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ABSTRACT

We present a study of newly identified cometary globules in the southeast quadrant of the Rosette nebula
using the J = 1-0 transition of carbon monoxide. The globules are found to be blueshifted by about 6 km s~!
with respect to the adjacent Rosette molecular cloud. The masses of the globules vary from 50 to 300 M,
and their sizes are between 1 and 3 pc. Two of the globules have cometary morphology and show velocity

gradients of ~1.5 km s™! pc~?!

along their symmetry axes. These globules are associated with the IRAS

sources 06314 +0421, X0632+043, 06322 +0427, and 06327+ 0423 which coincide with local maxima in the
13CO emission. The derived physical parameters of the globules are found to be consistent with those predict-
ed by recent theoretical models of photoevaporating cometary clouds. We suggest that star formation induced

by radiation driven implosion has occurred.

Subject headings: infrared: interstellar: lines — H 11 regions — ISM: clouds —
ISM: individual (NGC 2244) — ISM: molecules

1. INTRODUCTION

Several recent studies have suggested that radiation driven
implosion is a significant mechanism for inducing star forma-
tion in molecular clumps located in the neighborhood of O
stars (Klein, Whitaker, & Sandford 1985, Sugitani et al. 1989;
Bertoldi 1989; Bertoldi & McKee 1990; Sugitani, Fukui, &
Ogura 1991). These clumps presumably evolve from the pro-
jections on the surface of a giant molecular cloud, which are
typically convoluted (Dickman, Horvath, & Margulis 1990;
Falgarone, Phillips, & Walker 1991). The clumpy structure at
the surface of the molecular cloud allows the UV radiation
from a neighboring H 11 region to penetrate deep into the cloud
(Stutzki et al. 1988; Boiss¢ 1990; Cox, Deharveng, & Leene,
1990; Tauber & Goldsmith 1990; Goldsmith et al. 1992a;
Elmegreen 1992).

If sufficiently intense, the UV flux can have a significant
influence on the clumps and result in their taking on a com-
etary shape, with bright rims roughly facing the direction of the
exciting star(s). These bright rims were first noticed by Duncan
(1920) and were later studied in detail at optical wavelengths
(Pottasch 1956; 1958a, b; Osterbrock 1957; Dibai 1960;
Schneider & Elmegreen 1979). An evolutionary sequence based
on morphology has been suggested by Reipurth (1983), Leung
(1985), and Elmegreen (1992). Sugitani et al. (1991) have recent-
ly published an optical catalog of 44 such objects in the north-
ern hemisphere, which are associated with IRAS point sources.
While these studies reveal the morphological features of the
globules and are useful for identifying associated objects, the
internal kinematic structure of the globules and their motion
with respect to the surrounding interstellar medium, as well as
their masses and other properties, can be revealed only by
detailed spectral line observations at millimeter wavelengths.
Radio observations can also reveal newer globules which may
be missed by optical studies due to their having insufficient
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column density or to the presence of excessive diffuse bright-
ness. However, few such studies have been made so far. The
elephant trunk globules in the northwest quadrant of the
Rosette nebula have been studied by Schneps, Ho, & Barrett
(1980), the cometary globules in IC 1396 by Wootten et al.
(1983), Nakano et al. (1989), Duvert et al. (1990), and Serabyn,
Giisten, & Mundy (1993), and those in the Gum nebula by
Harju et al. (1990), Sahu et al. (1988), and Sridharan (1992).

A well-known example of an H 11 region showing the pres-
ence of speck and elephant trunk globules in the Rosette
nebula in Monoceros (NGC 2237-44) which is at a distance of
about 1600 pc (Turner 1976). Optical and 4.75 GHz radio
continuum emission (Celnick 1985) indicates the presence of
ionized gas around the nebula which reaches the boundary of
the molecular gas. Cox et al. (1990) have studied the IRAS
emission from the Rosette nebula and the surrounding molecu-
lar cloud. Recently, Kuchar, Blitz, & Bania (1993) have found
an expanding H 1shell around the Rosette nebula.

Cometary globules have been recently found in the
southeast quadrant of NGC 2244 (Block 1990; Block, Dyson,
& Madsen 1992; Sugitani et al. 1991). These globules exist near
the Rosette molecular complex mapped in >CO (hereafter
CO) and '3CO by Blitz & Thaddeus (1980) and Blitz & Stark
(1986). One of the globules shows the presence of a bright rim
that roughly faces the cluster of young stars in the Rosette
nebula. The exciting stars in NGC 2244 are located northwest
of this region at a projected distance of ~25 pc.

