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ABSTRACT

The physical characteristics of a molecular cloud which relate most closely to star formation within it occur
on the finest spatial scales. Generally, several transitions of a specific molecule must be mapped to securely
determine molecular cloud physics. Toward this goal, interferometric observations of the 1,,—1,; and
5,4 = 5,5 transitions of H,CO have been made toward the Orion-KL molecular cloud. With synthesized
beamwidths of 571 (2400 AU) and 776 (3500 AU), respectively, we identify emission from the “hot core,”
“compact ridge,” and “northern cloud” regions. We also detect 1,,«< 1,; H,CO absorption toward the
“Orion-S” region. These 1,,—1,;, and 5,, - 5,5 emission measurements have been combined with 6"
resolution measurements of the 2,, — 2,, transition of H,CO (Mangum et al. 1990) in a spherical large veloc-
ity gradient model of the H,CO excitation to derive the H, density and H,CO column density in the hot
core, compact ridge, and northern cloud. Typical peak densities lie in the range (3-8) x 10° cm ™3, with H,CO
column densities in the range 10°~10'7 ¢cm~2. Highest spatial densities but lowest column densities occur in
the northern cloud, while lowest spatial densities but highest column densities characterize the compact ridge.
A critical discussion of H,CO as a spatial density probe demonstrates that the K-doublet transitions provide

an excellent spatial density probe, attaining substantial optical depths only at the highest column densities.
Subject headings: ISM: individual objects (Orion Nebula) — ISM: molecules

1. INTRODUCTION

At a distance of 480 + 80 pc (Genzel et al. 1981), the Orion-
KL, or OMC-1, molecular cloud is the prototypical high-mass
star-forming region. On arcminute size scales, Orion-KL is
composed of a dense, quiescent “ridge” of cool gas running
southwest (V;gg =~ 8 km s 1) to northeast (Vg ~ 10 km s~ 1).
Near the center of this ridge and located ~ 1’ to the northwest
of the Trapezium cluster is the Kleinmann & Low (1967)
nebula, the brightest component of infrared emission in the
region. Buried deep within this nebula is a tight (<10* AU)
group of young, massive stars, the brightest of which is IRc2.
Most of the 10° L, of bolometric luminosity received from the
Kleinmann-Low nebula (Werner et al. 1976) is supplied by
IRc2 (Wynn-Williams et al. 1984).

The molecular emission from the Orion-KL region is com-
prised of at least four subsources. Some of these subsources
may relate to interaction between IRc2 and the dense gas in
the ridge, while others may locate independent star-forming
events. Turbulent gas, thought to be physically associated with
an outflow of material from IRc2, is observed as high-velocity
wings (Av 2 18 km s~ ') on CO (Wilson, Jefferts, & Penzias
1970; Thaddeus et al. 1972; Zuckerman, Kuiper, & Rodriguez-
Kuiper 1976), SiO (Wright et al. 1983), H,CO (Wootten &
Loren 1984), HCO™* (Vogel et al. 1985), SO (Plambeck et al.
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1982), and SO, (Plambeck & Wright 1988a) emission profiles
and maps. This “plateau” or “pedestal” emission, first of the
subsources, is actually composed of two components; a high-
velocity (Av = 30 km s~ ') outflow centered near IRc2 which
appears to be bipolar and oriented along a southeast-
northwest position angle of ~120° (Wright et al 1983; Vogel et
al. 1985; Masson et al. 1987), and a low-velocity (Av >~ 18 km
s7!; Genzel et al. 1981) outflow centered on IRc2 and best
characterized by the “doughnut ” of SO emission observed by
Plambeck et al. (1982). As shown by the proper motions of the
H,O masers (Genzel et al. 1981), this low-velocity outflow is
expanding away from IRc2 and appears to have compressed
much of the molecular material in the region into spectrally
identifiable components.

The second subsource is the “hot core,” a clump of
hot, dense material situated ~2” south of IRc2. Identifiable
by its characteristic velocity (Vigg ~ 6 km s~ '), large line
width (Av = 10 km s~ ') and high kinetic temperature (Ty ~
150-300 K), the hot core may locate dense clumps left over
from the formation of IRc2. Located ~ 10" southwest of IRc2
lies a third subsource, the southern velocity component
(Vise 8 km s~ ') of the Orion-KL ridge, known as the
“compact ridge” (also called the “condensed ridge,”
“southern condensation,” or “spike”). Characterized by a
moderate line width (Av ~ 4 km s~ !) and kinetic temperature
(Tx ~ 100 K), the compact ridge is observed to be a dense
condensation of material ~25” (~0.06 pc) in size which may
harbor young massive stars (Mangum et al. 1990). The fourth
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subsource is the northern velocity component (Vg ~ 10 km
s~1) of the ridge, known as the “northern” or “10 km s~!
feature.” This northern cloud is a cool (Tx ~ 50 K) quiescent
(Av ~ 1.5 km s~ ') condensation located ~ 15" northwest of
IRc2. The northern cloud is the most dynamically quiescent of
the four Orion-KL subsources, but does appear to be inter-
acting with the low-velocity outflow of the plateau emission
component (Plambeck et al. 1982; Plambeck & Wright 1988b;
Mangum et al. 1990).

Broad-band spectral surveys of Orion-KL (Johansson et al.
1984; Sutton et al. 1985; Blake et al. 1986, 1987; Jewell et al.
1989; Turner 1989) have detailed the striking chemical diver-
sity of the four distinct subsources in this region. These surveys
suggest that the formaldehyde (H,CO) molecule provides one
of the most effective probes of the character of these clumps. Its
high abundance and relative chemical homogeneity in the
Orion-KL subsources makes it a reliable and unbiased probe
of these regions. By utilizing the unique emission properties of
the “K-doublet” transitions of H,CO, we have applied a
non-LTE excitation model, constrained by interferometric
measurements of three of these transitions, to the hot core,
compact ridge, and northern cloud subsources. This analysis
has led to good estimates of the spatial density and H,CO
column density in these sources and has shown how the K-
doublet transitions of H,CO can be used as sensitive probes of
the spatial density in star-forming regions.

The spatial resolutions of line surveys or of previous multi-
transition analyses (0p 2 30" =0.07 pc = 14,000 AU) of
Orion-KL have been insufficient to detail the spatial and
dynamical relationships between emission components clus-
tered within the central 0.05 pc region. The multitransition
study at 2400 AU resolution presented here clearly separates
these regions and allows us to determine the individual charac-
teristics and the relationships between these star-forming
clumps.

2. OBSERVATIONS

2.1. 1,5 - 1,; H,CO

The 1,, — 1,, transition of H,CO was observed on 1989
September 5 using the NRAO Very Large Array. The 27 oper-
ational antennas were in the C configuration during these
observations, which yielded projected antenna spacings
ranging from 1.1 to 55 kA. The total observing bandwidth of
1.563 MHz was sampled by 128 spectral channels in each of
two orthogonally polarized IFs which, after on-line Hanning
smoothing, resulted in a frequency resolution and channel
spacing of 12.207 kHz. At the line rest frequency of 4.8296639
GHz centered at an LSR velocity of 9.0 km s~ ?, this channel
spacing afforded a velocity resolution of 0.76 km s~! and a
total velocity coverage of —39.5 < Vi gz < 56.8 km s~ *. Orion-
KL was observed at an antenna pointing and phase center
position of «(1950) = 05"32™470, §(1950) = —05°24'26". The
basic observing sequence consisted of 30 minute observations
of Orion-KL each followed by a 10 minute observation of the
phase calibration source 0528 + 134 (measured flux 2.1 Jy). To
establish the flux density scale, one 10 minute observation of
3C 48 (assumed flux 5.42 Jy) was made. The accuracy of the
flux density calibration is ~5%. A 10 minute observation of
the source 3C 84 (measured flux 40.3 Jy) was used to calibrate
the bandpass in each IF.

