity should vary with the
local UV intensity and gas density.

3.2.1. The E-W Protrusion

According to the PDR models (Hollenbach et al. 1990;
Sternberg & Dalgarno 1989; see also Fig. 5 of Wolfire, Hollen-
bach, & Tielens 1990), the [C 11] line intensity is roughly linear
in G, but independent of n for 10 < G, < 100 and n ~ 10*
cm ~>. Since the gas density in the Horsehead Nebula is about
10* cm ™3 (Table 3), the [C 1] intensity distribution should
follow the UV intensity distribution, i.e., the strongest [C 1]
emission should come from the northwestern edge of the
Horsehead, where the cloud surface is perpendicular to the
direction to { Ori. Indeed, the E-W protrusion of [C 1] emis-
sion is coincident with the northern edge of the Horsehead.
The intensity is about 2.5 x 10™* ergs cm ™2 s~ ! sr™?!, similar
to the model prediction (see Fig. 5 of Wolfire et al. 1990) of
3 x107* for G, =100 and n = 10* cm~3. The models of
Sternberg & Dalgarno (1989) predict a somewhat lower [C 11]
intensity due to the high degree (0.1) of carbon depletion they
assume. At the western and southern edges of the Horsehead
protrusion, the extinction between { Ori and the cloud surface
is nonnegligible and the small local UV intensity (G, < 20)
comes primarily from ¢ Ori. The predicted [C 11] intensity is
<1.0 x 10" * ergs cm 2 s~ ! st~ !, consistent with our nonde-
tection.

3.2.2. The Ridge of C* Emission

The strongest emission in our map comes from the [C 1]
ridge along a« = 05"38™35°. The peak intensity is 4.3 x 10~
ergs cm~2 s™! sr™!. The true intensity could be somewhat
higher because the ridge is only marginally resolved east-west.
At the middle of the mapped portion of the ridge, G, ~ 70,
with the majority of the far-UV coming from { Ori and the
balance from ¢ Ori. Plane-parallel PDR models predict a
face-on [C 1] intensity of ~2.5 x 10™% over 10% < n(H,) <
105 cm™3 (Wolfire et al. 1990), only slightly less than the
observed peak intensity. The direction to { Ori, however, forms
an angle of only 10° with the ridge, so that the effective UV
intensity is only ~40. How does the orientation of the ridge
with respect to { Ori and the elongated geometry of the emis-
sion region affect the relationship between the observed and
predicted intensities? Particularly, why is the observed emis-
sion from the Horsehead similar to the predicted value while
the observed ridge emission is brighter?

The narrow [C 11] emission ridge is a separate entity from
the E-W protrusion. The ridge is part of a longer structure,
seen in a larger scale [C 11] map of the NGC 2024 region (Jaffe
et al. 1993), which continues to the north and marks the
boundary between the optical nebula and the molecular cloud.
The partially ionized region parallels the ~ 1° long filaments of
ionized gas apparent in optical photographs (see inset in Fig.
1). The Horsehead, which lies in front of the filaments, has high
enough optical extinction to interrupt the continuity of the
visible filaments but transmits the [C 1] emission from the
ridge. The lack of the CS J = 2 — 1 line emission from a molec-
ular counterpart to the [C 11] filament (Lada et al. 1991) indi-
cates that the density in the ridge is significantly less than that
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of the Horsehead. With this picture in mind, we investigate
various effects of geometry on the [C 11] intensity.

Let us look at the true [C 11] intensity distribution prior to
the convolution with the telescope beam. Consider a simple
picture of the ridge as a plane-parallel interface of finite depth,
edge-on to the line of sight. In this picture, the exciting star is at
the same distance from us as the interface but distant from the
cloud edge as compared to the depth of the interface. If we
begin with the star at a position where it shines directly down
on the interface and move it in the plane of the sky toward the
actual 10° angle of { Ori, the UV flux at the cloud surface drops
as cos 0, where 0 is the angle from the normal to the interface.
The result of this lower UV flux is a drop in the face-on [C 11]
intensity of the cloud (the intensity as viewed from a position in
the plane of the sky) by a corresponding factor. Looking at the
interface edge-on, we also see the amount of UV radiation
striking the cloud per unit area decrease by cos 0 if scattering
of UV photons is insignificant. Note, however, that the oblique
incidence angle results in a shorter penetration scale length for
the UV by cos 6. Although less total energy per unit area is
deposited in the cloud, this reduced scale length means that the
absorbed energy per unit distance into the cloud has the same
value at the cloud surface as in the normal incidence case but
drops more quickly into the cloud. Viewed from the edge, the
peak of the true [C 1u] surface brightness (without beam
smearing) is therefore independent of 6. It is the thickness of
the emitting layer that drops as cos 6.