Although CO emission has been detected from the region
covered by these objects (Blitz & Stark 1986), due to relatively
low angular resolution and coarse sampling, the morphology
and kinematics of the globules remain unclear. We have sur-
veyed this region with resolution and sampling improved by
about a factor of 2 compared to the previous observations. In
this paper we report the results obtained from our fully
sampled CO and !*CO maps of this region. In the next section
we present the observational procedure. In § 3 we give the
results, derive the physical conditions in the globules, and
discuss their morphology, kinematics, and IRAS association.
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GWe compare our observational results with some of the theo-
: aretical models of cometary globules in § 4 and summarize our
iziconclusions in § 5.

S]] 2. OBSERVATIONS

= We mapped a 025 x 0°5 region in CO and '3CO J = 1-0
transitions with the FCRAO 14 m telescope at New Salem,
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Massachusetts, during 1991 October and November. We used
the 15-element QUARRY receiver (Erickson et al. 1992) with a
set of filter banks each having 32 channels and a velocity
resolution of 0.65 km s~ ! (at 115 GHz) as the primary spec-
trometer. The typical system temperature (SSB), referred to
above Earth’s atmosphere, was about 700 K at 115 GHz and
about 500 K at 110 GHz. The data were acquired in position-
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FiG. 1.—A POSS red print of the Rosette nebula and surrounding region. The region we mapped, indicated by the rectangle, is expanded in the lower panel
showing the integrated '>*CO emission in the velocity range 5-12 km s~ . The contour levels are between 1 and 6 K km s~ 1, separated by 1 K km s™!. Each
gray-shaded box represents a sampled spectrum in the map, with the shading scaled linearly with the integrated intensity. The globules we have identified are labeled
in this figure. On a large scale, the molecular emission is anticorrelated with the optical brightness which represents ionizing radiation. Globule 3 is not visible in
optical extinction, while the three cometary globules detected in the masked photographs by Block (1990) are not evident in CO emission.
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FiG. 2—Channel maps of CO emission. The contour levels are separated by 1 K between 2 and 16 K. The globules appear at velocities 8-12 km s~! while the
stronger emission from the Rosette cloud appears at 14-17 km s~ !. At (Aa, Ad) = (0, 0'), we note the emission from the AFGL 961 outflow with the redshifted lobe at
around 15 km s~ ! and the blueshifted lobe at around 9 km s~ !; the bipolarity of the outflow is evident even at low velocities. At (7', 11’), the fragmentation of globule

1is seen clearly at 9 kms™!.

switching mode with the reference position at «(1950) =
06"37™43:8, §(1950) = 04°43'08” (Blitz & Stark 1986), and cali-
bration was achieved using a chopper-wheel. The pointing and
gain calibration were checked by observing SiO maser sources
and planets. The rms pointing error was about 5” and the main
beam efficiency was estimated to be ~0.45 at both frequencies.

AFGL 961, located at «(1950) = 06"31™58°, §(1950) =
+04°15'30” (Blitz & Thaddeus 1980), is the central position in
the CO and '3CO maps. The spacing of the data points is 25"
and the half-power beamwidth is about 45” at 115 GHz. At the
distance of Rosette, 1 is equivalent to 0.47 pc. The rms noise in
each channel is typically 0.2 K in CO and 0.1 K in 3CO.

3. RESULTS

3.1. Morphology and Kinematics

Figure 1 shows the POSS red print of the southeast quad-
rant of the Rosette nebula together with a map of integrated

13CO emission. Figures 2 and 3 show the channel maps of CO
and !'3CO emission, respectively. The optical emission in
Figure 1 corresponds mostly to the ionizing radiation from the
central stars in the Rosette nebula, and it appears to be anti-
correlated with the CO emission. The lack of CO emission
from the region around (a, ) = (06"32™10°, 04°22") in Figure 1,
or (Aa, Ad) = (5, 5') in Figures 2 and 3, is presumably due to
the dissociation of molecules by UV radiation which has pen-
etrated relatively deeply into the edge of the molecular cloud.
The presence of a rich velocity structure in this region is
evident from the channel maps. We see that the globules
appear in the velocity range between 8 and 12 km s~ !, while
the stronger extended emission exists between velocities of 12
and 17 km s~ . In Figure 1, the '>*CO emission is integrated
between 5 km s~ and 12 km s~ *. The corresponding map of
integrated CO emission appears similar to that shown in
Figure 1, in which the globules are identified and labeled. The
stronger extended emission shown in Figures 2b and 3b corre-
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F16. 3—Channel maps of *3CO emission. The contour levels are separated by 0.5 K between 0.5 and 6 K.

sponds to the region of strongest emission in the Rosette
molecular cloud which was mapped by Blitz & Thaddeus
(1980). It is clear from Figures 2a and 2b that the globules are
blueshifted by 67 km s~ ! with respect to the Rosette cloud.
Since objects 1-6 appear relatively well isolated, we refer to
them as globules. Objects 7-9 (clumps) appear to be super-
posed over the emission from the Rosette cloud, but they have
the same velocity as the globules.

