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ABSTRACT

We present observations of the (2, 2) and (3, 3) inversion transitions of ammonia toward a group of compact
H 11 regions near | = 1025, b = 0°0, made at 4” resolution using the VLA. We detected three distinct ammonia
sources in a region of ~2' in diameter. The densest and hottest cloud, having a line center velocity of
66.9 + 0.2 km s, is associated with the G10.47 +0.03 cluster of ultracompact H 11 regions. It exhibits a core-
halo structure, with a core of ~0.08 pc in size surrounded by an envelope of ~0.25 pc in diameter. The peak
optical depth in the main line of the (2,2) and (3, 3) transitions are 25 and 37, respectively. The rotational
temperature of the ammonia gas rises from ~25 K in the outer parts of the halo to ~75 K at the center of
the core. The ammonia column density rises from ~4 x 107 ¢cm~2 in the envelope region to ~4 x 108
cm~? in the central position. The NH, emission from the core region is remarkably broad in velocity; the line
widths of the (2,2) and (3, 3) main lines are 122 4+ 1.2 and 11.6 + 0.5 km s~ !, respectively. The observed
velocity structure of the ammonia emission indicates that the halo is slowly rotating, with an angular velocity
of 9.5+ 1.1 km s~ ! pc™!, while the gas in the core is undergoing rapid motions. A second cloud, having an
angular size of ~13”, a line center velocity of 71.3 + 0.2 km s !, and a line width of 3.5 km s~ ?, is found
toward the G10.46+0.03 complex region of ionized gas. It has a rotational temperature of 48 + 6 K and an
NH; column density of ~1 x 10'® ¢cm 2. The velocity structure of the ammonia emission suggests that this
cloud is probably expanding, with a velocity of ~2 km s~ . The third cloud, at I = 10°48, b = 0°03, has a size
of ~9”, a line center velocity of 65.4 + 0.9 km s~ !, and a line width of 3.5 km s~ !, and is not associated with
any known radio continuum emission. It may represent a molecular core undergoing gravitational collapse in

a stage prior to the formation of a star.

Subject headings: H 11 regions — ISM: individual (G10.5+0.0) — ISM: kinematics and dynamics —

ISM: molecules

1. INTRODUCTION

Aperture synthesis radio continuum observations have
shown the presence of several sources toward the | = 10°5,
b = 020 Galactic direction. At angular resolutions of ~15”,
G10.54 0.0 consists of three extended, complex sources spread
over a region of ~3' in diameter (Garay et al. 1993). Two of
these complexes, G10.46+0.03 and G10.47+0.03, contain
ultracompact H 11 regions indicating that they are the sites of
recent formation of massive stars (Wood & Churchwell 1989;
Garay et al. 1993). Other signs of active star formation, such as
H,O maser emission (Genzel & Downes 1977; Churchwell,
Walmsley, & Cesaroni 1990) and OH maser emission (Braz &
Sivagnanam 1987), are also present toward this region.

Ultracompact H 11 regions are thought to indicate the first
stage of the evolution of newly formed massive stars still
embedded in their natal molecular gas. Since they are most
likely ionization-bounded, they should be surrounded by
neutral matter that is being heated and excited by the stellar
luminosity from the central source. High angular resolution
observations of ammonia toward regions forming massive
stars have in fact shown the presence of dense and warm cores
of molecular gas associated with bright and small regions of
ionized gas (Keto, Ho, & Haschick 1987a; Keto, Ho, & Reid
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1987b; Garay & Rodriguez 1990). The ammonia emission
most probably originates in the warm, high-density molecular
gas close to the embedded O star. Molecular cores are thus
thought to be part of the remnant gas from which the OB stars
formed, and therefore they are useful objects for studying the
physical conditions and dynamics of the gas in the earliest
stages of star formation.

Molecular line observations toward the G10.5+ 0.0 region,
made with the Effelsberg 100 m telescope (HPBW of 40”), have
shown strong emission in the main and satellite hyperfine (HF)
lines of several inversion transitions of NH; (Churchwell et al.
1990; Cesaroni, Walmsley, & Churchwell 1992) and in several
rotational lines of C3*S (Cesaroni et al. 1991). The lines are
unusually broad, with a FWHM velocity width of ~8 km s~ 1.
Cesaroni et al. (1992) concluded that the ammonia spectra are
best fitted by a two-component model consisting of a highly
optically thick clump, responsible for the strong emission in
the satellite lines, plus a component of lower optical depth that
contributes only to the main line. These observations, however,
did not have the angular resolution to determine the location
of the molecular emission with respect to the compact H 11
regions, nor to resolve its spatial structure.

We report here observations of the (2, 2) and (3, 3) inversion
transitions of NH; made with the VLA, at an angular
resolution of 4”, toward the | = 10°5, b = 020 Galactic region.
These lines are probes of warm (T > 50 K) and dense
[n(H,) > 10* cm™*] molecular gas. The purpose of these
observations was to find out where the dense NH; gas resides
with respect to the compact H 11 regions, to determine its mor-
phology and velocity structure, and to investigate the physical
conditions within the ammonia clouds.
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2. OBSERVATIONS

The observations were made with the Very Large Array of
the National Radio Astronomy Observatory.* The array was
in the D configuration, which provides a range of spacings
from 40 to 1000 m. This range of spacings makes structures
larger than about 60” undetectable at 1.3 cm. The phase center
of the array was set at «(1950) = 18"05™3950 and §(1950) =
—12°52'30"0.