After convolving with the telescope beam, a resolved ridge
will appear narrower as 0 increases, but the peak brightness
and the shape of the brightness distribution will not change.
An unresolved ridge will drop in [C 1] flux in proportion to
cos 8. We do not have a good estimate of the density of the
molecular gas in the ridge behind the Horsehead. The lack of
the CS J = 2 — 1 emission only requires that this gas be signifi-
cantly less dense than the Horsehead. For a density of 3 x 103
cm~? and normal incidence of the exciting UV radiation, a
PDR should emit significant amounts of [C 11] to a depth of
~0.44 pc (Hollenbach et al. 1990). At 6 = 10°, this scale would
drop to 0.08 pc, or 35” at 475 pc. Observed with our beam, the
maximum observed [C 11] intensity would be diluted down by
35/60, or 0.6, as a result of this effect.

There is another way to look at this geometric effect.
Assuming a planar interface viewed edge-on with an effective
normal incident flux already corrected for cos 6, we can bring
the models into agreement with the [C 1] observations by
recognizing the need to correct the intensities upward by a
factor of sec ¢ (¢ is angle between the normal to the cloud
surface and the line of sight) before comparing with observa-
tions. When ¢ is close to 90°, which is likely the case for the
narrow emission ridge, the observed intensity is limited by the
optical depth of the [C 1] line. To explain the observed emis-
sion in this way, a factor of 2 enhancement is needed in the
[C 1] intensity, implying that the optical depth of the [C 1]
line must be less than 0.7 when viewed face-on. Stacey et al.
(1991) have estimated an optical depth ~1 for the Orion A
interface near 8, C Ori. The value for the Horsehead ridge, if
viewed face-on, should be lower.

The above discussion treats the cloud boundary as a flat
surface, almost parallel to the line of sight, which may be an
oversimplification. Even if the [C 1] emission arises from the
surface of a filament instead of a slab, PDRs can have a signifi-
cant amount of limb brightening over a large range of orienta-
tions. A filament with UV incident from one side which has a
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PDR with a depth equal to 25% of its radius will have a [C 11]
emission path length up to six times longer than that of a
face-on plane-parallel PDR. In short, the bright [C 1] ridge
can be explained by emission arising from a cloud boundary
viewed edge-on.

3.3. C* Emission as a Probe of Cloud Structure

In PDRs the C* ions exist only on the surfaces of dense
cloud or cloud cores. For a clumpy cloud edge illuminated by
intense UV radiation, the lower density interclump medium
could be ionized, leaving thin layers of C* on the surface of
individual dense clumps. By mapping the [C 11] emission at
high spatial resolution, we should, in principle see outlines of
individual clumps. A good example is shown by our map of the
Horsehead region, where the E-W protrusion marks the north-
ern boundary of the optical extinction region (which is also a
CS clump in Lada et al. 1991) toward the star { Ori—the
source of the UV radiation.

Even when [C 11] observations are unable to resolve individ-
ual clumps, the penetration depth of UV photons into the
cloud, as revealed by the extent of the [C 11] emission, should
shed light on the clumpiness of the cloud. In the PDRs of NGC
1977 and W3, Howe et al. (1991) found that [C 1] emission
extends over 1-10 parsecs into the dense molecular cloud,
about one order of magnituder farther than the UV penetra-
tion depth into a uniform medium. Using a clumpy cloud
model, they were able to reproduce strength and distribution
of the observed [C 11] emission.

In the cloud interface region behind the Horsehead, we
found that the [C 1] emission is confined to a narrow ridge,
consistent with a cloud edge of uniform density at 3 x 103
cm 3 (see § 3.2). Do the observations, then, rule out the exis-
tence of clumpy structure shown by Falgarone et al. (1991)?
Not necessarily. Following the formulation of Howe et al.
(1991), in a cloud edge consisting of opaque clumps and negli-
gible interclump medium, we find an UV attenuation length
(1/e; no geometric dilution) of D/f,, where D is the diameter of
the opaque clumps and f, is the volume filling factor. In the
case of the narrow ridge, we require that D/f, be 0.1 pc or less.
Therefore, if the smallest clump in the cloud is 0.1 pc, the filling
factor must be close to 1, i.e., the cloud is not clumpy. However,
if the clump size is as small as 0.02 pc (Falgarone et al. 1991),
the volume filling factor could be as small as 0.2. In short, the
extent of [C 1] emission may be used to infer clumpiness; but,
when clumpiness is not required, the data cannot be used to
rule out clumpiness on scales significantly smaller than the
beam size.