In Figure 2b, the peak in CO antenna temperature appears
at ~15 km s ! at (Aa, AS) = (-7, 12). Blitz & Thaddeus
(1980) found this location to be the peak in CO emission
throughout the Mon OB2 complex. This peak coincides with
the location of IRAS 06314+ 0427 (Cox et al. 1990; Block
1990). We refer to this source hereafter as IRS (note that Blitz
& Thaddeus refer to AFGL 961 as “IRS ™).

At the location of AFGL 961, Blitz & Thaddeus (1980)
found CO emission to be self-absorbed, in a region roughly
elongated toward the northwest with an extension of about 1
pc x 3 pc. From Figure 2a, at 11 and 11.7 km s~ !, there

appears a lack of CO emission in a narrow region passing
through the location of AFGL 961 and inclined toward the
northwest; while in Figure 3a, the 13CO emission appears con-
tinuous in this region at these velocities. Thus, we see that the
region over which CO self-absorption occurs is significantly
larger than was indicated by Blitz & Thaddeus (1980). When
compared to the 13*CO emission, the absorption dip in CO line
profiles is slightly blueshifted. Self-reversed profiles are seen
from a few other regions in giant molecular clouds (Snell &
Loren 1977; Blitz & Thaddeus 1980; Leung & Brown 1977)
and have often been interpreted as an indication of collapse of
outer cool gas onto a hotter core. This explanation may not
hold for the region around AFGL 961 as the dip is blueshifted
and since the area over which the dip occurs is much larger
than the typical expected size of a collapsing region. A similar
phenomenon has also been noticed by Xie (1992) in the Mon
R2 core.

We now discuss the observed properties of the globules.
Globules 1 and 3 clearly have cometary shapes, while globule 2
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appears to be a fragmented extension from globule 1. Near the
location of globule 6, Block (1990) identified optically three
cometary globules all pointing roughly in the direction of IRS.
Possibly due to beam dilution, these cometary globules do not
appear distinctly on our CO maps. However, globule 6 is elon-
gated roughly in the same NW-SE direction as the optical
cometary globules. A spatial velocity cut through this object
alonlg this direction shows a velocity gradient of ~0.6 km s~*
pc .
Globule 1 has been identified optically by Block (1990) and
by Sugitani et al. (1991) (object 24 in their catalog). Figure 4
presents a superposition of the CO, **CO and optical emission
from this object. There is a definite correspondence between
the region of visible extinction and the !3CO emission.
However, the optical size of the globule is significantly smaller
than indicated by molecular tracers. Although CO emission is
widespread over the optical image of the globule, extending
beyond the tail, the 13CO emission is confined to the head of
the globule. Figure 5 shows a montage of the CO and '*CO
spectra in the head region. The ratio of **CO to CO antenna
temperature increases systematically toward the western
boundary of the globule’s head. This could indicate a gradient
in either temperature or column density (or both). However,
since this ratio approaches unity, it is more likely to indicate an
enhancement in optical depth in this region just inside the
bright rim. The antenna temperature of both the species
decreases dramatically in this region which is consistent with
the photodissociation expected at the rim.

As noted by Block (1990), the symmetry axis of globule 1
seems to point towards IRS. Figure 6 shows a spatial velocity
CO map cutting through globule 1 in this direction (“a” in
Fig. 1). The velocity separation of the globule relative to IRS is
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about 6 km s~ *. Within the globule, there is a velocity gradient
of about 1.6 km s ™! pc ™. We also see a velocity gradient in the
opposite direction across the emission associated with IRS of
~0.5 km s~ pc™!. A spatial velocity cut along a northwest
direction (“b ™ in Fig. 1) across globules 5, 3, and 1 is shown in
Figure 7. The complicated structure of velocity gradients in
different globules is apparent in this Figure.

