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ABSTRACT

We present high resolution H41a: hydrogen recombination line observations of the 1.2’ (3 pc) region surround-
ing Sagittarius A* (Sgr A*) at 92 GHz using the Millimeter Array at the Owens Valley Radio Observatory (OVRO)
with an angular resolution of 7"’ x 3" and velocity resolution of 13 km s™*. New observations of H31a, H35a,
H41a and H44a lines were obtained using the NRAO 12-m telescope, and their relative line strengths are in-
terpreted in terms of various possible emission mechanisms. These NRAO 12-m measurements are the most
extensive recombination line survey of this region to date. These OVRO data also represent the highest angular
resolution and the highest sensitivity observations of Sgr A West in hydrogen recombination line and continuum
emission at the millimeter (mm) wavelengths. Observations of HCO*(J = 1 — 0) transition at 89 GHz are obtained
simultaneously with a 40% improved angular resolution and 4-15 times improved sensitivity over the previously
published results, and the distribution and kinematics of the dense molecular gas in the circumnuclear disk (CND)
are mapped and compared with those of the ionized gas. The line brightness ratios of the hydrogen recombina-
tion lines are consistent with purely spontaneous emission from Te ~ 7000 K gas with ne ~ 2 x 10* cm™ near
LTE condition. A virial analysis suggests that the most prominent molecular gas clumps in the CND have mean
densities of order 107 cm™3, sufficient to withstand the tidal shear in the Galactic Center region. Therefore, these
clumps may survive over several dynamical times, and the CND may be a dynamically stable structure. We esti-
mate a total gas mass of about 3 x 10°M, for the CND. Our combined analysis of the new high resolution H41a
and HCO" images and our kinematic model demonstrates a widely spread physical and dynamical link between
the molecular gas in the CND and the ionized gas, including along the eastern rim of the CND where a gap was
previously suggested.

Subject headings: Galaxy: center — galaxies: nuclei — ISM: molecules — radio continuum: ISM — radio

lines: ISM

1. INTRODUCTION

Studying radio recombination lines (RRLS) is one of the most
direct ways of probing ionized gas such as HIlI regions. lonized
gas properties such as kinematics, electron temperatures, and
the geometrical filling factor can be directly constrained by the
recombination line flux density, line width, free-free continuum
flux density, and size of the line-emitting regions. At centime-
ter (cm) wavelengths, RRLs are primarily stimulated emission
amplifying extended non-thermal synchrotron emission. There-
fore, distinguishing emission arising from diffuse, low density
gas from that from clumpy, high density gas is difficult. Also,
pressure broadening of the line width can complicate the inter-
pretation of the cm RRL observations. For instance, cm RRL
emission from luminous starburst systems such as Arp 220 may
be dominated by internally stimulated emission from diffuse
ionized gas (Anantharamaiah et al. 1993; Zhao et al. 1996)
while spontaneous emission process is important at higher fre-
guencies (e.g. Anantharamaiah et al. 2000; Yun et al. 2003).
Interpretation of recombination lines at millimeter (mm) wave-
lengths is more straightforward since stimulated emission and

pressure broadening become negligible in most cases. Recent
studies of mm RRLs in Galactic H 1l regions (Gordon & Walm-
sley 1990; Martin et al. 1994; Gordon 1994) and starburst
galaxies (Seaquist et al. 1996; Puxley et al. 1997) found
higher line fluxes than expected from the lower frequency mea-
surements. A steep rise in line flux density with frequency,
characteristic of optically thin spontaneous emission, is seen
in nearby starburst galaxies M82 and NGC 253 (Seaquist et al.
1996; Puxley et al. 1997).