We observed the (J, K)=(3,3) inversion transition of
ammonia on 1988 September 19, and the (J, K) = (2, 2) inver-
sion transition on 1988 September 21. We assumed rest fre-
quencies of 23722.633 for the (2, 2) transition and 23870.129
MHz for the (3, 3) transition. We used a bandpass of 12.5 MHz,
centered at an LSR velocity of 53.3 km s !, and 63 spectral
channels 195.3 KHz wide each (about 2.5 km s~ ! at the observ-
ing frequencies). The integration time on source was ~ 60
minutes for both the (2, 2) and the (3, 3) transitions, with 25
antennas. Each 10 minute scan on source was paired with a 3
minute calibration scan on the source 1730—130. The data
were edited and calibrated by applying the complex gain solu-
tion from the calibration source. The flux density scale was
determined by observing 3C 286 for which we assumed a flux
density of 2.4 Jy at 1.3 cm. The bandpass response was normal-
ized using the observations of the calibrators 3C 273 and
1730—130.

The u,v data were Fourier transformed and cleaned using
the MX algorithm. We used a Gaussian taper of 40 kA in order
to increase the sensitivity to low surface brightness emission.
The synthesized beams were 477 x 376 and 573 x 3”8 at the
frequencies of the (2, 2) and (3, 3) lines, respectively. The rms
noise level in a single spectral line channel was 59 and 32 mJy
per beam solid angle for the (2,2) and (3, 3) observations,
respectively. To convert to brightness temperature, the fluxes
per beam in mJy should be multiplied by 0.13 for the (2, 2)
observations and 0.11 for the (3, 3) observations. Line maps
were made from the individual channel maps by subtracting a
continuum map made from the average of all line-free channel
maps.

3. RESULTS

3.1. Continuum Map

Figure 1 shows the 23.9 GHz radio continuum map toward
the I =10°5, b =0°0 Galactic direction made using the
average of off-line channel maps from the (3, 3) observations. It
shows two main sources: a bright and compact object to the
east, having a total flux density of 0.38 + 0.03 Jy and a decon-
volved angular size of 2”2 x 176; and a more extended, less
bright object, ~45” to the southwest of the former. The crosses
indicate the position of the ultracompact H 11 regions detected
at 4.9 GHz by Wood & Churchwell (1989, hereafter WC).

The eastern source corresponds to the G10.47 +0.03 Galac-
tic H 11 region. The three compact components detected by WC
(A, B, and C) appear blended in Figure 1 due to the smaller
angular resolution of our observations. Figure 2 shows the
radio continuum flux density of sources A and B added
together versus frequency, collected from the measurements of
WC, Garay et al. (1993, hereafter GRMC), and this paper.
Most of the flux density at the higher frequencies arises from

4 The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under cooperative agreement with the National Science
Foundation.
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FiG. 1.—VLA continuum map toward the G10.5+0.0 Galactic region at
23.9 GHz with 5”3 x 3”8 resolution. Contour levels are {—1,1,2,3,5,7,9, 12,

and 15} x 20 mJy per beam. The crosses mark the position of the ultracom-
pact H 11 regions detected by Wood & Churchwell (1989).
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FI1G. 2—Plot of radio continuum flux density vs. frequency for radio
sources in the [ = 10°5, b = 0°0 region. Top: spectrum, between 5 and 24 GHz,
of sources G10.47+0.03A and B added together. Bottom: spectrum, between
1.5 and 24 GHz, of the cometary H 11 region G10.46 4+ 0.03B.
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component A of WC, which is the brightest (T, ~ 6000 K)
object at 49 GHz. The spectral index between 4.9 and 23.9
GHz is 1.7 + 0.3. This value is consistent, within the observa-
tional errors, with that of an optically thick, uniform density
H 1 region. We note that in the map made using the contin-
uum channel of the (3, 3) data, G10.47 +0.03 exhibits a weak
elongated structure at a position angle of ~35° west of north.
A much larger structure, at roughly the same position angle, is
present in the 1.5 GHz map of GRMC.

The main western continuum source corresponds to the
cometary-shaped H 1 region G10.46+0.03B detected by
GRMC at 1.5, 4.9, and 15.0 GHz. At 23.9 GHz we measured a
flux density of 0.32 £ 0.03 Jy and a deconvolved size of 776
x 5”3. Figure 2 shows its radio continuum spectrum derived
from the measurements of GRMC and this paper. The spec-
trum is consistent with the radio emission being free-free radi-
ation arising from an optically thin H 11 region. The low value
at 15.0 GHz is most likely due to the relatively high angular
resolution (~3”) used in making that measurement, which
resolved out part of the emission from this extended source.
Assuming an electron temperature of 10* K and a distance of
5.8 kpc (Churchwell et al. 1990), we derive an electron density
of 4 x 10* cm ™3, The number of ionizing photons per second
needed to account for the observed radio continuum emission
is 1.1 x 10*® s~ which requires the equivalent of an O9
ZAMS exciting star. We also detected emission from
G10.46+0.03A, a compact and weak source, located about 15”
east of the cometary region, which was previously detected at
4.9 GHz by WC and at 4.9 and 15.0 GHz by GRMC. At 239
GHz we measured a flux density of ~25mlJy.

3.2. Line Profiles and Maps

Each energy level of an inversion doublet of NHj is split, due
to the hyperfine interaction of the electric quadrupole moment
of the N nucleus with the electric field of the electrons, into
three sublevels producing a characteristic inversion spectrum
consisting of a central main line and two pairs of satellite lines
symmetrically placed about the main line. In the absence of
non-LTE effects and in the optically thin limit, the satellite
lines should have an intensity of ~5% and ~3% of that in the
main line for the (2, 2) and (3, 3) transitions, respectively.