Bad visibilities were flagged and the antenna amplitudes and
phases were calibrated within AIPS. After calibrating each IF,

the two u — v data sets were combined to increase the overall
sensitivity of the observations. Maps of each spectral line
channel were made using a cell size of 1” with natural weight-
ing and no tapering of the u — v data. The resulting synthesized
beam size was 579 x 474, position angle —8%4. Based on the
observed single antenna line width, a total of 70 channels were
assumed to be devoid of emission and absorption. These line-
free channels were averaged to form a line-free continuum map
which was subtracted from the channel maps. After this dirty
map continuum subtraction, each spectral line channel which
contained emission or absorption was CLEANed in the usual
manner. A total of nine channels over the LSR velocity range
of 3.7-10.5 km s~ ! were found to contain 1,,—1,, H,CO
emission or absorption. Since the primary beam in these obser-
vations (9:3) is much larger than the distance between the
pointing center and the most widely separated emission or
absorption feature (~2'), we have not corrected for the
response of the primary beam. The rms noise in these
CLEANed maps was found to be 2.2 mJy beam ™!, which cor-
responds to a main beam brightness temperature of 4.5 K
(K/Jy = 2028).

22. 5,,— 5,5 H,CO

Data were obtained at eight configurations of the three-
element BIMA array® at the Hat Creck Radio Observatory
between 1988 December and 1989 October. Projected antenna
spacings at the observed H,CO 5,, —» 5,5 transition rest
frequency of 72.409092 GHz ranged from 1.4 to 29 kA. At
72 GHz, the three 6.1 m diameter antennas have primary
beamwidths of ~2!7. The phase tracking center was
@(1950) = 05"32™4750, §(1950) = —05°24'21”, approximately
3” north of IRc2. The quasars 0420 —014 and 0528 + 134 were
used as phase calibrators. Phase structure within the IF pass-
band was calibrated from observations of 3C 273 each day.
The amplitude scale was referenced to 0420 —014; its 72 GHz
flux density, measured from time to time by comparison with
planets, was 4.8 + 0.3 Jy over the course of the observations.
The uncertainty in our absolute flux scale is estimated to be
15%. With the receivers tuned to their lower frequency limit,
the single sideband system temperatures were 500-900 K,
scaled to outside the atmosphere.

Spectra were obtained with a digital cross-correlation spec-
trometer, configured to give a velocity resolution of 0.32 km
s~ over an 80 km s~ ! wide velocity range. To increase signal-
to-noise, the data were smoothed to a velocity resolution of
0.65 km s~ *. The data were mapped and CLEANed using the
RALINT data reduction package developed at U.C. Berkeley.
The synthesized beamwidth was 779 x 7”4 with the visibility
data uniformly weighted and the rms noise was 0.625 Jy
beam ™! (2.5 K) in individual 0.65 km s~ ! wide velocity chan-
nels.

3. RESULTS
31. 1,,—1,, H,CO
Figure 1 presents the individual channel maps with detected
H,CO 1,,— 1,, emission and absorption. The rms noise in
each of these maps is 2.2 mJy beam ! (4.5 K). Figure 2 is the

total velocity-integrated emission and absorption. As Figures 1
and 2 demonstrate, the general structure is that of a compact

3 Operated by the University of California at Berkeley, the University of
Illinois, and the University of Maryland, with support from the National
Science Foundation.
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F1G. 2—Total integrated 1,, - 1,, H,CO emission and absorption from
Orion-KL. The contours are —40, —25, 25, 40, and 55 mJy beam ™! km s~ !

(—80, —50, 50, 80, and 110 K km s™*!). The positions of the infrared and
millimeter continuum sources and the synthesized beam are shown as in Fig. 1.

emission region to the northeast with an extended broad-lined
absorption component located to the southwest. This structure
was also observed in the 16” resolution H,CO 1,, — 1, obser-
vations of Johnston et al. (1983). The observed emission region
is spatially coincident with the H,CO 2., — 2,, (Mangum et
al. 1990) and 5,, — 5,5 (§ 3.2) emission distributions. To esti-
mate how much of the single antenna flux we have recovered in
both emission and absorption, we compare our measured total
integrated intensities with the 26 resolution measurements of
Zuckerman, Palmer, & Rickard (1975). Integrating over all
channels with emission and over the emission region source
extent (~25") we measure a total integrated emission inten-
sity of 43.3 K km s™'. Doing the same for the absorption
component (05 ~ 28”), we measure —45.7 km s~!. From
Zuckerman et al. (1975) we estimate an integrated emission
intensity of ~53 K km s~ ! and an integrated absorption inten-
sity of ~ —50 K km s~ !. Therefore, our interferometer obser-
vations recover nearly all of the emission and absorption
intensity measured by a single antenna.

By integrating over the appropriate velocity ranges, we have
separated the hot core, compact ridge, and northern cloud
emission components. In the following we analyze the proper-
ties of these emission regions as derived from their 1,5 — 1,
emission.

3.1.1. Hot Core

It is apparent from Figure 1 that there is very little emission

observed near the characteristic hot core velocity of 6 km s~
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FiG. 3.—Integrated 1,,— 1,; H,CO emission from the hot core. The
velocity ranges for the integration are 2.9 < Vi < 6.7 km s~! and 9.0 <
Visg < 12.1 km s~ 1. The contours are 15, 20, and 25 mJy beam ™! km s~ (30,
40, and 50 K km s~ ). The positions of the infrared sources and the synthesized
beam are shown as in Fig. 1. The H,CO hot core is located ~2" southwest of
IRc2.

Therefore, in order to delineate any low-level hot core emis-
sion, we have constructed an integrated intensity map. Because
the H,CO hot core and compact ridge components are par-
tially blended both spatially and in velocity, we have summed
the integrated emission over a low (2.9 < Vi < 6.7 km s~ 1)
and high (9.0 < Vi < 12.1 km s~') velocity range (which
excludes the most intense emission from the compact ridge) in
order to delineate any low-level hot core emission. Figure 3 is
the integrated emission over these velocity ranges. The emis-
sion peak in Figure 3 is located ~ 2" southwest of IRc2 and is
coincident with the H,CO 2,, — 2,, hot core (Mangum et al.
1990), leading us to believe that we have detected the hot core
in the 1,,— 1,, transition. The upper state energy of the
1,0— 1,, transition is only 154 K above the ground state,
where the molecular state populations will be low in a warm
gas. Given the high kinetic temperature observed toward the
hot core (T ~ 150-300 K), it is not surprising that 1,, — 1,
emission is weak in this source. Table 1 lists the measured
1,0 — 1,, emission properties for this source. Note that the hot
core position and size are measured from the hot core inte-
grated intensity map (Fig. 3) while the integrated intensity is
measured from the total integrated intensity map (Fig. 2).