The central 1 parsec region surrounding the putative cen-
tral source in our Galactic Center, Sgr A*, is a frequent target
of multi-wavelength investigations primarily because it is the
nearest and the best laboratory for studying the active galactic
nucleus (AGN) phenomenon and its fueling process. Currently
this region appears to be relatively gas free. However, imme-
diately surrounding Sgr A* is an array of ionized gas streamers
(“Sgr A West”; see review by Yusef-Zadeh et al. 2000). These
streamers have been previously studied in the 12.8 um [Ne I1]
(Lacy et al. 1980; Serabyn & Lacy 1985), Pa (Scoville et al.
2003), and in cm RRL (Schwarz et al. 1989; Roberts et al.
1991; Roberts & Goss 1993; Roberts, Yusef-Zadeh, & Goss
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1996), and they consist of several distinct kinematic features.
The total mass of the ionized streamers is estimated to be less
than 100 Mg, in total. Recent IR and radio observations found
evidence for neutral gas within this central “cavity” (Genzel et
al. 1985; Jackson et al. 1993; Latvakoski et al. 1999; Her-
rnstein & Ho 2002), suggesting a more substantial presence of
gas in the central parsec region. Surrounding and closely in-
teracting with the ionized streamers is the dense and clumpy
molecular ring commonly referred to as the circumnuclear disk
(CND). The CND is asymmetric about Sgr A*, indicating its
possible origin related to a gravitational capture of a passing
cloud or energetic disruption of a stable ring (Morris & Ser-
abyn 1996). This ring is believed to represent a circumnuclear
accretion disk feeding the inner parsec although some have ar-
gued that the CND is not a complete ring (see Marshall et al.
1995; Wright et al. 2001). The ionized streamers in Sgr A West
are explained as cloudlets from the clumpy ring that after los-
ing momentum have fallen toward the center and thereby have
stretched and have been ionized by photo-dissociation within
the inner parsec (see Sanders 1998). Sensitive imaging stud-
ies in cm RRL (Roberts et al. 1991) suggest high temperature
(Te = 5000 -20,000 K), with a possible radial temperature gra-
dient increasing toward Sgr A*. The large proper motions of the
stars very close to Sgr A* suggest central dark mass of 2.5-4.1
x108 Mg, (Genzel & Eckart 1999; Ghez et al. 2000, 2003).

Motivated by the detection of extragalactic mm RRLs and
recent new observations of the Galactic Center region, we have
imaged the H41« line at high angular resolution toward Sgr A*
in order to study the nature of the ionized streamers and their
relation to the dense neutral gas in and around the CND. At high
frequencies, most of the RRL and continuum emission comes
from the densest ionized gas (see Brown et al. 1978; Mo-
han et al. 2001). One of the primary goals of this study is to
examine the existence of ionized gas denser than that traced by
cm-wavelength RRLs in this region. The nature of the radiation
mechanism is investigated by analyzing the new H31a, H35¢«,
H4la, and H44a line observations obtained at the NRAO 12-
m telescope at Kitt Peak, Arizona. We further examine whether
any dense neutral gas is directly associated with the ionized
streamers using our sensitive, high resolution HCO* (1-0) im-
ages. Our HCO™ (1-0) data have superior sensitivity and an-
gular resolution over the previously published observations of
similar molecular species (Gusten et al.  1987; Marr et al.
1993; Wright et al.  2001). In addition, a detailed analysis
of the spatial distribution and kinematics of the dense molec-
ular gas and ionized gas in the CND is offered using a simple
kinematical model.

2. OBSERVATIONS
2.1. OVRO Millimeter Telescope Array

The H41a and HCO™ (1-0) observations were made using
the low, equatorial and high resolution configurations of the
millimeter telescope array at Owens Valley Radio Observatory.
The observational parameters from the multi-configuration ob-
servations conducted during the spring and fall 1998 are given
in Table 1. The OVRO array consists of six 10.4 meter tele-
scopes equipped with cooled SIS receivers. Interferometric
measurements are made using a total of 45 independent base-
lines in order to maximize the sampling of the uv-plane and
to achieve the highest imaging dynamic range possible. In
the high resolution configuration the longest baseline used was
220 meters. The spectrometer modules were arranged so that

each line was covered with a total of 60 channels at 4 MHz
(13 km s™1) resolution centered at the velocity of V. = 0.0
km s™1. By setting the LO frequency at 90.5 GHz, H41« line
at 92 GHz (upper sideband) and HCO™" (1-0) line at 89 GHz
(lower sideband) could be observed simultaneously. The pri-
mary beam (field of view) is about 85" at these frequencies. A
nearby calibrator NRAO 530 was observed every 15 minutes
to track the atmosphere and instrumental gain. The amplitude
scaling is derived from the observations of 3C 273, whose flux
density is monitored daily relative to Uranus and Neptune with
an accuracy of about 20%.