Figure 3 shows two line maps of the NH;(3, 3) emission
toward the I = 1025, b = 020 Galactic direction. The upper
panel shows the average of the line maps at the velocities of
63.1 and 65.6 km s~ !; the bottom panel shows the average of
those at the velocities of 70.5 and 72.9 km s~ !. These ammonia
maps reveal the presence of three remarkable molecular struc-
tures: a bright source, NH; G10.47+0.03, seen in both line
maps; a source toward the southwest, NH; G10.46+0.03,
evident in the higher velocity map; and a northern cloud, NH,
G10.48 +0.03, detected in the lower velocity map. In the
remaining of this section we present the observational results
for each of these sources. The coordinates and sizes of the
ammonia clouds are given in Table 1. The observed param-
eters on the NH, line emission are summarized in Table 2.

3.2.1. NH; G1047+0.03

This cloud is closely associated with the radio continuum
source G10.47+0.03. As indicated by the crosses in Figure 3,
which mark the position of the ultracompact H II regions, the
two brightest ultracompact H 11 regions lie at the peak position
of the ammonia emission. Among the three compact molecular
clouds detected in the present study, NH; G10.47+0.03 is the
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F1G. 3.—Line maps of the (3, 3) ammonia emission toward the | = 10°5,
b = 0°0 region at 6”0 x 6”0 resolution. Contour levels are {—3, 3,4, 5,7,9, 11,
14, 17, 20, 24, and 28} x 25 mJy per beam. Top: average of the 63.1 and 65.6
km s~ ! line channel maps. Bottom: average of the 70.5 and 72.9 km s~ line
channel maps.

one that exhibits the strongest ammonia emission. In the (3, 3)
main HF line, we measured a peak beam-averaged brightness
temperature of 69 K.

The line profiles of the (2,2) and (3, 3) inversion lines of
ammonia over an 13”2 x 1372 region covering this source are
shown in Figure 4. The pixel size is 172. The main and satellite

TABLE 2

AmMONIA CLOUDS

COORDINATES
CLoup (1950) 6(1950) ANGULAR SIZE
G10.46+0.03 ............... 18805™38:78  —19°52'43"5 1670 x 10”5
G1047+003 ............... 18 05 40.32 —19 5220.9 10.2 x 7.8*
3.9 x 2.3°
G10.48+0.03 ............... 18 05 39.97 —19 5144.3 13.8 x 5.5
* Halo.
® Core.
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with a deconvolved size of ~ 3”. The most striking results from
these maps are the strong emission seen in all four HF satellite
lines, indicated by their F' — F values, and the difference in the
size of the main and satellite line-emitting regions.

The average radial velocity of the ammonia gas, determined
by simultaneously fitting Gaussian profiles to all five quadru-
pole HF components, with fixed velocity separations, to the
spectra obtained by integration of the flux density per beam
over the whole source, is 66.9 + 0.2 km s~ !. The line width of
the (2, 2) and (3, 3) main HF lines, obtained by fitting a Gauss-
ian profile to the line emission integrated over the whole
source, are 8.2 + 0.6 and 8.8 + 0.4 km s~ !, respectively. Those
obtained by integrating the line emission only over the core
region (shown in Fig. 4) are 122 + 1.2 and 11.6 + 0.5 km s},
respectively. The average line width of the (2, 2) and (3, 3) satel-
lite lines from the core region are 8.1 + 0.9 and 9.0 + 2.1 km
s~ !, respectively.

Figure 6 shows a velocity-position contour diagram of the
NH; emission in the (3, 3) transition, at 573 x 3”8 and 2.45 km
s ! resolution, made from a cut along an east-west direction at
the declination of —19°52'19%2. We identify two features in this
plot. The most prominent one is a spatially compact (about
~ 3" in size), broad velocity feature (~12 km s ! wide), with a

a(1950)

Fi1G. 4—Beam-averaged profiles of the ammonia emission from the
G1047+0.03 cloud. Top: (2,2) inversion transition. The velocity scales
increases from —10.9 to 129.8 km s™?, right to left. Bottom: (3, 3) inversion
transition. The velocity increases from — 10.5 to 129.3 km s ™, right to left. The
tick mark in the flux density per beam scale corresponds to a value of 0.5 Jy per
beam. Spectra are at intervals of 1”2.

central velocity of ~67 km s~ 1. The four satellite HF com-
ponents of this feature can be easily recognized at the velocities
of ~38, 45, 88, and 96 km s~ !. The second feature that we
identify is a diagonal, spatially extended and narrow in veloc-
ity, component. Its center velocity shifts by ~4.1 kms~ ! overa
region of ~15”. The HF satellite components of this feature
are difficult to see, suggesting it has lower opacities than the
compact component.

3.2.2. NH; G1046 +0.03

This ammonia cloud, located ~20” east of the bright com-
etary region of ionized gas seen in the radio continuum map
(see Fig. 1), is associated with the weak ultracompact H 1
region G10.46 +0.03A (Wood & Churchwell 1989). Toward
the NH; G10.46 +0.03 cloud we detected the main HF lines of

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


http://adsabs.harvard.edu/abs/1993ApJ...413..582G

586

GARAY, MORAN, & RODRIGUEZ

Vol. 413

T T T T
19°52' 15"
20"

25"

T T T T T

36.1 3»2 38.6

15"

20"

25"

41.0 43.5 3-4

48.4 50.8

15"

20"

25"

53.3 55.8

60.7

8(1950)

'5" |
20"

2 5II

72.9 75.4

|5"

20"

25" L

85.2
15"

20"

25"

92.6 2—=3 95.0

97.5
15"

20"

25" |

1

-

1

102.4 104.8 O 107.3

| | 1 | |

1 1 1
18hosM4085 4050 4055 4050

F’ — F values.

the (2, 2) and (3, 3) inversion transitions in emission. The satel-
lite lines were undetected, indicating that the main line has an
opacity of less than about 4. Upper (3 o) limits for the flux
densities per beam in the (2, 2) and (3, 3) satellite lines, deter-
mined from a map made adding all four line channel maps at
the velocities expected for the satellite lines, are 87 mJy per
beam and 42 mJy per beam, respectively.