3.1.2. Compact Ridge

As was the case in the H,CO 2,, —»2,, measurements
(Mangum et al. 1990), the compact ridge feature is the most
dominant emission component in our 1,, — 1,, observations.
Shown in Figure 4 is the integrated emission over the H,CO
1,0 — 1,, compact ridge (6.0 < Vi sz < 9.8 km s~ ). The struc-
ture of the H,CO 1,,— 1,; compact ridge emission is the

F1G. 1.—Channel maps of the 1,, — 1,, H,CO emission toward Orion-KL. The contours are —13.2, —8.8, —4.4, 4.4, 8.8, and 13.2 mJy beam ' (—26.8, —17.8,
—8.9, 8.9, 17.8, and 26.8 K). The central LSR velocity is given for each channel. The 59 x 44 synthesized beam is shown in the first channel. The positions of the
infrared sources IRc1 through IRc9 (Downes et al. 1981) are indicated. The filled circle is IRc2 and the filled triangle is IRc1 (the Becklin-Neugebauer object). A filled
square designates the position of the 3.2 mm continuum source CS 3 (Mundy et al. 1986).
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TABLE 1
1,0—1,; H,CO COMPONENT PROPERTIES
Peak T,  FWZI | Tyav
Component «(1950) 8(1950) O pnax X Omin Position Angle (K) (kms™!) (Kkms™?)
Hotcore .................. 058324639 —05°24'24" 1079 x 770 16° <9.0* 9.2 84.8°
Compactridge ........... 05 32 46.8 —05 2433 34.7 x 204 135 40.5 3.8 86.9
Northerncloud .......... 05 32 47.5 —05 2408 ~15x 10 ~45 102 31 28.1
Orion-S ..........coceuuee 05 32 454 —05 2548 355 x 22.2 29 -309 6.1 —107.6

2 Upper limit given as twice the rms noise in a channel map.
® May include some emission from the compact ridge component.

same as that observed in the 2,; »2;, measurements
(Mangum et al. 1990). There is an elongated peak of size
~15" x 10” which is inclined along a northwest-southeast
position angle. Located less than 5” (2300 AU) to the northwest
of the H,CO integrated emission peak is IRc5, a moderately
strong 20 um continuum source which may be an object in an
early stage of protostellar evolution (Downes et al. 1981;
Wynn-Williams et al. 1984). There is also a strong compact
source of centimeter-wavelength continuum emission located
less than 5” from the H,CO emission peak (Churchwell et al.
1987) whose radio spectral characteristics are indicative of a
B3 ZAMS star. Both of these observations suggest that
the compact ridge is actively forming stars. Measurements
of the 1,, = 1;, compact ridge emission properties are given in
Table 1.

3.1.3. Northern Cloud

Located ~ 15" to the northeast of the hot core and compact
ridge there is a weak, narrow-lined condensation detected in
the 1,, — 1,, maps. Due to its FWZI (3.1 km s~ %), Vs (10.5
km s~ 1), and spatial coincidence with similar features detected
in the 2,; - 2,, (Mangum et al. 1990) and 5,, — 5;5 (§ 3.2)
transitions of H,CO, we identify this condensation as the
northern cloud (Fig. 5). Like the 2,, — 2,, northern cloud
emission, the 1,, — 1,, emission appears to be composed of
two intensity peaks situated along a northeast-southwest posi-
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FiG. 4—Integrated 1,, — 1,, H,CO emission from the compact ridge. The
velocity range for the integration is 6.0 < V sz < 9.8 km s~ . The contours are
10, 20, 30, and 40 mJy beam ™! km s~ * (20, 40, 60, and 80 K km s~'). The
positions of the infrared sources and the synthesized beam are shown as in
Fig. 1.

tion angle. The measured 1,, — 1, emission characteristics for
this component are given in Table 1.

3.14. 1,,—> 1,, Absorption

Situated ~ 75" southwest of the 1,, — 1,, emission region
there is a source of 1,4, « 1,; H, CO absorption over the veloc-
ity range 3.7-9.8 km s ! (see Figs. 1 and 2). This condensation
has been detected previously in the 16” resolution H,CO
1,0 — 1,, observations of Johnston et al. (1983), in 400 um
(Keene, Hildebrand, & Whitcomb 1982) and 3.2 mm (Mundy
et al. 1986) dust continuum emission, as well as NH; (1, 1) and
(2, 2) (Batrla et al. 1983), C'80 J = 1 — 0 (Wilson et al. 1986),
and H,CO 4,; - 3,, (Mangum et al. 1990) emission. This
1,0« 1,, absorption component is also associated with CS
J =2 -1 (Mundy et al. 1988),2,, — 2,, H,CO (Bastien et al.
1985), SiO J=2—>1and 554, C*SJ=2-1,3-2, and
5—4,and CH;CN J =5 —> 4 and 13 - 12 (Ziurys, Wilson, &
Mauersberger 1990) emission. Ziurys et al. have also detected a
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Fic. 5—Integrated 1,,—1,; H,CO emission from the northern cloud.
The velocity range for the integration is 9.0 < V¢ < 12.1 km s~ '. The con-
tours are 5.0, 7.5, 10.0, and 12.5 mJy beam ™! km s~ ! (10, 15, 20, and 25 K km
s~ 1). The positions of the infrared sources and the synthesized beam are shown
asin Fig. 1. The two components of the northern cloud are also indicated.
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small bipolar outflow, directed along a north-south position
angle, in their SiO emission maps. Table 1 lists the measured
physical properties for this component (we have adopted the
notation of Ziurys et al. and call this source Orion-S).

Comparison with the emission distributions listed above
indicates that the NH; and C*0 emission regions are coin-
cident with the 1,, « 1,, absorption while the CS, 2;; — 2,,
H,CO, SiO, C**S, and CH,CN emission are located ~15” to
the south of the 1,,« 1,, absorption. The high observed
1,0 « 1,, brightness temperature (—30.9 K) indicates that the
gas which gives rise to this absorption is probably situated in
front of or inside the southwestern edge of the H 1 region
(Wilson & Pauls 1984; Johnston et al. 1983). Therefore, it is
likely that the 1,,« 1,, absorption occurs in a lower density
region just to the north of the millimeter continuum, CS,
2,; = 2,, H,CO, SiO, C3**S, and CH;CN emission peaks,
where the centimeter continuum is still strong. In our line-free
6 cm continuum map there is an ~60 mJy beam ' peak in the
emission located at the position of Orion-S, consistent with
this interpretation.

32. 5,, - 5,5 H,CO

We present in Figure 6 the H,CO 5,, — 5,5 channel maps.
The rms noise in each of these maps is 0.625 Jy beam ~* (2.5 K).
Note that in these emission maps there is a small contribution
due to continuum emission which has not been subtracted (see
Mangum, Plambeck, & Wootten 1991). In Figure 7 we show
the total integrated emission map. To estimate how much of
the single antenna 5,, — 5,5 flux we have recovered, we

K-DOUBLET H,CO MODELING OF ORION-KL
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compare our measured total integrated intensity with the 1.6
resolution measurements of Greason (1986). Integrating over
all channels with emission and over the emission region source
extent (~42"), the total integrated emission intensity is ~28 K
km s~ 1. From Greason (1986), we estimate an integrated emis-
sion intensity of ~29 K km s~ . Therefore, our interferometer
observations recover essentially all of the integrated emission
intensity measured by a single antenna. Comparison with the
H,CO 1,,—1,, (see §3.1) and 2,;, —»2,, (Mangum et al.
1990) channel maps reveals many similarities between the three
K-doublet transitions. Because the upper state energy of the
5,4 — 5,5 transition is 65.9 K, the highest of the observed K-
doublet transitions, it traces higher excitation regions. There-
fore, one would expect to observe an increased contribution to
the Orion-KL H,CO 5,, — 5,5 emission from the hot core
over the contribution measured in the 1,, — 1,; transition.