Table 1 summarizes the observed physical properties of the
globules. All the globules and clumps appear to be at a Vg of
~9 km s~ 1. Their sizes vary from 1 to 2 pc; globule 6, however,
is the most elongated, having a length of about 5 pc. Assuming
CO emission to be optically thick and !3CO to be optically
thin, and assuming LTE, we calculate column densities and
kinetic temperatures toward the central regions of the globules
according to the method of Dickman (1978). The kinetic tem-
peratures T, listed in Table 1 are estimated from the CO
antenna temperature, assuming a beam-filling factor of 1. The
column densities listed in Table 1 are the mean values in the
central regions of the globules and vary from 1 to 7 x 10!
cm~ 2. The masses were calculated from the LTE column
density in each pixel. With the usual uncertainties associated
with the LTE method, the globule masses may be in error by
about a factor of 2 (not including the uncertainty in the dis-
tance to the Rosette nebula). Additional uncertainty is present
for clumps 7 and 8 due to confusion with emission from IRS.

3.2. IRAS Associations

As noted by Cox et al. (1990), many of the molecular clumps
in the Rosette region are associated with IRAS sources. Table
2 lists the IRAS sources associated with the objects we have
identified. The far-infrared luminosities appearing in Table 2
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FiG. 4—Overlay of the optical image of globule 1 with the CO (dashed contours) and *3CO (solid contours) emission. The CO emission is well confined by the
bright rim, showing a sharp decrease in emission at the rim. In the head region there is a clear anticorrelation between the optical and the CO emission, but near the
tail the CO emission is extended. 3CO is confined to the head of the globule where the density is presumably enhanced due to the ionization front-driven shock. The
embedded TRAS source is also faintly visible in this POSS red print, and it is located near the peak of the LTE column density at a distance of about 0.5 pc behind the

bright rim on the symmetry axis.
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FIG. 5—Montage of CO (solid curves) and '*CO (broken curves) spectra in the head region of globule 1. The increasing ratio of *3CO to CO peak intensities
toward the direction of the apex at (Aa, Ad) = (35, 12!5) indicates the increase in column density there due to implosion (offsets measured from AFGL 961,
«[1950] = 06"31™58°, 5[1950] = +04°15'30"). Near the location of the rim the CO emission decreases sharply, presumably due to photodissociation by the

radiation from the H 11 region which is northwest of the globule.
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F1G. 6.—Spatial velocity CO map across globule 1 and IRS along the axis
indicated as (a) in Fig. 1. The position offset, AS, is measured from
(o, 8) ~ (06"32™50°, 04°28'30"). This figure shows that the globule is blueshifted
by about 7 km s~* with respect to IRS. There is a velocity gradient of 1.6 km
s~* pc™! along the direction pointing toward IRS.
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FiG. 7—Spatial velocity map across globules 1, 3, and S along the direction
indicated as (b) in Fig. 1, toward the direction of the central stars in NGC 2244.
The position offset, AS, is measured from (a, ) ~ (6"33™, 4°,14'). The velocity
gradients seen across globules 1 and 3 are similar but are of opposite sign from
the gradient seen in globule 5.
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TABLE 1

PHYSICAL PROPERTIES OF THE GLOBULES

T, Visk NH,) Mass a’ b IRAS
Globule a(1950) 8(1950) (K) (kms™?Y) x 10%! cm 2 (My) (pe)  (po) Source
| 06732™18:5 04°27'50" 16.3 8.8 6.8 100 1.4 1.8 06322+ 0427
2 06 32 28.0 04 2545 12.3 9.2 1.1 50 0.7 0.8
3 06 32 32.0 04 2224 15.3 9.7 6.6 150 1.8 29 06327+ 0423
X0632+043°
4o, 06 32 319 04 2224 9.3 9.2 1.6 200 1.5 2.7
S 06 32 48.6 04 1953 11.6 9.5 22 300 23 2.5
6, 06 32 40.2 04 1312 11.2 9.1 34 200 2.1 4.6
T 06 31 40.0 04 2044 13.5 9.2 22 100 2.1 2.0 06314+0421
8 06 31 333 04 26 10 14.7 9.5 11 100 19 1.5
L 06 31 51.7 04 26 35 11.2 9.2 4.6 50 1.5 1.6
* ais the diameter along the minor axis, and b, along the major axis.
® From IRAS Small Scale Structure Catalog.
TABLE 2
IRAS SOURCES ASSOCIATED WITH THE GLOBULES
Frux (Jy)
SOURCE IRAS (1950) 4(1950) 12 ym 25 uym 60 um 100 ym L(Ly) ASSOCIATION
| 06314 +0421 06"31™28:1 04°21'26" 0.7 1.6 105 323.6 737 Globule 7
2 06314+ 0427 06 31 26.6 04 2717 6.1 6.5 129.3 323.6 924 CO peak (IRS)
3 06318 + 0420 06 31 53.6 04 2013 1.5 38 36.6 995.2 1368
L 06319+ 0415 06 31 59.0 04 1509 78.4 375.8 958.8 995.2 7622 AFGL 961
P 06322+ 0427 06 32 16.5 04 2740 04 0.7 10.2 739 131 Globule 1
[ T 06327+ 0423 06 32 47.0 04 2313 0.5 0.8 8.2 62.7 114 Globule 3
T X0632+043 06 32 31.6 04 2346 299 Globule 3

were calculated using the following formula (Casoli et al. 1986),

L =47 x 10-61)2<i‘l 328 ) Seo S‘°°>Lo . ()

