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ABSTRACT

High angular resolution and high-sensitivity observations at wavelengths of 1.3 and 3.6 cm have detected
three new ultracompact emission regions in the core of the W51 (regions d and e). In total, five ultracompact

continuum objects of diameter less than 300 to 3000 AU are located in W51 d and e. These sources may best
be explained as photoionized stellar winds. This suggests that there may exist a quasi-stable point in early

stellar evolution where observable H 11 regions are formed by stellar winds around massive stars.

These observations demonstrate that the taxonomy of H 11 region classification may be heavily affected by
sensitivity, and a lack of complete spatial sampling by interferometric mapping. For example, the W51 d
region, previously classified as cometary, is shown by our higher resolution and sensitivity observations also
to have the properties normally associated with shell-like regions. These new observations suggest that the
bow shock model, which is suggested to explain the morphology of cometary H 11 regions, but cannot explain

shell sources, does not fully explain the W51 d H 11 region.
The J, K = (9, 8) NH; maser associated with W51 d has been shown to have a minimum brightness tem-
perature of 2.7 x 10% K. This maser is most probably saturated.

Subject headings: H 11 regions — ISM: individual (W51) — ISM: molecules — ISM: structure — masers —

radio continuum: interstellar

1. INTRODUCTION

W51 is a region of on-going star formation in the constella-
tion Aquila. At a distance of about 7 kpc (1” is 0.03 pc) the W51
complex has been studied by numerous investigators. The
centimeter continuum emission from the W51 region was
shown by Martin (1972) to consist of eight distinct com-
ponents, W51 a—h. The strongest of the eight components,
W51 e, and nearby W51 d were studied by Scott (1978) who
found two compact continuum components, W51 e, and e,, in
addition to the larger H 11 regions. OH and H,O masers, which
trace active regions within star-forming complexes, have been
found toward the W51 d and e regions (Gaume & Mutel 1987;
Schneps et al. 1981; Genzel et al. 1981). Some of the clusters of
OH and H,0O masers are closely associated with radio contin-
uum components. Others are found in regions without
detected continuum sources. Studies of thermal emission from
molecules such as NH; (Rudolph et al. 1990; Mauersberger,
Henkel, & Wilson 1987; Ho, Genzel, & Das 1983) have traced
warm, dense regions within W51 d and W51 e.

Madden et al. (1986) found the first intense NH; maser emis-
sion in the (J, K) = (9, 6) inversion line. Monitoring of the (9, 6)
line in W51 by Wilson & Henkel (1988) and Wilson, Johnston,
& Henkel (1990) showed time variability on a period of less
than 1 year. In 1986 the most intense (9, 6) maser line was
located near W51 d, but after 1987 July, this maser became a
factor of 10 weaker, and the intensities of the (9, 6) maser
features in the general vicinity of W51 e, and e,, ~40” SW of
WS51-IRS 2, increased by more than a factor of 10. Very long
baseline interferometry observations (Pratap et al. 1991) have
shown that the (9, 6) line emission arises in W51 e from regions
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of less than 0.1 mas in size, in two areas NE of W51 e,, and
NWof W5l e,.

The (9, 6) NH,; maser arises from ortho-NH ;. Mauersberger
et al. (1987) detected other NH; maser lines from para-NHj.
Confirmation that the NH; emission toward W51 d in the
(9, 8) para transition could be attributed to the maser process
was provided by Wilson et al. (1990), placing a lower limit on
the brightness temperature of the emission at 1600 K. Wilson,
Gaume, & Johnston (1991) were able to set a lower limit to the
brightness temperature of this (9, 8) maser of >260,000 K and
found the NH, maser projected onto a previously undetected
ultracompact H 11 region. To limit the brightness temperature
of the (9, 8) NH; maser yet further and to investigate the
continuum emission in the W51 d and e regions we have
employed the VLA! in its highest resolution A array.

2. OBSERVATIONS

The observations occurred on 1991 July 20 in both spectral
line and continuum modes of the VLA. All available antennas
were used in the A-array, which provides baseline lengths from
0.7 to 36 km. The source 3C 286 was used as the primary flux
density calibrator for the observations (assumed flux density,
5.3 and 2.4 Jy at 3.6 and 1.3 cm, respectively), and 3C 84 as a
bandpass calibrator for the spectral line observations (derived
flux density 30.8 Jy at 1.3 cm). The phase calibrator was
1923 + 210 (derived flux density 1.49 and 1.46 Jy at 3.6 and 1.3

! The VLA is a telescope of the National Radio Astronomy Observatory
(NRAO) which is operated by Associated Universities, Inc., under cooperative
agreement with the National Science Foundation.
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cm, respectively). The data were calibrated and reduced using
the AIPS software package of the NRAO as implemented on
NRL computer systems.