As was done in § 3.1, we have integrated over specific veloc-
ity ranges in order to delineate the hot core, compact ridge,
and northern cloud components and discuss each of these
regions below.

3.2.1. Hot Core

To circumvent the spatial and spectral blending of the
H,CO hot core and compact ridge components, we have
summed the integrated emission over 1.1 < Vg < 6.3 and
9.5 < Vg < 11.5 km s~ ! to delineate the 5,, —» 5,5 H,CO
emission from the hot core (Fig. 8). Due to its greater sensi-
tivity to warmer gas, the 5,, — 5,5 transition gives us a better
representation of the hot core than the 1,,— 1, transition
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F1G. 6—Channel maps of the 514 — 5,5 H,CO emission toward Orion-KL. The contours are 1.25, 2.5, 3.75, 5.0, 6.25, and 7.5 Jy beam ! (5, 10, 15, 20, 25, and
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of the infrared sources are indicated as in Fig. 1.
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FiG6. 7—Total integrated 5,, - 5,5 H,CO emission from Orion-KL. The
contours are 6, 10, 14, 18, 22, and 26 Jy beam ™! km s~ ! (24, 40, 56, 72, 88, and
104 K km s ™). The positions of the infrared sources are indicated as in Fig. 1,
while the synthesized beam is shown in the lower left-hand corner.

(see § 3.1.1 and Fig. 3). The increasing dominance of the hot
core component in the higher excitation H,CO emission is
apparent in our measured integrated intensities. In the
514 = 5,5 transition, the hot core integrated intensity is ~26%
larger than the integrated intensity from the compact ridge (see
Table 2), while the integrated intensities are comparable in the
2y, =2, (Mangum et al. 1990) and 1,, — 1, (Table 1) tran-
sitions. Clearly, our K-doublet measurements support the
character of the Orion-KL hot core—a dense, hot gas conden-
sation near the outflow source IRc2.

3.2.2. Compact Ridge

The compact ridge is the largest and brightest of the three
emission regions. In Figure 9 we show the 5,, — 5, 5 integrated
emission from the compact ridge (5.7 < Vg < 10.2 km s71).
The overall structure of the 5,, = 5,5 H,CO compact ridge is
the same as that observed in the 1,,—1,;, (§3.1.2) and
2,y = 2,, (Mangum et al. 1990) transitions. In detail, though,
the 2,, - 2,, and 5,4, — 5,5 transitions appear to be more
strongly peaked toward IRcS than the 1,,— 1,, transition,
which extends more to the southeast (see Fig. 10). This may be
due to the effect of an increasing temperature or density gra-
dient from the southeast to the northwest, toward IRc5. The
decreasing excitation with distance from IRc5 suggests that it
locates a distinct energy source, in accord with the suggestion
by Downes et al. (1981) and Wynn-Williams et al. (1984) that
IRcS may be an embedded protostar. We will investigate this

Py |

30"~ —l
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05" 32™ 48° 475 46°
Right Ascension (1950.0)

F1G. 8.—Integrated 5,, - 5,5 H,CO emission from the hot core. The
velocity range for the integration is 1.1 < Vi < 6.3 kms™! and 9.5 < Vg <
11.5 km s~ . The contours are 5, 7,9, 11, 13, and 15 Jy beam ™! km s~ ! (20, 28,
36,44, 52, and 60 K km s~ !). The positions of the infrared sources are shown as
in Fig. 1, and the synthesized beam is shown as in Fig. 6.

apparent gradient in § 4.2.2. Table 2 lists the measured H,CO
514 = 515 properties for this component.

3.2.3. Northern Cloud

The weakest component of the H,CO 5,, — 5,5 emission in
Orion-KL originates from the dense ridge condensation
located ~ 15" northeast of IRc2. Unlike the two-component
structure observed in the 1,, — 1,, and 2,, — 2,, transitions,
the 5,4, — 5,5 emission originates only from the southwestern
component of this source. Figure 11 represents the integrated
intensity from the H,CO 5,, — 5,5 emission at the northern
cloud (9.5 < Vg < 11.4 km s~ ). Since there is a cluster of
H,O masers located along the southwestern periphery of the
northern cloud (Genzel et al. 1981), the outflow from IRc2
appears to impact the dense northern cloud condensation. This
would heat the southwestern portion of the northern cloud and
produce a density and/or temperature gradient along its
length, causing the higher-excitation 5,, — 5,5 transition to
appear only on the southwestern portion of this source. In
Table 2 we give the measured properties of the northern cloud
514 = 515 H,CO emission.

4. ANALYSIS

4.1. H,CO as a Probe

H,CO is a proven tracer of the high-density environs of
molecular clouds. It is ubiquitous: H,CO is associated with

TABLE 2
514 5,5 H,CO COMPONENT PROPERTIES

Peak T,  FWZI [ Tydv®
Component (1950) 6(1950) Omax % Omin Position Angle (K) (kms™?) (K kms™?)
Hotcore .................. 05832m4750 —05°24'28" 1479 x 1274 118° 144 104 99.7
Compact ridge ........... 05 32 46.9 —05 24 31 25.6 x 16.2 144 324 45 789
Northerncloud .......... 05 32 47.6 —05 2409 20.4 x 7.2 131 11.0 19 18.1

*16.6, 3.6, and 1.1 K km s~ ! have been subtracted from the hot core, compact ridge, and northern cloud measured integrated intensities,
respectively, to compensate for the contribution to the emission due to dust continuum toward these components.
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FiG. 9—Integrated 5,, = 5,5 H,CO emission from the compact ridge. The
velocity range for the integration is 5.7 < Vi g < 10.2 km s~ . The contours
are 4, 6, 8, 10, 12, 14, 16, 18, and 20 Jy beam ™! km s~ * km s~ ! (16, 24, 32, 40,
48, 56, 64, 72, and 80 K km s~ ). The positions of the infrared sources are
shown as in Fig. 1, and the synthesized beam is shown as in Fig. 6.

80% of the H 11 regions surveyed by Downes et al. (1980), and
possesses a large number of observationally accessible tran-
sitions from centimeter to far-infrared wavelengths. Because
H,CO is a slightly asymmetric rotor molecule, each rotational
level is split by this asymmetry into two energy levels. There-
fore, the energy levels must be designated by a total angular
momentum quantum number, J, the projection of J along the
symmetry axis for a limiting prolate symmetric top, K _,, and
the projection of J along the symmetry axis for a limiting
oblate symmetric top, K , ;. This splitting leads to three basic
types of transition: the high-frequency AJ = F1, AK_, =0,
AK ., = F1 “P-branch” and “ R-branch” transitions and the
lower frequency AJ =0, AK _, =0,AK,; = +1 “Q-branch”
transitions, popularly known as the “ K-doublet” transitions.
The P-branch transitions are only seen in emission in regions
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where n(H,) = 10° cm ™ 3. The excitation of the K-doublet tran-
sitions, though, is not so simple. For n(H,) < 10° cm™3, the
lower energy states of the 1,, —» 1,, and 2,; - 2,, K-doublet
transitions become overpopulated due to a collisional selection
effect (Evans et al. 1975; Garrison et al. 1975). This overpopu-
lation cools the J = 1 and 2 K-doublets to an excitation tem-
perature lower than that of the cosmic microwave background,
causing them to appear in absorption. For n(H,) 2 10° cm 3,
this collisional pump is quenched and the J =1 and 2 K-
doublets are then seen in emission. The exact density at which
these K-doublets go into emission is a function of the H,CO
abundance and gas kinetic temperature.