The line profiles of the (3, 3) inversion transition of ammonia
over an 16”8 x 1576 region covering this source are shown in
Figure 7. The pixel size is 172. The main HF line is clearly

40%5  40%0

4085  40%0 4055 4050

a(1950)

F1G. 5—Line channel maps of the emission in the (3, 3) inversion transition of ammonia toward the NH; G10.47 4+ 0.03 cloud with 53 x 38 resolution. The LSR
velocity of each map is indicated at the top right of the panel. Contour levels are { —4, —3,3,4,5,7,9, 11, 14, 17, and 20} x 30 mJy per beam. The locations of the
satellite hyperfine components, assuming an LSR velocity of 66.9 km s~ for the main component, are indicated at the top left of the appropriate panels by their

detected in emission while the satellite lines are undetected.
The emission, with a peak brightness temperature of 19 + 2 K,
arises from a region of ~16” x 10" in size.

Spectra of the emission in the (2, 2) and (3, 3) main lines,
integrated over the whole angular extent of the source, are
shown in Figure 8. The center velocity and width of the (2,
2; m) line emission, determined by fitting a Gaussian profile to
the spectra, are, respectively, 71.2 + 0.3 and 3.4 + 0.7 km s~ L
For the (3, 3; m) line emission we found a line center velocity of
71.4 + 0.2 km s~ ! and a line width of 3.6 + 0.7 km s~ . The

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


http://adsabs.harvard.edu/abs/1993ApJ...413..582G

No. 2, 1993 NH,; SOURCES TOWARD G10.54+0.0 H 1 REGION COMPLEX
18h05m39§4 C ‘[ u DL E L L N A BN B B B AL R A T
1600 |- |
~ 1 NH3 (2,2) 610.46+0.03
3058 | 1 1200 | |
~ - 800 | _
(&)
S L 1
8 4022 | -
= 400 |
: a ° |
S i © 1
4026 | - oL ]
R o o @)
B o o
- = £
= 400 Lo 10 Lo
450 B % T T L s
S 1600 | |
L | ! ! I 1] = |
100 80 60 40 20 NH3(3,3)
Velocity (km s-1) 1200 - |
FiG. 6.—Velocity-position map of the NH; (3, 3) line emission, along an r
east-west line at §(1950) = —19°52'19”2. The contour levels are {—3, 3,4, 5,7, 800 1
9,11, 14,and 17} x 30 mJy per beam. The angular resolution is 573 x 3"8. B
400 | ]
flux densities at the center of the line, derived from the Gaus- | )
sian fittings, are 1.82 +0.29 Jy for the (2,2;m) line and J
1.78 + 0.23 Jy for the (3, 3; m) line. 0}
Figure 9 shows a velocity-position contour map of the (3, 3) © o
line emission, at 573 x 3”8 and 2.45 km s~ ! resolution, made 00 ‘
along an east-west direction at the declination of —19°52'4372. 40 50 60 70 80 90 100
This plot exhibits an arc shaped structure, with the gas at Velocity (kms~1)

the center of the arc being blueshifted, by ~2 km s~?, with
respect to the mean velocity of the gas near the outer edges of
72.6kms™ 1.

587

FiG. 8.—Integrated spectra of the NH; emission from the G10.46+0.03
cloud. Top: (2, 2) inversion transition. Bottom: (3, 3) inversion transition.
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F1G. 7—Beam-averaged profiles of the ammonia emission in the (3, 3) inversion transition from the G10.46 4+ 0.03 cloud. The velocity increases from —10.5 to

129.3km s~ ', right to left.
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F1G. 9.—Velocity-position map of the NH; (3, 3) line emission from the
NH; G10.46+0.03 cloud, along an east-west line at §(1950) = —19°52'43"2.
The contour levels are {—3, —2,2, 3,4, 5, 6, and 7} x 30 mJy per beam. The
angular resolution is 573 x 3"8.

3.2.3. NH, G1048+0.03

Toward this cloud no radio continuum emission at 23.9
GHz was detected at a limit of 13 mJy. We detected ammonia
emission in the main HF lines of the (2, 2) and (3, 3) inversion
transitions. The satellite lines were below our detection limits.
Upper (3 o) limits for the flux densities per beam in the (2, 2)
and (3, 3) satellite lines are 87 and 42 mJy per beam, respec-
tively. The (3, 3; m) line emission, having a peak brightness
temperature of 14 K, arises from a region of ~ 14" x 6” in size.

Figure 10 shows the spectra of the (3, 3) transition, obtained
by integration of the flux densities per beam over the whole
extent of this source. The center velocity and width of the (3,
3; m) line emission, determined by fitting a Gaussian profile to
the spectra, are 64.7 + 0.2 km s~ ! and 3.6 + 0.8 km s,
respectively. Line channel maps of the emission in the (3, 3)
inversion transition of NHj, in the velocity range from 60.7 to
70.5 km s~ !, are shown in Figure 11. The channel width is 2.45
km s~ 1. At the velocity of 63.1 km s~! the emission arises
mainly from the edges of the molecular structure, while at 65.6
km s~ ! the emission peaks near the center of the structure.

4. ANALYSIS AND DISCUSSION

In the following analysis we derive physical parameters of
the three ammonia clouds detected toward the [ = 10°5, b =
0°0 Galactic region from our observations of the (2,2) and
(3, 3) inversion transition lines. For this purpose we have used
the standard interpretation of the NH; spectra as described by
Ho & Townes (1983). The derived parameters are summarized
in Table 3. In addition, we discuss the kinematics of the
ammonia structures and their relationship to the compact
regions of ionized gas within that complex star forming region.