Observations of W51 were conducted in continuum mode
using the 3.6 cm receiver system. The 3.6 cm observations used
a central pointing position of «(1950) = 19"21™245186
6(1950) = 14°24'55"5. The 3.6 cm observations employed dual
50 MHz IF channels and consisted of three scans of 15 minutes
duration. To improve coverage of the transform plane each
scan was separated by 2 hr. The u, v data were edited and
transformed into 1024 x 1024 pixel images (pixel size = 0707).
All images were “cleaned” with a beam deconvolution algo-
rithm. The FWHM resolution of the images is 0721 x 0720
(uniform weighting). Because of good phase stability at 3.6 cm
during the observations, self-calibration did not improve the
overall quality of the data. Primary beam attenuation was not
a significant factor, and no correction was applied to the 3.6 cm
data.

The line mode observations, conducted with the 1.3 cm
receiver system, also used dual IF channels and consisted of 21
scans on-source, of each of ~10 minutes duration. The central
pointing position for the 1.3 cm observations was «(1950) =
19"21m225166 5(1950) = 14°25'11”79. The 1.3 cm observations
covered an hour angle range of about 6 hours. The first IF
channel was 0.781 MHz wide and was separated into 128 spec-
tral line channels. Channel O of the 128 line channels was a
wide-band channel 0.586 MHz wide. The remaining 127
Hanning weighted narrow channels had a width of 6.104 kHz
(0.077 km s~ !). Channel 64 of the 127 narrow channels was
tuned to the frequency of the NH; (9, 8) inversion transition,
23,657.471 MHz, at an LSR velocity of 55.4 km s~ 1. The peak
flux density was found in channel 66. The antenna gain solu-
tions were improved through a self-calibration algorithm oper-
ating on the channel 66 data. The improved antenna gains
were applied to the entire spectral line database. The self-
calibration scheme modified the fitted position of the feature in
channel 66 by less than 1/10 beamwidth (FWHM). No sub-
sequent correction was made for this effect. The data for all
channels were edited and transformed into 256 x 256 pixel
images (pixel size = 07024). A mean continuum image was con-
structed from a total of 86 off-line narrow channels taken from
both ends of the bandpass. This continuum image was sub-
tracted in the image plane from all channel images. Beam side-
lobes were removed from the resulting “line only ” image cube
using a beam deconvolution algorithm. The resolution of the
restored images was 07074 x 07072 (uniform weighting).
Primary beam attenuation was not a factor for the 1.3 cm NH,
maser observations, and no correction was made in the data.

The second 1.3 cm IF channel was 25 MHz wide and was
separated into eight spectral line channels. The first channel
(channel 0) of the eight line channels was a wide-band channel
18.750 MHz wide averaged over the inner 75% of the 25 MHz
band. The remaining seven Hanning weighted narrow chan-
nels each had a width of 3.125 MHz. The center channel
(channel 4) of the seven narrow channels was tuned to a region
without line emission, 13 MHz lower than the central fre-
quency of the first 1.3 cm IF channel. As the purpose of the
second IF channel was to produce a high-resolution image of
the W51 1.3 cm continuum emission, further data processing
was performed only on the channel 0 wide-band data base. A
highly tapered, lower resolution image was made from the 1.3
cm wide-band data to identify emission features. The 1.3 cm
emission was found localized in three regions which were sub-
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sequently imaged and simultaneously cleaned in three separate
fields using image sizes of up to 1024 x 1024 pixels of size
07024. A self-calibration algorithm was applied to the channel
0 data. The self-calibration scheme modified the fitted position
of features in the image by less than 1/20 beamwidth. No cor-
rection has been made for this effect. The FWHM resolutions
of the restored 1.3 cm images are 07075 x 07073 (uniform
weighting) and 07094 x 07093 (natural weighting). Primary
beam attenuation is a significant factor in the 1.3 cm wide field
continuum images. A correction for this attenuation has been
applied to the data in the image plane.

3. RESULTS

A contour plot of the 2 cm continuum from the W51 region
is shown in Figure 1a (from Gaume & Mutel 1987). A contour
plot of our 3.6 cm image is shown in Figure 1b. The striking
differences between Figures 1a and 1b are easily explained as
resulting from differing observational parameters, namely
spatial resolution and sensitivity. Although 3.6 cm data have a
sensitivity about 25 times greater than that of the 2 cm data
and a resolution almost 5 times greater, the 3.6 cm data are not
sensitive to continuum emission with a scale larger than about
5”, whereas the 2 cm data in Figure la are sensitive to scale
sizes of up to about 20”. The result is that extended emission,
easily seen in the 2 cm data, is not well represented in the 3.6
cm data. A directly related problem for the 3.6 cm data are the
errors that are introduced in the image plane because of inade-
quate short-spacing u, v coverage of the strong extended emis-
sion. These errors cause large-scale undulations, both positive
and negative, in the background noise level (see Perley 1989).
The best solution to this problem is to obtain better short-
spacing coverage. However, the errors can be minimized, to a
certain extent, by editing out the very short, undersampled
spacings in the coverage, which introduce the most significant
errors.