Does this anomalous excitation occur in the higher (J > 3)
K-doublet transitions? In the statistical equilibrium models of
Evans et al. (1975) and in the quantum mechanical calculations
of Garrison et al. (1975), T, (1,0 < 1;,) < T.2;; « 2,,) over
the entire range in density where these transitions are in
absorption. Evans et al. and Garrison et al. also found that the
1,0 « 1;, transition stays in absorption over a slightly larger
range in density than the 2,, « 2, transition. This is primarily
due to the fact that the density required to excite the 2,, « 2,,
transition (often referred to as the “critical density ”) is larger
than that of the 1,,« 1,, transition. Assuming that this
behavior is also exhibited by the J > 3 K-doublets, one would
expect to observe progressively weaker absorption and a pro-
gressively narrower range in density over which this absorp-
tion is observed as one measures higher excitation K-doublets.
At some point in this progression, the K-doublets will no
longer appear in absorption and will only be seen in emission.

To verify that indeed this excitation behavior of the K-
doublet transitions does occur, we have compared the K-
doublet radiation temperatures predicted by our non-LTE
excitation models (see § 4.2) over a range in kinetic tem-
perature, density, and abundance in which the J =1 and 2
K-doublets are in absorption. As expected, our models do
replicate the excitation behavior described above. For Ty =
100K, n(H,) = 10° cm 3, and

N(orthoA— H,CO) = 10" cm~2/km s~ 1 ,
v

T T T T T T \)I T T T T T
-05°24'05" H,CO -+ H,CO .
10 ho™ T @ % Sﬂ—_ 22y, i
3 15" _ .
§ 20"— B |
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F1G. 10.—Comparison between the integrated intensities from the H,CO 1,,— 1,,,2,, = 2,,,and 5,, — 5, ; compact ridge emission distributions. The contours

for all three maps are 20, 30, 40, 50, 60, 70, and 80 K km s~ *. The positions of the infrared sources are indicated as in Fig. 1, and the synthesized beams are shown for
each transition.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...409..282M

290
T | T

—05°2400" l\é(EgESERN 4
(S :
Q 15" =
"f_.% A
< +
g
S
S "

%BEAM
®r | L 1 L | J

S

05"32™ ag° a7 a6°

Right Ascension (1950.0)

FiG. 11.—Integrated 5,, — 5,5 H,CO emission from the northern cloud.
The contours are 2, 3,4,and 5 Jy beam™* km s ™! (8, 12, 16,and 20 K km s ™).
The positions of the infrared sources are shown as in Fig. 1 and the synthesized
beam is shown as in Fig. 6. Note that only the southwestern component of this
subsource is detected.

the J =1, 2, 3, and 4 K-doublets all appear in absorption at
progressively weaker intensities while for J > 5 the K-doublet
transitions appear in emission. Therefore, for n(H,) < 10°
cm ™3 the J <4 K-doublets appear in absorption while for
n(H,) 2 10° cm~3 all of the K-doublets which are excited
appear in emission.

In addition to their selective emission properties, the K-
doublets also lie at relatively low frequencies in comparison to
the accompanying P-branch transitions. Therefore, the sponta-
neous emission rates for the K-doublets are as much as four
orders-of-magnitude less than those in the P-branch tran-
sitions, which leads to much lower optical depths in the K-
doublets. One can then see why the K-doublet transitions of
H,CO are such valued density probes. They are a reliable
indicator of high densities, have a wide range of excitation
requirements, and attain only modest optical depths even in
regions with high concentrations of H,CO.

4.2. Modeling Procedure

In the following, we will use the large velocity gradient
(LVG) approximation to model the physical properties of the
Orion-KL components. To include all transitions with signifi-
cant population in the models of the warm Orion-KL com-
ponents, we have used the high-temperature ortho-H,CO
excitation rates calculated by Green (1988). Due to computa-
tional limitations, these rates are calculated using He atoms as
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the collision partner. According to Green et al. (1978), excita-
tion by H, will differ from excitation by He due to the smaller
reduced mass for H, and differences between the interaction
potentials for H, and He. Due to these differences, Green et al.
estimate that H,—H,CO excitation rates should be ~50%
larger than those for He-H,CO collisions. We -have not
applied this correction to the H,CO excitation rates used in
this analysis. In the models we include transitions up to J = 12,
E,=280K in the K_; =1 ladder and J = 10, E, = 290 K in
the K_, = 3ladder.

To obtain a unique solution to the spatial density, molecular
column density, and kinetic temperature of a molecular cloud
within the LVG model formalism, one must have measure-
ments of at least three transitions from a molecular species. As
noted in § 4.1, these transitions should be chosen to yield the
highest sensitivity to the physical properties under investiga-
tion. To model the spatial density and molecular column
density in the warm Orion-KL components, measurements of
low optical depth transitions over a wide range of excitation
are required.

Solutions produced by an LVG model can be expressed
conveniently in the form of predicted radiation temperatures
for the molecular transitions modeled. To minimize telescope-
dependent effects (resolution, efficiency, pointing, etc.), a great
deal of homogeneity within the observational data set used to
constrain these models is required. This homogeneity require
ment is met in the current analysis. Furthermore, to correct for
the small differences in resolution (59 x 4”4 for the 1, — 1,
transition; 674 x 5”1 for the 2,, — 2,, transition; 79 x 7’4
for the 5,4, — 5,5 transition), we have convolved the 1,5, — 1,
and 2,, — 2,, measurements to the resolution of our 5,, = 5,5
observations. Table 3 lists the measured radiation tem-
peratures used in the modeling (note that Tj is free of effects
due to telescope efficiency, so Ty = Ty).

The current analysis involves the use of three independent
measurements to solve for the three variables in the models:
spatial density, molecular column density, and kinetic tem-
perature. To increase confidence in these solutions, though, it is
often advantageous to have at least one degree of freedom
(number of observed transitions minus the number of fit
parameters). Therefore, we have simplified the models by
assuming a uniform kinetic temperature within each of the
individual Orion-KL components studied. We adopt the fol-
lowing kinetic temperatures for each component: 200 K for the
hot core (Blake et al. 1987), 100 K for the compact ridge (Loren
& Mundy 1984), and 50 K for the northern cloud (Plambeck &
Wright 1988a).