3.4. The Correlation of [C ] with CO

Figure 3 shows the integrated intensities of '2CO J = 2 — 1,
13CO J =2 - 1, and [C 1] lines along a line of constant decli-
nation 6 = —02°28'30". The [C 11] emission has a peak around
a = 05"38™35%, which corresponds to the ridge in Figure 1, and
decreases slowly toward the western edge of the Horsehead.
The '2CO and !3CO intensities are fairly uniform across the
ridge of [C 1] emission, rise slightly near the western edge of
the Horsehead, and drop sharply at the edge. The CO inten-
sities also rise toward the main body of the Orion B molecular
cloud to the east (Aa > —500”), where no [C n] data are
available.

The intensity ratio I,/I¢o varies from 300 (equivalent inten-
sity units) in the ridge of [C 1] emission to 1500 near the edge
of the Horsehead. Note that one can understand the higher
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ratio in the ridge as a consequence of less saturation (caused by
high optical depth) in the [C 1] emission than in the CO
emission in an edge-on geometry. Since the 12CO J =2 > 1 is
quite optically thick (*2CO to 3*CO ratio is about 4; see Fig.
3), the intensities of 12CO J =2 -1 and 1 — 0 are approx-
imately the same. Hence, we can compare our [C 1] to CO
ratio to those derived from CO J =1-0 line intensities.
Crawford et al. (1985) first noted a tight correlation between
the integrated intensities of the [C 1] 158 um line and the
CO J =1-0 line, with an average ratio of 4400 (after con-
verting CO antenna temperature to main-beam brightness
temperature), for Galactic OB star-forming regions and star-
burst galaxies. Stacey et al. (1991) found a ratio of ~ 1300, with
considerable scatter for cool dust galaxies. The ratio in the
Horsehead region is similar to the ratio in the nuclei of cool
dust galaxies, indicating that the average molecular interstellar
medium in cool dust galactic nuclei may be clouds with moder-
ate density exposed to UV fields of G, ~ 10-100. The varia-
tions of the line intensity ratio in our data (factor of 2) are also
present in the observations of the nuclei of cool dust galaxies.
Wolfire et al. (1989) interpreted the tight correlation found in
starburst galaxies and Galactic OB star—forming regions in
terms of a common beam filling factor for both the [C 11] and
CO emission when both G, and n are high and a common
critical density when G, is high and n is low. The necessary
physical condition for the correlation to hold is G, > 10 and
Go/n > 1073 cm3. The Horsehead region, having G, = 20-80
and n ~ 10* cm ™3, marks the critical regime where the corre-
lation begins to break down. The lower I/l ratio in the
Horsehead is consistent with the interpretation of Wolfire et al.
(1989). Alternatively, Burton, Hollenbach, & Tielens (1990)
found that molecular self-shielding becomes important at
Go/n > 10”2 cm?; hence, molecular self-shielding may also be
responsible for the low I;/I¢ ratio in the Horsehead.

4. SUMMARY

We have mapped the Horsehead Nebula in the [C 1] 158
um line. The emission shows up along the northern edge of the
Horsehead as well as in a north-south ridge across the neck of
the Horsehead. Several rotational lines of CO, 3CO, and CS
have also been observed toward selected positions. We inferred
a gas volume density of ~10* cm ™3 from the CS observations.
Inside the Horsehead, the distribution of molecular material is
fairly uniform with a sharp cutoff beyond the optical extinction
region. Combined with the calculated UV intensity, we find the
observed [C 11] emission consistent with current PDR models
and that carbon is not significantly depleted in the C* region.
At the cloud interface behind the Horsehead, the distribution
of [C 11] emission is consistent with a cloud edge of uniform
density but does not rule out clumpiness on small scales (0.01
pc). The intensity ratio Iy/Ico varies from 1500 to 3000; the
larger value is primarily caused by geometric enhancements in
the observed [C 11] emission. These values are similar to the
values for cool dust galaxies but lower than those for galactic
OB star—forming regions and starburst galaxies (Stacey et al.
1991).
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