The radio continuum emission in the core of the W51 d and
e regions is found in three locations shown in Figure 1: W51 d,
W51 e, and W51 e, /e,. Figure 2a is a contour plot of the 3.6 cm
emission toward the W51 d region with a resolution of 0721.
Small crosses mark the positions of H,O masers (Schneps et al.
1981), triangles the positions of OH masers (Gaume & Mutel
1987), a large cross the position of (J, K) = (9, 8) NH; masers,
and broken contours the (J, K) = (3, 3) NH; thermal emission
(Ho et al. 1983). Two of the continuum regions seen in Figure
2a were identified by Wood & Churchwell (1989). The strong-
est, arclike component in Figure 2a is labeled component d in
Figure 27b of Wood & Churchwell, whereas the weaker
2" x 1” component about 4” to the SE of d is labeled com-
ponent d,;. We adopt the Wood & Churchwell notation for
these components. Wood & Churchwell classified component
d as a member of the cometary morphological class of H 11
regions. Component d, was classified as a spherical region by
Wood & Churchwell.

A contour plot of the 1.3 cm continuum emission in the W51
d region is shown in Figure 2b. As with the 3.6 cm data, the
lack of short u, v spacings results in an insensitivity to large
continuum structures. The 1.3 cm data do not reasonably
image any continuum structures larger than about 1”5. Only
two continuum components are seen in Figure 2b, the weaker
being the edge of the W51 d H 11 region, which is seen as a
broken arc of emission. The strongest source is a pointlike
continuum region at the position of the (J, K) = (9, 8) NH;
masers. Extending the notation of Wood & Churchwell (1989),
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F1G. 1.—a) 2 cm wavelength contour plot of the W51 d and e region from Gaume & Mutel (1987). The FWHM beamsize is 172, and the contour levels are 3%,
6%, 10%, 20%, ..., 90% of the peak flux density of 373 mJy per beam. (b) A 3.6 cm wavelength contour plot of the W51 d and e region with a FWHM beamsize of
0727. The contour levels are 10%, 20%, ..., 90% of the peak flux density of 27 mJy per beam.

we label this continuum component d,. This region is also seen
in the 3.6 cm contour plot in Figure 2a, embedded in more
extended emission. This component was first detected by
Wilson et al. (1991). A Gaussian fit to the component is consis-
tent with a beam deconvolved size of less than 0704. This is
equivalent to a linear extent of less than 300 AU. The flux
density of d, at 3.6 and 1.3 cm (see Table 1) is consistent with
that of an optically thick (at 1.3 cm) H 11 region.

Figures 3a, 3b, and 3¢ are contour plots of the W51 d region.
Figure 3a is from the 2 cm image of Gaume & Mutel (1987),
which, in addition to the W51 d and d; components, shows
significant extended emission. Figure 3b is contoured from the
3.6 cm image, where much of the extended emission surround-
ing W51 d and d, is resolved out. As discussed above, incom-
plete sampling of the extended emission causes positive and
negative errors in the 3.6 cm image shown in Figure 3b. To
minimize these errors, the short u, v spacings, where the most
significant errors originate, can be filtered from the data, at the
cost of sensitivity. The result of such filtering is seen in Figure
3¢, where spacings shorter than 150 kA have been removed
(19% of the data). The W51 d H 11 region, seen as an arclike
source in Figure 34, now has the appearance of a broken, or
distorted shell of emission. The NW portion of the shell rim is

only apparent when both the image errors and the bright
extended emission are removed through the filtering of the
short spacings in the u, v plane.

Wilson et al. (1991) found the (J, K) = (9, 8) NH; maser
emission projected NW of continuum component d,. Our
result is consistent with their lower spatial resolution data. A
Gaussian fitted position of the peak NH, maser line channel is
«(1950) = 19"21™2251666 6(1950) = 14°25'117980. This is 0705
NE of the Gaussian fitted position of d,. There is a 07003
scatter in the fitted positions of the strongest NH; maser line
channels. This scatter is within the channel-to-channel mea-
surement uncertainty of the 0707 beam. There is no systematic
trend in the fitted positions of the channel features as a func-
tion of velocity. A Gaussian fit to the data is consistent with a
beam deconvolved size of less than 0704. This implies a
minimum Rayleigh-Jeans brightness temperature of 2.7 x 108
K for the maser. Within measurement errors, a single-
component Gaussian fit to the velocity spectrum of the NH,
maser emission produces a peak flux density (1.3 Jy), line width
(0.35 km s~ '), and central velocity (55.3 km s~ ') consistent
with those reported by Wilson et al. (1991).