In the following analyses, we will use two basic methods for
visualizing the solutions to the spatial density and molecular
column density in each Orion-KL component. The first
involves a comparison of the model-predicted and observed
radiation temperature as a function of H, density and ortho-

TABLE 3
K-DOUBLET RADIATION TEMPERATURES USED IN MODELING?*

Te(1,0— 14,) Ti(211 = 245) Tr(514— 515) Tr(ly0 = 144) Te(lyo— 14y) Te(211 —2,5)

Component (X) (K) (K) To(21, = 242) Tp(514 = 515) Te(514 = 515)
Hotcore .................. <72 96+ 1.6 128 +4.7 <0.75 <0.56 0.75 + 0.30
Compact ridge ........... 383+55 343+ 28 316 +74 1.12 + 0.20 1.21 + 033 1.09 + 0.27
Northerncloud .......... 129 + 4.2 154+ 19 11.0 + 4.2 0.84 + 0.29 1.17 + 0.59 0.40 £+ 0.56

2 All measurements are with respect to a 779 x 7”4 at 16126 beam.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...409..282M

No. 1, 1993 K-DOUBLET H,CO MODELING OF ORION-KL 291
T (2,~2,)
— Ta(2=2;) ———;:—(t#s]‘:—) — = T2, 2y,) 7(5,,~5,5)
17.0 T > T

o
o

3
o

o
3]

log(N{ortho-H,CO)/AV (cm™%km s™))

6.0 6.5 7.0

log(n(H,) (cm™))

FIG. 12—Model comparison for the H,CO 2,, —2,, and 5,, — 5, 5 hot core emission. Contour representations are given at the top of the diagram while the
assumed model kinetic temperature is indicated in the upper right-hand corner. The stippled region represents the area in n(H,) — [N(ortho — H,CO)/Auv]

parameter space where solutions within +1 ¢ in T and T ratio are found.

H,CO column density per line width for each observed tran-
sition (see Fig. 12). Points of intersection between a predicted
radiation temperature [like Tg(2,; —2,,)] and the ratio
between a pair of model-predicted radiation temperatures, like

Tr(211 = 242)
Tr(514— 515) ’

define a solution to the spatial density and molecular column
density in an LVG model at fixed kinetic temperature. There-
fore, this kind of comparison allows us to analyze the ability of
each transition to constrain the modeled molecular excitation.
The second type of analysis compares all of the observed radi-
ation temperatures with those predicted by the models to
determine the region in

N(ortho — H,CO)
Av

parameter space which contains the most probable solutions.
This was done by minimizing y2 for each modeled component

2= [ Tr(observed) — Tgr(model)]?
{of Tr(observed)]}>
The uncertainty in Tx(observed), o[ T(observed)] includes the

rms noise in the maps and the absolute flux calibration uncer-
tainties. When calculating N (H,CO) from

n(H,) —

N(ortho — H,CO)
Av

one needs to multiply by the ortho:para ratio (assumed 3:1)
and the line width. Since the uncertainties in N1o(H,CO) are
dominated by other factors in the analysis, we have not
included errors in line width determination in the quoted
uncertainties. Excitation curves (cf. Fig. 13) and x> diagrams
(cf. Fig. 16) form the visualization of this second type of
analysis. .

There is one additional observational constraint which can
be applied to the model. Based on a lower limit to the dust
continuum flux (Mundy et al. 1986) and upper limits to the
distance (Genzel et al. 1981) and source size, we estimate an
absolute lower limit to the spatial density of 10° cm ™3 in each
of the Orion-KL components. Therefore, in modeling each
component we consider only densities above this limit.

4.2.1. Hot Core

In Figures 12 and 13 we show the results from our LVG
model fits to the Orion-KL hot core. Because we have only an
upper limit to the peak radiation temperature of the 1,, — 1,
transition from this component, only the 2,, »2,, and
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®
T, = 200
e ® log(n(H,)) = 5.6667
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FiG. 13—Hot core H,CO excitation curve. Predicted radiation tem-
peratures for all transitions included in the best-fit model are plotted as a
function of the energy of the upper state for each transition. The best-fit H,
density, ortho-H,CO column density per line width, and the x? of the fit are
indicated in the upper right. The observed peak K-doublet radiation tem-
peratures are also indicated.
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5.4 — 5,5 transitions have been used to constrain the model
solutions. As Figures 12 and 13 show, the best-fit model for

Tr(211 = 2;2) =96 K,
Tr(211 —245)
T(514 > 515)
and Ty = 200 K implies
n(H,) =10%7 cm™3,
N(ortho — H,CO)
Av B

=0.75,

10'*7 cm™%/km s™!,

and
211 = 212) 2 1514 = 545) =05
Unfortunately, the models are not well constrained by these
two transitions and, within +1 ¢ in TR(2,, — 2,,) and
Tr(211 > 245)
Tr(514 = 515)°
acceptable solutions exist for n(H,) = 105 cm ™~

N(ortho — H,CO)
Av

The fact that the K-doublet optical depths are small in these
models indicates that they are good spatial density probes. But,
because of its high density and temperature, measurements of
higher-excitation K-doublets are required to accurately model
the Orion-KL hot core. This is apparent in Figure 13, where
the model radiation temperatures only begin to drop near the
J = 7 level in the K-doublet transitions.

3and

+0.2 _
= 1015-7-01 cm'z/km s~ 1.

4.2.2. Compact Ridge

The LVG model fits to the observed peak K-doublet radi-
ation temperatures toward the compact ridge are shown in
Figures 14 and 15. There are several points worth noting about
these comparisons:

17.0

MANGUM, WOOTTEN, & PLAMBECK

. Tl 1y)
To(51455)
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L t(lyg—14y) <1211 > 245) < U514 > 15:5) $ 3 for the
best-fit solutions to n(H,) and

N(ortho — H,CO)
Av

in these diagrams. This increase in T through the K-doublets is
due primarily to the increase in the spontaneous emission coef-
ficient for the higher frequency transitions. One would think
that since all three transitions are reaching moderate (~ 1-3)
optical depths in these solutions, they must have lost some
sensitivity to spatial density. The fact that all three best-fit
solutions are the same, though, indicates that these transitions
do retain much of their spatial density sensitivity in the
compact ridge.

2. At values of the brightness temperature ratios one stan-
dard deviation above the nominal values, the solution to n(H,)
are below our absolute lower limit of 10° cm ™2 (see § 4.2). For
these solutions, T > 1 and all three K-doublet transitions lose
sensitivity to spatial density.

3. The best-fit spatial density and ortho-H,CO column
density per line width are approximately the same in all three
comparisons: n(H,) ~ 1054 c¢m ™3 and

N(ortho — H,CO)
Av

Using the y? analysis described above, n(H,) = 1055783 ¢m -
and

~10'%* cm~2/kms!.

3

N(ortho — H,CO)
Av h

within a 98% (3 o) confidence limit (Fig. 16).

4. The model excitation curve representing the lowest value
of x? is shown in Figure 17. Since the observed K-doublet
transitions sample only the low-excitation portion of this dis-
tribution, the LVG models describe only the lower densities in
the compact ridge.

By forming ratios of the radiation temperature maps at
Visz = 8 km s ™! between each of the K-doublet transitions we

+0.4 _ _
10*6-4-92 ¢m~2/km s~ !