4.1. NH; G10.47+0.03

Toward this cloud we detected emission in all the hyperfine
quadrupole components of both the (2, 2) and (3, 3) inversion
transitions. Maps of the emission in the satellite and main lines
of the (3, 3) inversion transition, shown in Figure 12, suggest
that the G10.47+0.03 ammonia cloud has a core-halo struc-
ture. The emission from the HF satellite lines, which presum-
ably samples a hotter and denser molecular component, arises
from a compact region of ~379 x 23 in size, hereafter called
the core, that is embedded in a larger, ~1072 x 7”8, region
delineated by the emission in the main line, hereafter called the
halo. To derive physical parameters of the core structure, we
integrated the NH; line emission over the 4’8 x 4”8 region
shown in Figure 4.

-19°51'30" T ] T T T T T T - —
60.7 63.1 65.6 68.0 70.5
§ 45" 1 @ 1 1 O 1 |
-
| | | | |
18hosm4ys  40S 408 408 405 408
a (1950)

FiG. 11.—Line channel maps of the (3, 3) ammonia emission toward the NH; G10.48 +0.03 cloud with 670 resolution. The LSR velocity is indicated in the top

left. Contour levels are { — 3, 3,4, 5,and 7} x 30 mJy per beam.
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by TABLE 3
5, DERIVED PARAMETERS OF THE AMMONIA STRUCTURES
]
o L T, NNH) o dH)?  MGH)
Source P9 (K) (cm™?) (cm™3) (M)
G10.47+0.03:
Core ...ovviiiiiiiinns 0.08 75 32x10'% 12 x 107 210
Halo ............ 025 35 43 x 10'7 56 x 10° 260
G10.46+0.03 0.36 48 13 x10' 12 x10* 28
G10.48+0.03 0.25 47 9.0 x 10'* 1.2 x 10* 14

 Assuming an [H,/NH,] abundance ratio of 10°.

Optical depths—The detection of the main and satellite HF
lines of a given inversion transition allows a direct estimate of
its total optical depth. In order to make opacity maps we made
a new set of line maps, with a synthesized beam size of 670
x 6”0, to further increase the sensitivity to low surface bright-
ness emission. Since the satellite lines have approximately the
same relative intensities, we averaged all four satellite lines, in
order to improve the signal-to-noise ratio, before calculating

G10.47+0.03
T T T T

-19°52'00" |
(3,3;m)

10" | _

20"

©

3(1950)

30" 4

40" | i
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3 (1950)
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18" 05™ 425 a1 40°
a(195C)

FiG. 12—Contour maps of the NH, emission in the (3, 3) inversion tran-
sition, from the G10.47+0.03 molecular cloud. Top: main-line emission.
Contour levels are {—3,3,4,5,7,9, 11, 14, 17, 20, and 24} x 30 mJy per beam.
Bottom: satellite line emission. Contour levels are {—1, 1, 2, 3, 5, 7, 9, and
12} x 30 mJy per beam.

the opacities. In generating the opacity maps the data in the
main and satellite line maps were clipped at their 3 ¢ noise
level. Figure 13 shows maps of the opacities of the (2, 2, m) and
(3, 3; m) lines, computed from the ratio of the brightness tem-
perature in the line maps of the main and satellite components
assuming equal beam-filling factors and equal values of the
excitation temperatures. The optical depth of the (3, 3; m) line
increases from ~ 8 at the edge of the compact region to ~27 at
its central position; that of the (2, 2; m) line increases from ~4
to ~20. Using the unsmoothed data we find peak optical
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FiG. 13—Contour maps of NH, optical depths toward G10.47+0.03.
Top: optical depth of the (2, 2) main HF line. Contour levels are { —4, 4, 8, 12,
16, and 20}. Bottom: optical depth of the (3, 3) main HF line. Contour levels
are { —4,4,8, 12, 16, 20, and 24}.
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depths in the (2, 2; m) and (3, 3; m) lines of 25 and 37, respec-
tively. These optical depths are among the largest so far
derived for molecular cores associated with compact H 1
regions. The corresponding opacities in the satellite lines are
1.6 and 1.1 for the (2, 2) and (3, 3) transitions.

Rotational temperature—The rotational temperature
between the (2, 2) and (3, 3) levels can be derived from the ratio
of their optical depths. Using the maps of the optical depths in
the main lines (see Fig. 13) we made a map of the rotational
temperature assuming equal excitation temperatures for the
(2, 2) and (3, 3) levels. Figure 14 shows a cut of this map made
passing through the peak position, at « = 18"05™40¢32 and
J = 19°52'22"2, and along a direction with a position angle of
67° east of north. We note that implicit in this derivation is the
assumption of uniform conditions along a line of sight; hence,
these values of the rotational temperature should be taken only
as an average value along the line of sight. The rotational
temperature, T, increases from ~25 K at the edge of the
molecular structure to ~70 K at the center of the core. Using
the unsmoothed data we found a peak T, of 79 K. A compari-
son of this temperature with the observed peak beam averaged
brightness temperature, of 69 K, suggests that the molecular
gas in the central position covers a large fraction of the beam
area.

Two of the three ultracompact H 1 regions in the line of
sight toward this cloud are projected right at the peak position
of the ammonia rotational temperature map, suggesting that
they are the source of heating of the molecular gas. A minimum
least-squares fit to a power-law relation between T, and the
projected distance from the exciting stars, p gives

P —0.410.1
10%7 cm> K. )

for p in the range between 1 x 10*7 and 7 x 10'7 cm. A deter-
mination of the dependence of T, with the distance from the
central stars, r, requires to simulate spectral line images of
three dimensional molecular clouds (see Keto 1990), a task
beyond the scope of this paper. We note, however, that in the
presence of temperature gradients, due to the dependence of

the population level density with temperature (oc exp E*T/

To(p) = 72(

65 | -

55 [ —

Toor (K)
T
1
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F1G6. 14.—Line profile of the rotational temperature, between the (2, 2) and
(3, 3) transitions of NH;, toward the G10.47+0.03 cloud along a direction
with a position angle of 67° east of north.
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T%/%), the main contribution to the opacity arises from the
hotter gas in the line of sight. If T, decreases monotonically
with r we then expect, to a first approximation, that T, (p) ~
T, (7). Relation (1) is in good agreement with that predicted by
a model in which the heating of NH; is provided by collisions
with warm grains which are in turn heated by the stellar emis-
sion from the embedded central sources that excite the H 1
regions (Scoville & Kwan 1976).