The W51 e region is seen as a large arclike source with an
extent of almost 30" (Fig. 1a). As previously discussed, our 3.6

TABLE 1

COMPACT SOURCES

S (mly) PROJECTED DIAMETER
SPECTRAL
REGION o(1950) 4(1950) 36cm 1.3 cm mas AU N, EM M, N; TYPE Mg
d, ...... 19R21m225169  14°25'11794 2.5 19 <40 <300 1.7 x 10 59 x 10° 1.8 x 10™* 3.5 x 10*¢ BO.5 25 x 107¢
[ 19 21 24.210 14 2503.67 12 29 130 x 96 910 x 670 4.6 x 105 1.2 x 10° 1.0 x 107> 54 x 10%¢ BO.5 34 x 107°
€ eennnn 19 21 26.127 14 2433.00 88 <20 1500 10500 1.5 x 10* 18 x 107 83 x 1072 1.5 x 10*7 BO
[ 19 21 26.247 14 2441.33 67 300 400 x 250 2800 x 1750 3.0 x 10° 1.5 x 10° 1.6 x 1072 5.6 x 10*7 BO 195 x 107¢
[ 19 21 26.179 14 24 31.51 6 <20 230 1610 6.7 x 10* 51 x 107 1.3 x 1073 1.0 x 10*® B0.5 16.4 x 107¢
[P 19 21 26.249 14 24 36.30 4 <20 140 980 1.1x10° 92x 107 13 x 1073 6.7 x 10** B0.5 12.1 x 107¢
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F1G. 2—A 3.6 cm wavelength contour plot of the W51 d region with a FWHM beamsize of 0°21. The contour levels of the continuum emission are shown as solid
contours and are 10%, 20%, ..., 90% of the peak flux density of 10 mJy beam ~*. Small crosses mark the positions of H,O masers (Schneps et al. 1981), triangles the
positions of OH masers (Gaume & Mutel 1987), a large cross the position of (J, K) = (9, 8) NH; masers, and broken contours the (J, K) = (3, 3)NH, thermal
emission (Ho et al. 1983). (b) A contour plot of the 1.3 cm continuum emission toward W51 d with a FWHM beamsize of 0709. The contour levels are 10%, 20%, ...,
90% of the peak flux density of 19 mJy per beam.
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z I (Pratap et al. 1991), and broken contours the (J, K) = (3, 3)
E e e NH, thermal emission (Ho et al. 1983). Several notable fea-
S o % tures are seen in Figure 5. First, two previously undiscovered
‘gi 1= . - continuum components have been detected. We have labeled
o these e; and e,. Component e, is ~1”5 SE of e,, and has a
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| | . boe . | near OH, H,O0, and (J, K) = (9, 6) NH; masers. The e; and e,
19 21 22.8 226 21.8 regions were not detected at 1.3 cm. When the 1.3 cm data are
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F1G. 3.—a) 2 cm wavelength contour plot of the W51 d region from Gaume
& Mutel (1987). The FWHM beamsize is 172 and the contour levels are —3%,
3%, 6%, 10%, 20%, ..., 90% of the peak flux density of 373 mJy beam 1. (b) A
3.6 cm wavelength contour plot of the W51 d region with a FWHM beamsize
of 0726. The contour levels are —10%, 10%, 20%, ..., 90% of the peak flux
density of 14 mJy per beam. (c) A contour plot of the 3.6 cm emission com-
ponent W51 d made using a restricted data set (see § 3). The FWHM beamsize
is 0720, and the contour levels are —15%, 15%, 25%, ..., 95% of the peak flux
density of 4.4 mJy beam ™.

and 1.3 cm data are biased against extended emission, and thus
the W51 e region is not seen in our images. However, a pre-
viously undetected ultracompact region is imaged in our 3.6
and 1.3 cm data. This component is shown in Figures 4a and
4b. We label this region es. Figure 4a is a contour plot of e at
3.6 cm. The triangles show the positions of 1720 MHz OH
masers projected about 3” to the NE (Gaume & Mutel 1987).
Figure 4b is a contour plot of e5 at 1.3 cm. This component is
easily resolved at 1.3 cm. Single-component Gaussian fits to
the 3.6 and 1.3 cm data are consistent with a deconvolved
source size of 0713 x 07096, p.a. 100°. This is equivalent to a

corrected for primary beam attenuation at the position of the
3 and e, components, the limiting flux density of these regions
is less than 20 mJy beam ™ !. This implies that these regions
have a spectral index of less than 2 between 3.6 and 1.3 cm.

With the high spatial resolution of the 3.6 and 1.3 cm data,
the previously known e, and e, regions are resolved. The €,
region appears in Figure 5 to be a broken, or distorted circular
shell. The SW rim of the shell is a factor of 6 brighter than to
the NW. Although the integrated flux density of e, is signifi-
cant, the peak flux density per beam is small, and thus €, was
not detected in the lower sensitivity 1.3 cm data which has a
noise level a factor of 20 worse (when corrected for primary
beam response, and differing beam sizes) than the 3.6 cm data.
The 1”5 diameter of e, is equivalent to a linear size of 10,500
AU.