>
o

log(N(ortho-H,CO)/AV (cm Zkms™))
& 5
w (=]

15.0

6.0 6.5 7.0

Iog(n(Hzl) (em™))

FiG. 14—Model comparison for the H,CO 1,,— 1,, and 5,, — 5, 5 compact ridge emission. The annotation is the same as that in Fig. 12
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F1G. 15—Model comparison for the H,CO 2,, = 2,, and §,, = 5, 5 compact ridge emission. The annotation is the same as that in Fig. 12

have also investigated the density structure in the compact
ridge. Over regions in which the brightness temperatures in all
three of the K-doublet transitions are greater than twice the
rms noise in the maps, with few exceptions the radiation tem-
perature ratios vary between 0.75 and 1.25. In the few places
where the radiation temperature ratio is measured to be out of
this range, it is always greater than 1.25. Since the measured Ty
in these regions is correspondingly low, the LVG models
would predict a very low density and a very high column
density per line width. But, because a change in density can be
compensated for by a change in kinetic temperature, which has
been fixed in these models, factor of 2 changes in Ty can also
produce the observed variations. Therefore, we can only con-
clude that the uniformity in the radiation temperature ratios
suggests a uniform spatial density over the compact ridge and

that isolated regions where this uniformity is interrupted could
be caused by small changes in either density or temperature.

Comparing our high-resolution H,CO LVG model of the
compact ridge to the model of Mangum et al. (1990), we find
good agreement. Using observations of many of the K_; =
1 and 3 transitions of H,CO, H13CO, and H,C!30 between
211 and 352 GHz at 1’ resolution, Mangum et al. derived
n(H,) = 1058-91 ¢m~3 and

N(ortho — H,CO)

Av
After scaling the Mangum et al.—derived
N(ortho — H,CO)

Av

+0.2 _ _
=10*7-9Tcm~2/kms™!.

17.0 T

16.0[

15.5+

log(Nlortho-H,CO)/AV (cm™%km s™))
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L
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FIG. 16.—Model x? distribution for the compact ridge. Contours are given in units of the standard deviation (s) while the assumed model kinetic temperature is

indicated in the upper right-hand corner.
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Fi1G. 17—Compact ridge H,CO excitation curve. The annotation is the
same as that in Fig. 13 except that the modeled transitions are explicitly
indicated.

by the ratio of the single antenna source size and interferomet-
ric beam area, we find excellent agreement between the single
antenna and interferometer results. We should point out,
though, that the H,CO transition optical depths estimated by
Mangum et al. are 2-20 times lower than those derived in the
present analysis. This underestimate was likely due to uncer-
tainties in the corrections for beam dilution and source coup-
ling efficiency used by Mangum et al. Note that the spatial
density estimated by Mangum et al. is unaffected by this under-
estimate of the transition optical depths. The LVG solution
presented in that analysis was partially constrained by mea-
surements of less-opaque transitions from H13CO and
H,C'80, making it less dependent upon uncertainties in the
H,CO transition optical depths.

The spatial density derived by Mangum et al. is approx-
imately an order-of-magnitude larger than the value we have

| Ta(2,72,)
Ta (514 =515)

—TRl22,) -
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derived in our K-doublet models. This difference is due to the
fact that Mangum et al. used transitions ranging in excitation
from E, = 21.0 to 14.1 K, while the K-doublet models pre-
sented here were constrained by transitions in a somewhat
lower (E, = 15.8 to 65.9 K) range of excitation. The Mangum
et al. models also included some optically thick P-branch tran-
sitions. As noted by Mangum et al.,, below n(H,) ~ 10® cm ™3
the K_, = 3 transitions in their models become quite weak,
while at n(H,) ~ 5 x 10" cm™3 the K_, =3 transitions
rapidly approach the intensity of the K_, =1 transitions.
Therefore, the higher excitation, lower optical depth K_, = 3
transitions pushed the Mangum et al. models to higher den-
sities. To show that the low-resolution and high-resolution
models are at least consistent, we present in Figure 18 LVG
model fits to Tg(2,, — 2,,)and

Tr(241 — 212)
TR(514 —5;5)

using both the high-resolution radiation temperatures and
these radiation temperatures convolved to a resolution of 1'.
The convolved radiation temperatures are best fit by a spatial
density of 10°-° cm ~ 3, consistent with the interferometer model
fits above.

4.2.3. Northern Cloud

In Figures 19 and 20 we display the LVG model fits to the
peak K-doublet radiation temperatures observed toward the
Orion-KL northern cloud. The best-fit spatial density and
ortho-H,CO column density per line width in each compari-
son ranges from 10° cm ™3 and 10'%® cm ™~ %/km s~ ! to 1052
cm ™3 and 10*%-7 cm ~2/km s~ . Unfortunately, the K-doublet
H,CO emission from this component is less than half as strong
as it is in the compact ridge, which causes our spatial density
measurement uncertainties to be rather large. Within our 98%
(3 o) confidence limits in x? (Fig. 21), n(H,) is not well deter-
mined [n(H,) = 10° cm~3]; only for confidence limits <80%

= T(2, 72, T(5,,75)

log(N(ortho-H,C0)/AV (cm™%/km s™))

T T

~ —
— ¢ @ &
@ 0 o 0 o ]
~

Tal2y=™2p) "~

convolved S
;09\\ N
\/.9 N
(2N AN
N AN
AR
L Y
6.0 6.5 7.0

log(n(H,) (cm™®))

F1G. 18 —Model comparison for the H,CO 2,, - 2,, and 5,, — 5,5 compact ridge emission. This diagram differs from Fig. 15 in that solutions over a larger
range in column density are shown. The convolved H,CO 2,, — 2, radiation temperature is shown, and otherwise the annotation is the same as that in Fig. 15.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...409..282M

No. 1, 1993 K-DOUBLET H,CO MODELING OF ORION-KL 295
T (o™ 1y)
— Telg=1yp) ———T"—w—l‘i’:g]l) == Tl 1) = T(5—=5yg)
17.0— N . -5 T
N AN \\‘/ TK: 50

log(N(ortho-H,C0)/AV (cm™%/kms™))

N

6.0
log(n(H,) (cm™))

Fi6. 19.—Model comparison for the H,CO 1,, = 1,, and 5,, — 15, 5 northern cloud emission. The annotation is the same as that in Fig. 12

do the models constrgin n(H,). Within a 68% (1 &) confidence

limit, n(H,) = 1059783 ¢m~3 and

N(ortho — H,CO)
Av B

+0.3
1015-6-0f ¢y~ 2/km s~ 1 .

Clearly, the spatial density in the northern cloud is similar to
that measured in the compact ridge but the ortho-H,CO
molecular column density per line width is ~5 times lower
than that measured in the compact ridge.

Even though the northern cloud is a relatively quiescent (in
comparison to the hot core and compact ridge) condensation
in the northern portion of the Orion molecular ridge, as noted
in § 3.2.3, 5,4, > 5,5 H,CO emission is detected only in the
southwestern, dynamically interactive component of what

Ta(2y=2;,) ~
17.0

_ Tk (2y7=2),)
Ta (814 535)

appears to be a two-component structure in the 1,, — 1,; and
2,1 224, H,CO emission. Therefore, the model presented
above defines only the southwestern portion of this source.

As is apparent from the LVG model spectrum for this com-
ponent (Fig. 22), the three K-doublet transitions used to con-
strain the models do an excellent job of sampling the excitation
of H,CO in this source. Since the 5,, — 5,5 transition lies
approximately 3 of the way down the tail of the excitation
distribution, one might expect the strength of this transition to
show some sensitivity to the kinetic temperature in the north-
ern cloud. To test this supposition, we have constructed LVG
models over n(H,) = 10°-107 cm 3,

N(ortho — H,CO)
Av -

10'5-10'7 cm~2/km s~ !,

T T2y

>
o

>
=)

15.5

log(N(ortho=H,CO)/AV (cm™%km s™'))

15.0

5.0

Iog(n(H25 (em™))

70

F16. 20.—Model comparison for the H,CO 2,, - 2,, and 5,, — 5,5 northern cloud emission. The annotation is the same as that in Fig. 12
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F1G. 21.—Model x2 distribution for the northern cloud. The annotation is the same as that in Fig. 16

and Ty = 20-150 K. As expected, models at Ty = 60 K over-
predict Tg(5,, — 5,5) while models at Ty < 40 K underpredict
Tx(5:4 = 5,5). Therefore, the transitions used in this analysis
do an excellent job of constraining the LVG models of the
warm gas in the northern cloud.