Column densities and molecular masses—The total column
density of NH; can be computed knowing the optical depth,
the rotational temperature, and the excitation temperature of
an inversion transition (cf. eq. [8]) of Garay & Rodriguez
1990). Assuming that the excitation temperature is equal to the
rotational temperature, using T, = 35 K for the envelope and
75 K for the core region, we derive peak NH; column densities
of ~4 x 107 cm™2 and ~3 x 10'® cm ™2, respectively. The
ammonia densities can be derived from the column densities
dividing by a characteristic length. Adopting path lengths of
0.25 pc for the envelope and 0.084 pc for the core, which corre-
spond to the geometrical mean of the observed projected sizes,
we derive ammonia densities of 0.6 and 12 cm ~ 3, respectively.

The determination of the molecular hydrogen density
requires to know the abundance ratio [NH,/H,]. This ratio
has been estimated to be between 107 for small and dark
clouds (Ungerechts, Walmsley, & Winnewiser 1980) and 10~ °
in the dense nucleus of the Orion molecular cloud (Genzel et al.
1982). For the G10.47+0.03 cloud we will adopt a fractional
abundance of 10~ ¢, as determined for other clouds with similar
physical conditions (Henkel, Wilson, & Mauersberger 1987),
implying H, densities of 5.6 x 10% and 1.2 x 107 ¢cm ™3 for the
envelope and core regions, respectively. Recently, Cesaroni et
al. (1991) reported observations of G10.47 +0.03 in three lines
of C3*S made with angular resolutions ranging from 12" to 26"
Using statistical equilibrium calculations they derive an H,
density of 6.3 x 10° cm™3, similar to the density that we
derived for the halo region from the ammonia observations.
Given the large uncertainties inherent to both derivations, for
instance in the [C3*S/H,] and [NH,/H,] abundance ratios or
in the magnitude of the velocity gradients, the agreement is
remarkable. Finally, assuming radii of 0.042 pc and 0.125 pc,
we derive hydrogen molecular masses of ~210 and ~260 M
for the core and halo regions, respectively.

Line widths and kinematics—The line widths of the
G10.47+0.03 cloud are significantly broader than the average
line width of a large sample of ammonia sources associated
with ultracompact H 11 regions, of ~3 km s~ ! (Churchwell et
al. 1990). Even though the latter line width, derived from obser-
vations with 40” angular resolution, may be dominated by
emission from cold gas surrounding the warm compact molec-
ular cores, the significantly larger line width of the warm
G10.47+0.03 ammonia cloud cannot be solely explained by
either its high kinetic temperature or by its large optical depth.
Most likely, the large line widths are due to the presence of
greater ordered or turbulent gas motions.

From the position-velocity contour plot of the (3, 3) tran-
sition made at a position angle of 0°, shown in Figure 6, we
have identified two structures: (1) a spatially compact, broad-
velocity feature seen in all five HF components; and (2) a
diagonal feature, more extended spatially but narrower in
velocity, seen clearly only in the main HF line. We interpret
this last feature as the signature of approximate rigid body
rotation of the gas in the optically thin envelope of the
G10.47 4 0.03 molecular cloud. The change in the center veloc-
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ity across the envelope, of 4.1 + 0.5 km s ! over a length scale
of 0.43 pc, implies a velocity gradient of 9.5 + 1.1km s~ ! pc™ 1.
The mass required to gravitationally bind the rotational
motions is ~180 M. Using a rather uncertain value for the
[NH,/H,] abundance ratio of 10, we previously estimated a
molecular mass for the G10.47 4+ 0.03 ammonia cloud of ~470
M . In addition, there are at least two BO and one B0.5 ZAMS
stars ionizing the region (Wood & Churchwell 1989), contrib-
uting ~60 M (Allen 1973). This brings our estimate of the
total mass in this region up to ~530 M. Consequently, we
conclude that there is sufficient mass within the G10.47+0.03
cloud to gravitationally bind the rotational motion of the
molecular envelope.

We now turn to the discussion of the origin of the broad line
widths observed in the core region. Thermal broadening is too
small to explain the observed line widths; even at the high
kinetic temperature of the core, 75 K, the thermal width is only
~0.5 km s~ !, Saturation broadening, given the values of the
opacities derived for the core region (see § 4.1), is also negligi-
ble for the satellites lines but is expected to become important
for the main lines. We note that the line widths measured
toward the core in the main lines are greater, by ~3 km s~ 1,
than those observed in the satellite lines. The difference in line
widths can be ascribed to saturation effects in the main lines.
The broadening observed in the satellite lines, of ~9 km s 2,
requires, however, an additional explanation. Possible mecha-
nisms involve the presence of either rotational, infalling, or
outflowing gas motions. If the gas in the core is roughly freely
falling toward the central stars, the mass needed to produce an
infall velocity of ~4.5 km s ™! (about one-half of the line width)
at the core radius of 0.042 pcis ~ 100 M . Unless the support-
ing mechanisms against gravitational collapse (magnetic fields,
rotation, etc.) have been lost only recently, a serious difficulty
with this model is that the collapse time of the core is very
short, ~10* yr, compared with the time scale of formation of
the luminous early-type B stars at the center of the flow (~ 10°
yr). Thus, we consider this possibility the least likely.