The e, region is the peak component (in flux density per
beam) in the 3.6 cm data. Figure 6a is a contour plot ofe, at 3.6
cm. The source is resolved, elongated in the NE-SW direction.
Figure 6b is a contour plot of e, at 1.3 cm. With the higher
resolution of the 1.3 cm data we see that the core of e,, about
0”2 in diameter, located near «(1950) = 19"21™26%25 §(1950) =
14°24'41"4, has a clumpy brightness distribution. Another

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


http://adsabs.harvard.edu/abs/1993ApJ...417..645G

645G,

5 Y.

Agd

1993

r

650 GAUME, JOHNSTON, & WILSON Vol. 417
L A A R A AL |
o+ o _
— T T T T T
N -
q" H ] 14 25 04.0— : —
S .
Te]
N 03.9 o
< —~
no~ Q 03.8 -
o [ 7 o
© L o©
— - 03.7FH —
= ) P4
«© [ o
< = 03.61— Q —
p =z
m | | i
| )
w 03.5 -1
o
03.4— —
e 03.3} —
0 - -2 L ! ! I ! ! !
19 21 24.24 24.23 24.22 24.21 24.20 24.19 24.18
Aa" [cx0 =19 21 24.308] RIGHT ASCENSION (BI950)
F1G. 4a Fic. 4b
F16. 4—(a) A 3.6 cm wavelength contour plot of the ultracompact H 11 region e. The beamsize is0721 FWHM. The contour levels are 5%, 10%, 20%, ..., 90% of

the peak flux density of 10 mJy beam ~*. The triangles show the positions of 1720 MHz OH masers projected about 3” to the NE (Gaume & Mutel 1987). (b)) A 1.3 cm

wavelength contour plot of the region W51 e5 with a FWHM beamsize of 0709. The contours are 15%, 25%, ..

weaker component is located about 0”2 east of the core. The
extension to the SW, easily seen at 3.6 cm, is less prominent in
the 1.3 cm image. When the 1.3 cm image is convolved to the
same resolution as the 3.6 cm data it is evident that the SW
extension and core of e, have different spectral indices. Figure
6¢ is a 3.6—1.3 cm spectral index gray-scale/contour map of the
€, component. The spectral index in the SW extension of e, is
~0.7 between 3.6 and 1.3 cm, whereas the spectral index in the
core is ~2, consistent with an optically thick H 11 region.

4. DISCUSSION

4.1. Cometary H 11 Regions

Recent surveys have attempted to classify ultracompact H 11
regions into one of a handful of general morphological classes.
In particular, in an observation of 75 ultracompact H 11
regions, Wood & Churchwell (1989) identified five different
morphologies: spherical or unresolved, cometary, core-halo,
shell, and irregular or multiply peaked. As demonstrated by a
comparison of Figures 1a with 1b, and Figures 3a with 3b and
3¢, a particular ultracompact H 11 region can easily be mis-
typed or entire emission structures missed because of the
observational parameters chosen for the survey. This caveat,
and others concerning classification surveys, are discussed in
greater detail in § 11la of Wood & Churchwell and § 2.5 of
Churchwell (1990). Although taxonomy serves a useful
purpose, in this case conclusions drawn from population sta-
tistics for the various morphological classes must be viewed
cautiously, at best.

One morphological type of H 11 region has received con-
siderable attention of late: the cometary class. As defined by
Wood & Churchwell (1989), a cometary H 11 region’s
“ionization front is parabolic and shaped like a comet. Its

.,95% of the peak flux density of 13 mJy per beam.

leading edge is sharp and well defined. The surface brightness
along the parabola’s axis of symmetry decreases gradually
from the head to the tail” Two H 1 regions with cometary
shapes, Sgr B2 I and G34.3, were mapped by Benson & John-
ston (1984). The cometary morphology of G34.3 was discussed
by Reid & Ho (1985). Gaume & Mutel (1987) identified five
cometary-shaped H 1 regions, including Sgr B2 I and G34.3.
Of the 75 ultracompact regions mapped by their survey, Wood
& Churchwell (1989) identify 15 in the cometary morphologi-
cal class. Some H 11 regions that have been classified as com-
etary have extended, well-developed “tails” (e.g., G34.3+0.2,
Fig. 1 Van Buren et al. 1990), whereas others are little more
than bright emission arcs (e.g., G30.54 +0.02, Fig. 15a of Wood
& Churchwell 1989).