4.3. Model Synopsis

Table 4 is a summary of our LVG model results for the
Orion-KL hot core, compact ridge, and northern cloud. As the
model excitation curves indicate (Figs. 13, 17, and 22), the three
K-doublet transitions used in this analysis are sensitive only to
the lower excitation (T < 100 K) regions in these subsources.
Therefore, our models are good representations of the moder-
ate [10° < n(H,) < 10° cm ™~ 3] spatial densities in the hot core
and compact ridge. For the coolest of the Orion-KL sub-
sources, the northern cloud, the three K-doublet transitions do
a good job of sampling all of the H,CO excitation (see Fig. 22).
Our LVG model fit to these observations is therefore a good

50 T T T T T
T = 50
log(n(H,)) = 5.9473
® @ log(N(ortho~H,C0)/av) = 15.6315 |
W oe® ¥ = 00825
® ® = OBSERVED T,
¥r = MODEL PREDICTIONS FOR @
30l ® ® = MODEL T, ]
< @
2 @
'_n:
20 ® ® R
he .
@
@ ®
10r ® ®
® ® [ ]
® ® ()
0 Il 1 1 & 'gw
0 50 100 150 200 250 300
Ey(K)

F1G. 22.—Northern cloud H,CO excitation curve. The annotation is the
same as that in Fig. 13.

representation of the average spatial density and H,CO
column density in the northern cloud.

In the compact ridge, it appears that the H,CO abundance
is large enough to bring about moderate optical depths in these
transitions. We are still able to obtain an estimate of the spatial
density in this region, but a significant contribution to the
uncertainty in this estimate is due to the increased optical
depth in these transitions.

We have also calculated the H,CO abundances, X(H,CO),
for each of the Orion-KL subsources (Table 4). As noted by
Mangum et al. (1990), molecular species which are thought to
be primary constituents of icy grain mantles (NH;, CH;OH,
H,CO, etc.; see Tielens & Allamandola 1987a, b; Charnley,
Tielens, & Miller 1992) are at least 10 times more abundant
than CS and HC;N, which are not suspected to be easily liber-
ated from grains. The case for the involvement, both passively
and actively, of grains in H,CO chemistry has recently become
stronger with the detection of D,CO in the compact ridge
(Turner 1990). Therefore, an attractive scenario which explains
the large H,CO abundances is one in which the high rate of
massive star formation in the Orion-KL region has led to the
release of H,CO from the surfaces of icy grain mantles.

5. CONCLUSIONS

High-resolution (65 ~ 5"-8", or 2500-4000 AU) observa-
tions of the 1,, — 1,, and 5,, — 5, transitions of H,CO have
been made of the Orion-KL star-forming region. By combin-
ing these observations with 6” resolution measurements of the
2,1 — 2,, transition (Mangum et al. 1990), we have applied a
spherical LVG model of the H,CO excitation to derive the H,
density and H,CO column density in the Orion-KL hot core,
compact ridge, and northern cloud.

1. The Orion-KL hot core is a strong emitter in the H,CO
5;4— 5,5 transition, but is comparatively weak in the
1,0 — 1,, transition. This is a consequence of the high kinetic
temperature in this component. The best-fit H, density and
H,CO column density from our LVG models of this source are
1057 cm~3 and 10'%-° cm ™2, respectively. Unfortunately, this
best-fit spatial density is unconstrained toward higher spatial
densities. Because the measured transitions used to constrain
the LVG models have low excitation requirements, we have
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o TABLE 4
:"’: LARGE VELOCITY GRADIENT MODEL RESULTS
IY): a a,b
g. log [n(H,)] log [N(H,CO)]*
1
L AssuMep T,  Best-fit lo 3o Best-fit le 3¢
COMPONENT (K) (cm™3) (cm™3) (cm™3) (cm™3) (cm™3) (cm™3) X(H,CO)
Hotcore .................. 200 57 .. .. 169 . —-74
Compactridge ........... 100 5.5 55102 55%3% 17.2 172133 172183 —6.38
Northerncloud .......... 50 59 59%91 >5 160 160193 160137 —80

2 Values given are for the best-fit solution and the solutions within 1 ¢ and 3 ¢ as determined from a y2 analysis (see § 4.3).

® Model N(ortho — H,CO)/Av have been multiplied by 4/3 to correct for ortho-para splitting and by Av = 10.9,4.4,and 1.9 km s~ !
(the average line width from our three K-doublet measurements) for each component to get N(H,CO).

¢ Calculated using best fit N(H,CO) and N(H,) = 2 x 10?* cm~? for the hot core and 1 x 10?* cm~?2 for the compact ridge and

northern cloud (derived from data in Mundy et al. 1986).

not adequately sampled the majority of the hot core molecular
material. Therefore, our derived H, density is not the peak
density in the hot core.

2. The compact ridge component in Orion-KL is the domi-
nant H,CO emission feature in all three K-doublet transitions.
As was the case in our LVG models of the hot core, the mea-
sured K-doublet transitions sample only the lower excitation,
lower density gas in this warm region. We also find that the
large H,CO abundance in the compact ridge has caused the
optical depth in the measured K-doublet transitions to reach
moderate values. The best-fit H, density and H,CO column
density are 10°-°> cm ™2 and 10'7-2 cm ™2, respectively. A com-
parison of the spatial distribution of the K-doublet emission
regions indicates that the compact ridge has a uniform spatial
density over most of its area. Comparison with the lower
resolution, higher excitation H,CO models of Mangum et al.
(1990) has shown that a dependence on low-excitation molecu-
lar transitions to model the physical conditions in warm
molecular clouds will bias derived densities toward lower
values.

3. The best-fit H, density and H,CO column density for the
northern cloud are 10°° cm™3 and 10'® cm ™2, respectively.
The K-doublet measurements toward this component do an
excellent job of sampling the H,CO excitation, but because the
emission is relatively weak, measurement uncertainties make it
difficult to constrain the modeled H, density and H,CO
column density.

4. The large abundances of H,CO measured in the hot core
and compact ridge, coupled with the high level of deuterium
fractionation in these sources, implies that grain mantle sub-
limitation is a significant contributor to the H,CO abundance.

5. For the astrophysicist who wants to accurately measure
the spatial density and H,CO column density in dense star-
forming regions, the K-doublet transitions of H,CO present
the perfect tool. Accessibility over a wide range in excitation,
low optical depth even in the H,CO-rich Orion-KL region,
and the fact that the existence of K-doublet emission implies
n(H,) = 10° cm ™3 leads to the ultimate utility of these tran-
sitions for deriving the physical conditions in molecular clouds.
Even though these transitions are often too weak to be mea-
sureable, the next generation of radio telescopes operating at
centimeter and millimeter wavelengths should make the K-
doublet transitions of H,CO readily detectable in many star-
forming regions.
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