079 2 39 99

where D is the distance in pc and S, is the flux density in Jy. In
globule 1, IRAS 06322 + 0427 appears faintly on the POSS red
print, at the location of the peak in 13CO emission (see Fig. 4).
This source is located at a distance of about 0.5 pc behind the
rim. Within the sensitivity of our observations (see Fig. 5), the
spectra do not show any indication of an outflow near this
IRAS source. We have also detected CS J = 2-1 emission from
the location of this IRAS source where it appears to have a
peak. This spectrum is shown in Figure 8. Following Gold-
smith et al. (1992b), and assuming a value of 1078 for the
abundance of CS relative to H,, we estimate a density of
~8 x 103 cm ™3 (averaged over the beam), at this location.

Two IRAS sources are found to be associated with globule 3.
Of these X0632+043 is from the IRAS Small Scale Structure
Catalog, and has a relatively large positional uncertainty (~ 4’).
Figure 9 is a plot of integrated 13CO emission from globule 3
which shows two peaks in emission separated by ~1.5 pc
along east-west. IRAS 06314 + 0421 also appears near the peak
in *3*CO emission in globule 7. All these IRAS point sources
have colors which are characteristic of those sources associated
with dense cores (Emerson 1987; Parker 1991) and it thus
seems plausible that these infrared sources are embedded
within the globules.

4. DISCUSSION

Our CO and '3CO mapping has revealed the following dis-
tinguishing characteristics of the globules in the SE quadrant
of the Rosette nebula: (1) They appear cometary in shape (Figs.

1, 4 and 9); (2) their velocities are blueshifted with respect to
the Rosette molecular cloud by about 6 km s ™! (Figs. 2 and 3);
(3) they have internal velocity gradients (Figs. 6 and 7); and (4)
they show signs of star formation as suggested by the presence
of IRAS point sources at the location of peaks in *CO emis-
sion (Figs. 4 and 9). Globule 1 shows the presence of a bright
rim roughly facing NW (Figs. 1 and 4) toward the exciting stars
of the NGC 2244 H 1 region. We now briefly discuss in the
context of our observations some of the theoretical models,
which are relevant to understanding the structure and origin of
these cometary globules.

0.2

0.1

Th (K)

-0.1

S B S S
0 10
Visg (km s7™)

F1G. 8—CS J = 2-1 emission from the location of the IRAS source
06322 40427 at the head of globule 1.
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F1G. 9—Association of IRAS sources 06327+ 0423 (filled circle) and
X0632+ 043 (cross) with the peaks in *3CO integrated intensity between 9 and
12 km s~ ! in globule 3. X0632+ 043 is from the IRAS Small Scale Structure
Catalog and has a positional uncertainty of about 4/4. Contour levels are
separated by 0.5 K km s~ ! between 1 and 3.5K km s~ 1.

An early idea suggests that cometary globules evolve from
elongated protrusions (elephant trunk globules) which are
caused by Rayleigh-Taylor instability in a shell of dense gas
which is external to and pressurized by hot ionized gas
(Pottasch 1958b; Herbig 1974). As shown by Schneps et al.
(1980), the elephant trunk globules in the NW quadrant of the
Rosette nebula were most likely created by a Rayleigh-Taylor
instability. The SE globules discussed here differ in a number of
respects from those in the NW quadrant. The SE globules
appear to be farther away from the central exciting source of
the H 11 region, while the NW globules project into the H 11
region from the interface between the H 1 region and the
molecular material. The SE globules lie in a relatively quiesc-
ent region and are visible only on enhanced POSS images,
while the NW globules appear as silhouettes against the bright
Ha emission from the H 11 region. The globules evolved from
the elephant trunks in the NW are typically very small (0.02—
0.2 pc), and are referred to as teardrop globules (Herbig 1974;
Cernicharo 1991). The sizes of the SE globules are, on the other
hand, typically larger than 1 pc (Table 1). If the SE globules
were created by Rayleigh-Taylor mechanism, the observed
internal velocity gradients should be due to the stretching of
the globule, as discussed by Schneps et al. (1980), then the
velocity gradients should occur along directions nearly parallel
to each other, which is not what is observed (see Figs. 6 and 7).
In this scenario, cometary globules are the tips of the inward-
projecting tongues of material. As such, they should have a
smaller outward velocity (relative to central star of H 11 region)
than the material of the shell at their base. In fact, we see the
SE globules in projection against the H 11 region, but they are
blueshifted compared to the extended emission, opposite from
what would be expected in this picture. Hence, we feel that the
Rayleigh-Taylor mechanism is less likely to be the cause for the
globules in the SE quadrant of the Rosette nebula.