There has been great interest in the physical conditions
which are responsible for the formation of a cometary H 1
region, as an identification of this mechanism may lead to a
geater understanding of how a massive newly formed star
interacts with the surrounding molecular cloud. To explain the
cometary morphology of Sgr B2 I, Benson & Johnston (1984)
proposed that component I was a stellar shell being blown
away by radiation from components E, F, and G. Reid & Ho
(1985) suggest that a wind from the stellar precursor to the
W44 SNR is responsible for distorting the shape of G34.3 into
that of a cometary H 1 region. Based on molecular line data,
which shows hot, dense, molecular cores projected just off the
front of the “upstream” side of some cometary H 11 regions,
numerous authors have suggested a champagne flow, or a con-
finement of the H 11 region by the anisotropically distributed
molecular material, as a model for the environment of com-
etary H u regions (e.g., Carral & Welch 1992; Fey et al. 1992;
Heaton, Little, & Bishop 1989; Garay, Rodriguez, & van
Gorkom 1986). The recent numerical modeling of cometary
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FIG. 5—A contour plot of the 3.6 cm continuum emission toward the W51,
e,, €,, €3, and ¢, region shown with solid contours. The FWHM beamsize is
0721. The contour levels are 5%, 10%, 15%, 20%, 30%, ..., 90% of the peak
flux density of 20 mJy per beam. Triangles mark the positions of OH masers
(Gaume & Mutel 1987), small crosses the positions of H,O masers (Genzel et
al. 1981), a large cross the position of (J, K) = (9, 6) NH; masers (Pratap et al.
1991), and broken contours the (J, K) = (3, 3) NH, thermal emission (Ho et al.
1983). This figure is modeled after Fig. 2 of Pratap et al. (1991).

H 1 regions by Van Buren et al. (1990) and Mac Low et al.
(1991) suggest that cometary H 11 regions can be explained as a
layer of ionized material created at the bow shock interface
between the wind of a moving star and ambient neutral molec-
ular material. Extending the moving-star bow shock model to
all viewing angles, Mac Low et al. (1991) suggest that
85%-90% of all ultracompact H 11 regions are bow shocks.
Since ram pressure confinement of the H 1 region greatly
lengthens its lifetime, a desirable advantage of the bow shock
model (see Churchwell 1990) is that the model greatly prolongs
the period within which an O/B star will exhibit an observable
ultracompact H 11 region.

Figure 2a shows the W51 d region at a wavelength of 3.6 cm.
The 2" arclike H 11 region was classified as a cometary by
Wood & Churchwell (1989). Based on the images of the region
shown in Figures 2a, 3a, and 3b, we agree with this classi-
fication. Indeed, the region as seen in these contour plots
closely matches the standard bow shock model for a viewing
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angle of near 30° (compare with Fig. 5 of Mac Low et al. 1991).
However, as discussed in § 3, filtering the short u, v spacings
errors from the 3.6 cm data shows that the W51 d H 11 region
also shares characteristics with asymmetrically bright shell
sources that is, a shell whose edge exhibits an asymmetric
brightness distribution (Fig. 3c). As discussed by Mac Low et
al. (1991), bow shock models do not produce shells sources.
Although the bow shock model appears to explain the bright-
est features of W51 d, the shell-like characteristics are not
explained by this model. The bow shock model requires some
revisions to explain acceptably W51 d. Although W51 d is only
one source of many in the cometary class, the new data pre-
sented here cast some doubt on the direct application of the
bow shock model to other candidate ultracompact H 1
regions. Additional higher sensitivity and resolution observa-
tions should be undertaken of other sources in the cometary
class to determine if they too show an asymmetrically bright
shell structure when observed with greater sensitivity, particu-
larly those cometary H 1 regions without extended, well-
developed “ tails.”

4.2. Subarcsecond Ultracompact H 11 Regions

We have imaged a number of continuum sources. We
assume that these sources are ultracompact H 11 regions, and
that they are located in the W51 d and e star formation
complex. Although our observations detail a large number of
H 1 regions in W51 d and W51 e, the W51 region does not
appear to be unusual, as a large number of clustered H 11
regions have been detected in other regions of star formation
throughout the galaxy. But, as outlined by Churchwell (1990),
the existence of such a large number of standard-model, pho-
toionized, ultracompact H 1 regions poses a significant
problem. Driven by thermal and radiation pressures, and by
stellar winds, standard-model ultracompact H 11 regions are
believed to expand into the larger, compact H 11 regions
(diameter >10'7 cm) in a few 103-10* years (e.g., § 4b of Wood
& Churchwell 1989). To be consistent with the large number of
regions observed, either some confining mechanism must be
found to prolong greatly the length of the ultracompact stage,
or an upward revision in the currently favored rate of massive
star formation is required.