The second possibility we examine is that the molecular gas
in the core is spiralling toward the compact H 11 regions, slowly
falling but rapidly spinning up due to partial conservation of
the angular momentum. In a simple analysis (cf. Ho & Has-
chick 1986) the velocity gradient scales as R~ 2 if the angular
momentum is conserved. Given that the velocity gradient is
9.5+ 1.1 km s~ ! pc! at a scale of ~0.21 pc, we expect a
gradient of ~240 km s~ pc™! at 0.042 pc. When observed
with our low angular resolution these rotational motions
should produce a line width of ~10 km s~! [ ~(Av/AR) x R],
in good agreement with the observed value. If this hypothesis is
correct, we may conclude that a significant fraction of the
initial angular momentum is still left at scales of ~0.05 pc. A
drawback of this model is that in the velocity-position diagram
shown in Figure 6 we do see a broad, nearly circular structure,
while the model predicts that a broad but diagonal structure
should be observed.

The third possibility is that the core gas is undergoing
outflow motions, such as those proposed in the case of
G5.89—-0.39 by Gomez et al. (1991). The outflow motions
could be driven by the expansion of the hot ionized gas around
the newly formed stars. The hot ammonia gas would then be
part of the heated and compressed region behind the shock
front around a compact H II region. With the angular
resolution provided by the present observations we cannot
discern among the different possibilities discussed above.

NH; SOURCES TOWARD G10.5+0.0 H 1 REGION COMPLEX 591

Clearly, observations with higher angular and spectral
resolution are needed to resolve the structure of the motions
across the core.

42. NH; G10.46+0.03

Toward the G10.46+0.03 cloud we detected emission in the
main HF line of the (2, 2) and (3, 3) inversion transitions, but
not in the satellite lines. From the observed values and upper
limits of the flux densities per beam integrated over the whole
source, we derive upper limits of 0.5 and 0.9 for the opacities in
the main line of the (2, 2) and (3, 3) transitions, respectively.

Assuming that the emission in the main lines is optically
thin, the ratio of flux densities in the (2, 2; m) and (3, 3; m) lines
[S)(2,2;m)=182+029; S§,3,3;m)=1784+023 Jy]
implies a rotational temperature for the G10.46 +0.03 cloud of
48 + 6 K. An estimate of the optical depth can then be
obtained from the observed brightness temperature of the line,
T}, and the rotational temperature, T,,, using the relation T;, =
(s — Ty))(1 — e ), which assumes that the filling factor of
the emitting region is equal to 1 and that the excitation tem-
perature of the line is equal to T,,. Using the observed value of
T,(3,3;m) =19+ 2 K, T,,,=48 K, and T,, = 3 K, we find
7(3, 3; m) ~ 0.6. From this opacity and the line width of the
(3, 3; m) line, of 3.6 km s, we derive a total column density
for the ammonia of N(NH;) ~ 1.3 x 10*°cm™2.

Since the NH; lines are optically thin, the mass of molecular
gas can be derived from the parameters observed in one tran-
sition. In terms of the flux density and line width of the (3, 3; m)
line, the total mass of molecular gas is given by

D \?([H,/NH;]
M(H)) = 24 x (T, T,ot)(kp(:) ( 0
Av S.(3, 3; m)
(o
where
T \** T.
T — rot (2.9
0 7= () 20)
. exp (124.5/T;,)
{1/lexp (hv33/kT) — 11 — 1/[exp (hvss/kTo) — 11}
Using T, = T,,, = 48 K, and assuming an [H,/NH,] abun-

dance ratio of 10° we derive a molecular mass for
G10.46+0.03 of 28 M.

Turning now our discussion to the dynamics of this cloud,
we interpret the arc-shaped structure seen in Figure 9 as indi-
cating expansion motions of a shell of molecular gas. Toward
the center of the shell the expansion is along the line of sight
and therefore we see blueshifted gas. At the edges of the shell,
the gas is moving perpendicular to the line of sight and the
observed radial velocity is the mean velocity of the system. The
expansion velocity, determined as the difference between the
average radial velocity of the gas at the center and in the outer

regions of the arc structure, is 2.0 + 0.5kms™!.

43. NH; G1048+0.03

Toward the G10.48 +0.03 cloud we detected emission only
in the main line of the (2 2) and (3 ) inversion transitions. We
derive upper limits for the opacities in the (2, 2) and (3, 3) main
lines of 0.9 and 1.1, respectively.

Following the same line of reasoning applied to derive the
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physical parameters of the G10.46+0.03 cloud, we find that
the G10.48 +0.03 cloud has a rotational temperature of 47 + 6
K, an optical depth in the (3,3 m) line of 0.4, and an NH;
column density of 9 x 10'®> cm~2. Further, adopting a path
length in the line of sight of 0.24 pc, we derive an H, molecular
density of 1.2 x 10* cm 3. The molecular mass of this cloud,
derived from equation (2) assuming an [H,/NH;] abundance
ratio of 105, is 14 M.

An examination of the emission in the individual line
channel maps of the (3, 3) transition (see Fig. 11) suggests that
this source is undergoing radial motions. At the velocity of 63.1
km s~ ! the emission arises mainly from the edges of the molec-
ular structure, while at 65.6 km s~ ! the emission peaks near the
center of the structure. Although the signal-to-noise ratio is
low, the observed velocity structure suggests a radial flow with
a velocity of 1.2 + 0.6 km s~ 1. It is not possible, however, to
determine whether we are observing the front hemisphere of an
infalling structure or the back hemisphere of an outflowing
structure. The mass required to generate an infall velocity of
1.2 km s~ ! at the radius of 0.12 pc is 20 M, which is about
equal to the mass estimated from the ammonia measurements.
The observed radial flow is thus consistent with gravitational
collapse. Since this cloud does not appear to have a significant
source of internal energy, it may represent a molecular conden-
sation undergoing collapse in the earliest stage of star forma-
tion.