Another possibility is that the SE globules have formed from
fragmentation of an unstable layer between the ionization
front and the shock front at the interface between the neutral
and the ionized region (Elmegreen & Lada 1977). If we assume
a density of 103 cm ~ 3 for the molecular cloud, a temperature of
100 K for the cooled, postshock (CPS) layer, and an O star
column density of 10 per 100 pc?, we obtain from equation (13)

PATEL, XIE, & GOLDSMITH

Vol. 413

of Elmegreen & Lada (1977) that the thickness of the CPS layer
would be ~0.6 pc at a distance of 25 pc from the central
exciting source. This value is considerably smaller than the size
of the region occupied by the globules. One may argue that the
CPS layer which was fragmented and led to the formation of
the globules is almost normal to the line of sight. However, the
apparent cometary form of the globules suggests otherwise.
The velocity of the shock given by equation (7) of Elmegreen &
Lada, for a distance of 25 pc, is 4.2 km s~ !. This is comparable
to the velocity of the globules with respect to the Rosette
molecular complex. According to Elmegreen & Lada, due to
the inhomogeneities in the molecular cloud, different parts of
the shock will be at different distances from the exciting star
with a resulting difference in velocity given by Av,/v, ~ Ar/4r.
Using the observed value of the velocity of globules for v, ~

6 km s~ !, and a typical separation of ~5 pc, we get Av /v, ~

0.05, which is considerably smaller than the observed velocity
spread of ~0.25 as seen from Table 1. With these consider-
ations, while we cannot completely rule out the possibility that
the globules have resulted from a CPS layer, the Elmegreen &
Lada mechanism is not highly compelling.

An intense flux of UV radiation can cause the implosion of a
neutral cloud as studied numerically by Sandford, Whitaker, &
Klein (1982) and by Klein et al. (1985). A detailed analytical
study of photoevaporating globules has been made by Bertoldi
(1989) and Bertoldi & McKee (1990), who also demonstrated
the consistency of their theory with the observed parameters of
the elephant trunk globules in the northwest quadrant of the
Rosette nebula and the cometary globules in the Gum nebula.
An application of this theory has also been made recently to an
observational study of a bright rim in NGC 2264 by Tauber,
Lis, & Goldsmith (1993), who found it to be reasonably consis-
tent with their observations. In the formalism of Bertoldi &
McKee (1990), a cloud surviving the UV radiation will settle
into an equilibrium cometary configuration in a sound cross-
ing time, while accelerating away from the exciting source.
Thus this model appears of considerable interest for under-
standing the SE globules.

Given that molecular clouds are typically very clumpy
(Stutzki et al. 1988; Boissé 1990; Tauber & Goldsmith 1990;
Elmegreen 1992), we prefer the interpretation that the com-
etary globules have evolved from preexisting clumps in the
molecular cloud, under the effect of UV radiation from the
central OB stars in NGC 2244. Due to clumpiness in the
molecular cloud, the ionizing radiation penetrates into the
cloud effectively, and reaches the dense clumps in the more
distant part of the molecular cloud. The initial conditions in
the clumps favor a D-type ionization front which drives a
shock inside the clumps which evolve to become globules.
These globules subsequently maintain a stationary state in
which they appear to have a cometary form. Since the globules
appear as enhanced extinction in the optical image, and as
their velocities are blueshifted with respect to that of the excit-
ing stars, they are in the foreground and have been accelerated
toward us, away from the Rosette molecular cloud. It is likely
that globule 2 is a clump that has fragmented from globule 1
due to the radiative implosion. A similar phenomenon is also
suggested from the '3CO map of the integrated intensity
between 9 and 12 km s ™! in globule 3 as shown in Figure 9.
The IRAS sources 06327 + 0423 and X0632 + 043 in globule 3
indicate the possibility of multiple star formation along the
symmetry axis of a radiatively imploded globule. In the CO
observations of the prominent cometary globule in IC 1396, we
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can see a similar fragmentation along the symmetry axis (see
Fig. 3a of Nakano et al. 1989).