A possible alternative explanation, for at least some ultra-
compact H 11 regions, is the notion that quasi-stable ultracom-
pact H 11 regions can be formed by dense, hot, stellar winds
surrounding massive stars. These stellar wind H 11 regions
should be centrally condensed, and small. Panagia & Felli
(1975) and Wright & Barlow (1975) modeled the radio emis-
sion from a spherically symmetric, infinite, constant velocity
ionized wind, finding the spectral index « to be 0.6 (where
S oc v*). Others have extended the models by including recom-
bination, acceleration, or confinement of the stellar wind (e.g.,
Simon et al. 1983; Reynolds 1986). These extensions to the
initial stellar wind models show that the spectral index for a
stellar wind H 11 region can vary significantly from the canon-

. ical 0.6. Stellar winds have been proposed to explain a number

of ultracompact H 11 regions (e.g., Snell & Bally 1984).

Five continuum components with Gaussian fitted sizes of
less than 1” have been detected in WS51. The positions, inte-
grated flux densities, and sizes are listed in Table 1. The equa-
tions of Mezger & Henderson (1967), as revised by Panagia &
Walmsley (1978), were used to calculate electron density, emis-
sion measure, the mass of ionized hydrogen also listed in Table
1. The Lyman continuum photon flux listed in Table 1 (N,) is
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calculated using the integrated flux density. Assuming excita-
tion by a single star allows the assignment of spectral types
(Panagia 1973). The diameters of these sources range from less
than 300 AU (d,) to 3000 AU (e,). In addition, a sixth region,
W51 ey, is slightly larger, with a projected diameter of 175
(10,500 AU). With the exception of W51 e,, which has a shell-
like morphology, all of these may be stellar wind H 1 regions.
Using the formula of Smith et al. (1987), and assuming an
outflow velocity of 100 km s~ !, we calculate mass-loss rates
listed in Table 1. The spectral index « of component e is near
0.9, within measurement errors, whereas the spectral index of
component d, is near 2.0. If both of these regions are ionized
stellar winds, recombination in the wind, channeling of the
flow, or acceleration of the wind is required to produce a spec-
tral index greater than 0.6. The (J, K) = (9, 8) NH; masers are
projected 0705 (350 AU) NE of component d,. If the actual
separation between the central star of the d, H 1 region and
the NH; cloud is near the projected separation, and d, is a
dense ionized stellar wind, one must confront the problem of
how a dense cloud of neutral gas can coexist with a massive
ionized outflow, presumably in the process of blowing away
the nearby molecular material. One possible solution is that
the wind is channeled away from the NH; cloud. A more direct
solution is that the central star of component d, has no appre-
ciable wind, and component d, is a standard-model photoion-
ized H 1 region. This solution is not entirely satisfactory, for
unless component d, is extremely young, a quasi-stable mecha-
nism must be found to confine the H 11 region to a diameter of
less than 300 AU.

Component €5 is 3" SW of a 1720 MHz OH maser group
(see Fig. 4a), and a few arcseconds NE of the arclike compact
H 11 region W51 e (see Fig. 1a and 1b). Given the projected
separation of 3 x 107 cm, it is unlikely that component e is
directly associated with the 1720 MHz OH masers. The masers
are likely associated with another embedded source, identify-
ing the es region as the site of the formation of at least two
massive stars.

W51 e, is well resolved in both the 1.3 and 3.6 cm images.
Figure 6¢ shows a gradient in the spectral index of the e,
component. The core of e, has a spectral index of ~2 between
3.6 and 1.3 cm, whereas the spectral index decreases rather
smoothly to the south. There are two possible explanations for
this gradient in the spectral index of the e, component. With
the current data we cannot rule out the possibility that e, is
composed of two or more closely spaced individual com-
ponents, each having a different spectral index. Alternatively,
Reynolds (1986) has discussed the expected gradient in spectral
index along a resolved stellar wind jet. The core of the ionized
flow could exhibit an optically thick spectral index (o« = 2) with
an optically thin region (¢ = —0.1) farther out in the flow.
Intermediate regions of the ionized flow could exhibit interme-
diate spectral indices. Applied to W51 e,, this implies a one-
sided collimated outflow of ionized material, as the core of the
outflow (with o = 2) would be located in the NE portion of e,,
with the ionized outflow directed to the SW. Figure S show the
OH maser emission and (J, K) = (3, 3) NH; thermal emission
toward the e, component. The NH, thermal emission peaks
about 1” to the NE of e,, coincident with a group of 1665 and
1667 MHz OH masers found to the NE and E of e,. A compact
group of 1665, 1667, and 1720 MHz OH masers is found pro-
jected just off the southern edge of e,. The OH maser emission
covers a velocity range of 28 km s~ !. Spatial-velocity group-
ings are seen in the OH maser emission toward e, (see Fig. 15
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of Gaume & Mutel 1987). The OH masers may originate in
molecular material accelerated by the outflow. We note that no
thermal or maser emission is associated with e, to the E (the
H,O masers 2" to the N are likely associated with yet another
embedded source). It is possible that the NH; emission and
OH masers trace a dense portion of the molecular cloud which
prevents the stellar wind from flowing to the NE, resulting in
the one-sided outflow to the SW.