5. SUMMARY

We mapped, with the VLA at an angular resolution of ~4",
the ammonia emission in the (J, K) = (2, 2) and (3, 3) inversion
transitions, toward the Galactic star-forming region at | =
1025, b = 0°0. The main results and conclusions presented in
this paper are summarized as follows.

1. We detected three distinct compact ammonia clouds, in a
region of ~2' in diameter, at the Galactic coordinates of | =
10°47,b = 0°03; 1 = 10°46, b = 0203; and [ = 10°48, b = 0°03.

2. The brightest ammonia cloud, having a peak brightness
temperature of 69 K in the (3, 3) main line, is associated with
the G10.47 +0.03 cluster of compact H 11 regions. It exhibits a
core-halo structure. The emission in the HF main line of the
(3, 3) inversion transition arises from a ~ 10?2 x 78 structure,
elongated in a direction oriented ~ 36° east of north. The emis-
sion from the HF satellite lines, which presumably sample
denser and hotter gas, arises from a region of ~ 3” in size near
the center of the envelope.

2.1. The rotational temperature increases from ~25 K in
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the outer edge of the envelope (radius of 0.2 pc) to ~75 K in
the central region of the core, scaling outward with radius as
r~ %4 The ultracompact H 11 regions located at the center of
the core are the most probable source of heating of the
molecular gas. The column density of NH; increases from
~4 x 10*7 cm~ 2 in the envelope to ~3 x 10'8 cm ™2 in the
core. We derive H, densities of 6 x 105 and 1 x 10" cm ™3
and molecular masses of 260 and 210 M, for the halo and
core regions, respectively.

2.2. The molecular envelope appears to be slowly rotating.
Velocity-position maps show that the line center velocity
steadily shifts by ~4.1 km s~ over a region of ~0.43 pc.
The corresponding velocity gradient is 9.5+ 1.1 km s~1!
pc~!. The mass required to gravitationally bind the rota-
tional motionsis ~180 M.

2.3. The NH; emission from the core region exhibits
remarkably broad line widths, of ~12 km s~ ! in the main
lines and ~9 km s~ in the satellite lines. The broad line
widths may be explained as due to either spiraling motions
of a gas in the core that is slowly collapsing toward the
central compact H 1 regions while conserving most of its
angular momentum, or due to outflowing motions driven by
the expansion of the H 11 region. The difference in line widths
between the main and satellite lines may be ascribed to satu-
ration effects in the former.

3. The NH; G10.46+0.03 cloud, having a velocity of 71.3
km s~ !, is associated with the ultracompact H 1 region
G10.46+0.03A. It has a size of ~0.36 pc, a peak rotational
temperature of 48 K, and a peak NH; column density of
1 x 10'® cm™2. We derive an H, density of 1.2 x 10* cm ™3
and a total mass of 28 M. The velocity structure suggests that
this cloud is expanding with a velocity of ~2kms™1.

4. The NH; G10.48 4+ 0.03 cloud, having a line center veloc-
ity of 65.4 km s~ !, does not appear to be associated with a
significant source of internal energy. At 23.9 GHz we did not
detect radio continuum emission at a flux density level of 13
mJy. It has a peak rotational temperature of 47 K and an NH;
column density of 9 x 10*5cm ™2, The molecular mass is 14
M. The observed velocity structure is consistent with infall
generated by the self-gravity of a 20 M object.

G. G. acknowledges support from an Henri Chrétien Award
and from the Smithsonian Institution of Washington. This
research has been partially supported by the Chilean FON-
DECYT under grant 0907/92.

REFERENCES

Allen, C. W. 1973, Astrophysical Quantities (London: Athlone)

Braz, M. A,, & Sivagnanam, P. 1987, A&A, 181, 19

Cesaroni, R., Walmsley, C. M., & Churchwell, E. 1992, A&A, 256, 618

Cesaroni, R., Walmsley, C. M., Kémpe, C., & Churchwell, E. 1991, A&A, 252,
278

Churchwell, E., Walmsley, C. M., & Cesaroni, R. 1990, A&AS, 83, 119

Garay, G., & Rodriguez, L. F. 1990, ApJ, 362, 191

Garay, G., Rodriguez, L. F., Moran, J. M., & Churchwell, E. 1993, ApJ, in
press (GRMC)

Genzel, R., & Downes, D. 1977, A&AS, 30, 145

Genzel, R, Downes, D., Ho, P. T. P, & Bieging, J. 1982, ApJ, 259, L103

Gomez, Y., Rodriguez, L. F., Garay, G., & Moran, J. M. 1991, ApJ, 377, 519
Henkel, C., Wilson, T. L., & Mauersberger, R. 1987, A&A, 182, 137

Ho, P. T. P., & Haschick, A. D. 1986, ApJ, 304, 501

Ho, P.T. P, & Townes, C. H. 1983, ARA&A, 21,239

Keto, E. R. 1990, ApJ, 355, 190

Keto, E. R;, Ho, P. T. P., & Haschick, A. D. 1987a, ApJ, 318,712

Keto, E.R., Ho, P. T. P., & Reid, M. J. 1987b, ApJ, 323, L117

Scoville, N., & Kwan, J. 1976, ApJ, 206, 718

Ungerechts, H., Walmsley, C. M., & Winnewiser, G. 1980, A&A, 88, 259
Wood, D. O. S., & Churchwell, E. 1989, ApJS, 69, 831 (WC)

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


http://adsabs.harvard.edu/abs/1993ApJ...413..582G