The influence of radiation from NGC 2244 is directly indi-
cated by the presence of the bright rim in globule 1. Another
indication of this interaction is seen in a small region that
projects out of clump 9 toward the northeast. On the CO
spatial velocity map shown in Figure 6, this region appears at
AS ~ 20, and the size of this projection is ~ 1 pc. The spectra
around this position are shown in Figure 10. We see that the
narrow redshifted CO emission (FWHM ~ 1.8 kms™?, at
Visg ~ 16 km s~ 1) occurs in the same region that shows the
broad blueshifted emission (FWHM ~ 3 km s, at VLSR ~
8.5 km s~ 1). The *3CO emission is below the sensitivity of our
observations. One possibility is that this clump has been
shocked and the post-shock-heated gas is responsible for the
broad blueshifted line while the preshocked cooler gas pro-
duces the narrower redshifted (or at ambient velocity) emission
(a similar example of such a phenomenon has been noted
earlier by Wilking et al. 1984 in W5).

Bertoldi (1989) has presented an initial cloud parameter
space in terms of cloud column density and a parameter that
characterizes the ionization strength. With the source of UV
radiation as the central OB stars of NGC 2244 for which the
Lyman-continuum photon luminosity is 5.8 x 10*° photons
s~ ! (Cox et al. 1990), and assuming that our measured mean
value of column density is representative of the initial value we
find that globule 1 lies in region II of Bertoldi’s plot of initial
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cloud parameter space (see Fig. 1 of Bertoldi 1989). This region
corresponds to clouds which will be compressed by an ioniza-
tion front—driven shock, with an ionized gas boundary layer
(recombination layer) that is thin compared to the size of the
globule. Clouds of these characteristics will be accelerated
away from the source of the UV radiation rather than being
completely ionized as would occur, for example, for lower mass
objects.

Based on the optical morphology of the globules, Block
(1990) has suggested that they are largely influenced by stellar
winds from a hidden O7 star at the location of IRS. Due to a
smaller distance between the globules and this hidden exciting
source at IRS, a smaller value of its luminosity corresponding
to a single O7 star, ~0.2 x 10*° photons s™!, may still
produce a flux comparable to that due to the stars in NGC
2244 assuming that the true and projected distances are not
very different. However, the spectral type of this hidden object
was inferred from the observed far-infrared flux assuming a
single source of radiation. Subsequent infrared imaging has
revealed the presence of a cluster of objects at this location
(Block et al. 1992). This would lead to a smaller value of lumi-
nosity for this hidden source. It seems more likely that the
globules are primarily affected by the radiation from NGC
2244 and only weakly influenced by the young stellar object(s)
at IRS. The clump associated with this object (where the CO
emission peaks) also lies in region II of Bertoldi’s phase
diagram. This supports the possibility that IRS may also be a
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13
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F1G. 10.—CO and !3CO spectra from a region near clump 9, projecting toward the H 11 region. The narrow CO line represents emission from the preshocked gas
that is at the velocity of the Rosette cloud complex, while the postshock heated gas in the clump is responsible for the broad blueshifted line.
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result of radiative implosion as suggested earlier by Blitz &
Thaddeus (1980).

From equation (3.23) of Bertoldi & McKee (1990), we esti-
mate the pressure due to the hot ionized gas produced by the
UV radiation to be 4.1 x 107 1% dyn cm ~2, assuming the excit-
ing source to be the stars in NGC 2244. We estimate the inter-
nal pressure in the globules from their observed linewidths and
find it to be of the order of 107 1° dyn cm ~2, showing that the
globules are likely to be in near pressure equilibrium. The
external pressure near the tail region of the globules is expected
to be less, and correspondingly these regions in the globules
appear more diffuse as seen in Figures 4 and 9. Block (1990)
has suggested that the globules are influenced by a stellar wind
from a hidden O7 star at the location of IRS. Equation (3.36) of
Bertoldi & McKee (1990) gives the ratio of the pressure due to
the hot ionized gas to the ram pressure due to the stellar wind
from the exciting source. With the exciting source to be the
stars in NGC 2244, we find this ratio to be of the order of 3000,
while with the exciting source to be a hidden O7 star at the
location of IRS, we find this ratio to be about 200. It appears
that the stellar wind would have to be unusually strong in
order for it to dominate the effect of the UV radiation.
However, as seen from Figures 1 and 6, the symmetry axis of
globule 1 and the direction of the velocity gradient point
towards IRS, suggesting an interaction with the source at this
location, but the nature of this interaction remains unclear.
Further infrared observations would be helpful to clarify the
characteristics of this hidden source.