The e, and e, regions were detected at 3.6 cm but not at 1.3
cm. This is a result of the higher noise level of the 1.3 cm data
compounded with significant loss of sensitivity because of
attenuation by the primary beam response of the VLA
antennas. The 1.3 cm data are consistent with the spectral
indices of components e; and e, being less than 2. At 1610 AU,
the Gaussian fitted diameter of e is 65% larger than that of e,.
Component e; may be associated with a H,O maser (see Fig.
5). There has been some discussion about the nature of the
spatial separation and possible association between the e; H 11
region and the thermal NH;/OH maser complex a few arcsec-
onds to the NE of e, (Benson, Mutel, & Gaume 1984; Ho et
al. 1983). However, with the detection of component e, it
appears likely that the NH;, OH maser complex is heated by
an embedded source, possibly component e, rather than by an
interaction with the e, H 11 region.

The H 1 region W51 e,, with a linear diameter of 1.5 x 10!7
cm, is slightly larger than what normally qualifies as ultracom-
pact. However, in practice, H 11 regions several times larger
than e, commonly placed in the ultracompact class. Because of
lower sensitivity and a higher noise level, e, was not detected at
1.3 cm, but at 3.6 cm reveals a partial shell-like structure. The
observation of a shell structure suggests that e, is likely opti-
cally thin at 3.6 cm. W51 e, cannot be explained as a stellar
wind, as H 11 regions resulting from ionized stellar winds are
nominally centrally condensed. But pressure from a stellar
wind does play an important role, as winds appear to be the
most likely mechanism for confining the ionized gas in a shell-
like H 11 region to the walls of the cavity (Turner & Matthews
1984).

43. The(J,K) = (9, 8) NH; Masers

The main result in regard to the (J, K) = (9, 8) NH; emission
associated with W51 is a better upper limit for the size of the
ammonia maser region (40 mas). This size gives a lower limit of
2.7 x 10® K for this maser. From our measurements of the
brightness temperature and equation (1) of Johnston et al.
(1992), it appears that this maser must be saturated, unless the
beaming angle is much smaller than 0.1 sr. The saturated
nature of this emission would explain the small (less than 30%
over 5 years) amount of flux density variability observed. It
appears that this maser may amplify the compact continuum
source. Then, if the maser is saturated, the optical depth must
be of order 60. Following the analysis of Wilson et al. (1991),
we then estimate that the excitation temperature across the
inversion doublet levels is —15 + 8 K. This gives rise to an
overpopulation in the upper doublet level of 8%. It is of inter-
est to compare the situation for the (9, 8) maser, from para-
ammonia, with that for the (9, 6) maser from ortho-ammonia,
as measured by Pratap et al. (1991). The (9, 6) maser has a peak
brightness temperature of more than 10'2 K, is highly time
variable, and arises from a region of less than 0.1 mas. Thus,
the peak main beam brightness temperature of the (9, 8) NH,
line is about 10° times lower, and the time variability is less
than 30% over a period of more than 5 years.
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With the exception of NGC 7538 (Gaume et al. 1991),
ammonia masers arise only from nonmetastable (J > K) levels.
The nonmetastable levels are populated by a combination of
IR radiation or collisions, or both. Details of the excitation of
nonmetastable NH; masers are not clear. From observations,
the ortho-ammonia masers show a higher degree of time varia-
bility than para-NH; masers in W51. From this observation it
would seem that there is an intrinsic difference between masers
in ortho and para-NH;. If so, the maser excitation process
must be intrinsic to the NH;, and not the result of an overlap
with lines from other molecules. As stated often, however, a
method has not been found thus far to invert only a few selec-
ted nonmetastable levels of NH; (see, e.g., Schilke 1989; Brown
& Clagg 1991; Wilson & Schilke 1992).

5. CONCLUSIONS

The W51 d and e regions have been mapped at wavelengths
of 3.6 and 1.3 cm wavelengths with high sensitivity and
resolution resulting in the discovery of three new ultracompact
H 1 regions. A total of five ultracompact H 11 regions with
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diameters less than 3000 AU are found in W51 d and e, leading
to the possibility that there is a lengthy stellar wind phase in
the evolution of massive stars which results in observable
ultracompact H 11 regions.

The morphological classification of H 11 regions is severely
affected by spatial sampling in interferometric measurements.
The H 11 region W51 d, previously classified as cometary is seen
to also have the properties of a shell-like H 11 region. The
moving star bow shock model has been proposed to explain
the morphology of cometary H 11 regions. As this model cannot
produce shell sources, a revision is required to fully explain the
nature of W51 d.

A new lower limit to the brightness temperature of the
(J, K) = (9, 8) NH, masers has been established as 2.7 x 10° K.
These masers are probably saturated.
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