It is interesting to compare the estimated LTE mass with the
virial mass to approximately check if the globules are gravita-
tionally self-bound. Using a value of 0.5 pc for its radius and a
13CO line width of 1.5 kms™!, we find the virial mass of
globule 1 to be ~140 M, where we have neglected magnetic
field and external pressure, and assumed a variation in density
as 1/r> (McLaren, Richardson, & Wolfendale 1988). For the
case of constant density and a density variation as 1/r, we get
236 and 214 M, respectively. These virial mass estimates are
greater than or comparable to the 100 M LTE mass of the
globule, suggesting that the globule is at best critically self-
bound excluding the effect of the radiative implosion.
However, the presence of the IRAS source in the head of the
globule suggests that collapse has taken place, and thus radi-
ative implosion is likely to have played an important role in
star formation in this globule.

The SE globules are observed to have velocities typically 6
km s~! blueshifted relative to the extended emission in the
Rosette molecular cloud. The estimated UV flux at globule 1
and its mass from the CO observations, locates it in the equi-
librium cometary cloud mass—flux parameter space defined by
Bertoldi & McKee (1990) (see their Figs. 13 and 14), in a region
which corresponds to the following characteristics: (1) The
globule will not be instantly ionized by the radiation; (2)
during its initial radiation driven implosion, it will gain a
velocity of ~2.5 kms™! (eq. [2.5] of Bertoldi 1989); (3) the
globule will move far from its initial position while evapo-
rating. Whether this initial velocity increases to a value close to
that observed is difficult to ascertain given the uncertainties in
the initial conditions. However, it seems plausible that this
mechanism described by Bertoldi & McKee can explain the
observed velocities of the SE globules.

The dynamical age of the Rosette nebula is about 2-6 x 10°
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yr (Mathews 1967). NGC 2244 has two stars with spectral
types earlier than O6 which have upper age limits of 3 x 106 yr
(Stothers 1972). The dynamical age inferred from the velocity
gradient in globule 1 is ~6 x 10° yr (see Fig. 6). From the
velocity gradients in the elephant trunk globules in the north-
west quadrant, Schneps et al. (1980) have estimated their age to
be 3-5 x 10° yr. We have assumed that the SE globules have
evolved from preexisting clumps under the influence of UV
radiation from NGC 2244. We estimate the typical sound
crossing time in these clumps to be of the order of 107 yr,
neglecting magnetic fields and using a size of 1 pc. Using equa-
tion (4.10a) of Bertoldi & McKee (1990), we find the character-
istic evaporation time for globule 1 to be ~4.5 x 107 yr,
somewhat greater than the sound crossing time. However, as
noted by Bertoldi & McKee, if the clump is magnetic (with a
typical field strength of the order of 30 uG) then the sound
crossing time (eq. [4.8] of Bertoldi & McKee) is 3.4 x 10° yr,
significantly less than the evaporation time. Hence a magnetic
postimplosion clump would have enough time to settle into an
equilibrium cometary configuration as described by the for-
malism of Bertoldi & McKee, within a time scale that is consis-
tent with the dynamical time scale of the Rosette nebula and
the age of the O-type stars noted above. Such cometary
globules would then also have the consequences of radiative
implosion and acceleration away from the source of UV as
described by Bertoldi & McKee, with a typical velocity of
about 5 km s~ !. While a more exact confirmation of the calcu-
lations of Bertoldi & McKee (1990) requires further observa-
tions, in particular observations of the ionized gas near the
bright rim of the globules and observations at higher angular
resolution to study the density profiles of the globules, all the
major observational features of the globules reported here
appear consistent with this model.

5. SUMMARY

Our study of CO and '3CO emission from the newly identi-
fied cometary globules in the southeast quadrant of the Rosette
nebula has led to the following main results. The globules are
kinematically distinct from the Rosette molecular cloud,
having a velocity of 6-7 kms™! relative to the stars and
ionized gas of the H 11 region. Two of these globules appear to
be examples of star-formation by radiatively driven implosion
of molecular clouds and they provide an opportunity to check
the theoretically predicted characteristics of clouds influenced
by neighboring young stars. These globules appear to have
imploded under the influence of ionizing radiation from the
OB stars in NGC 2244. A hidden young stellar object at the
position of the CO peak may also be affecting the globules as
suggested by their orientation and the directions of internal
velocity gradients. However, the central stars in NGC 2244
seem to have had a more significant effect on the globules.
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