The data were reduced using the OVRO data reduction pro-
gram MMA (Scoville et al. 1993). Sgr A* is a low declination
source,  ~ —29°, and the synthesized beam is highly elongated
in the N-S direction. The resulting beam size is 6.95” x 3.47"
(FWHM). The data were imaged and analyzed using DIFMAP
(Pearson et al. 1994) and Astronomical Image Processing Sys-
tem (AIPS) provided by the National Radio Astronomy Ob-
servatory (NRAOQ). Of the total 60 channels in the spectra, 15
line-free channels (60 MHz total) were used to construct the
continuum image. Unresolved strong continuum source Sgr A*
(2.040.3 Jy beam™) and the ionized streamers were used for
self-calibration in DIFMAP, and the continuum was subtracted
from the spectral line channels. All spectral and continuum im-
ages were corrected for primary beam attenuation. Subsequent
analysis of the spectral line data cubes were conducted using
AIPS and Groningen Image Processing System (GIPSY).

2.2. NRAO 12-m Telescope

We have obtained the H31« (210.502 GHz), H35« (147.047
GHz), H41la (92.034 GHz), and H44qa (74.645 GHz) hydro-
gen recombination line spectra of Sgr A West using the NRAO
12-m telescope at Kitt Peak during May 1998. The NRAO 12-
m telescope is equipped with single sideband SIS receivers,
and typical system temperature ranged between 250 and 400
K (SSB), despite the low elevation of the source. The beam
size is inversely proportional to the frequency and is 69" at 92
GHz. Both the filter banks (500 MHz at 2 MHz resolution) and
hybrid digital spectrometer (600 MHz at 0.78 MHz resolution)
were used to record the data. A wide range of OFF positions
were examined, mostly along the minima in CO and HCN sur-
veys of the Galactic Center region. After an extensive investi-
gation, it was determined that the hydrogen recombination line
emission is highly localized around Sgr A*, and the final spec-
tra presented here were obtained with a simple azimuth offset
of £3'.

From the observatory report on the telescope efficiency mea-
surements, we adopt the corrected main beam efficiency n;, of
0.48, 0.85, 0.90, and 0.95 for the four observed frequencies, re-
spectively (Mangum 2000). These efficiencies are used to con-
vert the observed brightness temperature T3 to the main beam
temperature T, and then to flux density. The telescope effi-
ciency measurements and the subsequent corrections are inher-
ently uncertain, and we adopt an absolute uncertainty of 20%
for the measured flux density.

3. RESULTS
3.1. Continuumat 92 GHz

The 92 GHz continuum image of the Sgr A complex at the
resolution of 6.95"” x 3.47" (PA = -5°) is shown in Figure 1.
The major components of the Sgr A complex detected are the
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spiral structure known as Sgr A West and the compact central
source Sgr A*, marked by a cross. The bright central source,
Sgr A*, has peak flux density of 1.95+0.30 Jy beam™. The
total 92 GHz continuum flux density detected inside the 85"
diameter region is ~12 Jy. Some of the extended continuum
emission may be missed by our observations as the 19-pointing
mosaic image by Wright et al. (2001) reported a total flux of
~15 Jy covering a slightly larger area while Wright & Backer
(1993) reported a total flux of 27 Jy within a 2’ radius of Sgr A*
from a combination of BIMA and Nobeyama 45-m telescope
data.

The major continuum features of Sgr A West are identified
in Figure 1, and their observed and derived properties are tab-
ulated in Table 2. The east-west oriented filamentary structure
located immediately south of Sgr A* is the bar of Sgr A West.
The total continuum flux at 92 GHz from the bar is about 0.9
Jy with a peak brightness of 0.7 Jy beam™. The bar appears
to connect to the western arc and the eastern arc on each ends.
Running almost perpendicular to the bar is the northern arm
with higher total integrated flux density of about 1.1 Jy. The
continuum flux is higher toward the southern part of the north-
ern arm. To the west of the bar is the western arc that curves
south. It also extends north almost reaching the northern arm.
The continuum flux from the western arc is relatively weak.
The eastern end of the bar curves along the eastern arm but is
not detected further north. The morphology of the ionized gas
around the Sgr A complex shown in Figure 1 is remarkably
similar to the 8.3 GHz continuum image by Roberts & Goss
(1993).

The peak flux density measured outside Sgr A* range be-
tween 0.1 — 0.75 Jy beam™ (see Table 2), which corresponds
to peak brightness temperature of 1.1 — 6.0 K. Assuming this
continuum is largely thermal free-free emission from 7000 K
gas (see § 4.2), one can infer an optical depth of ¢ < 1073 if the
emitting region fills the beam with a unit filling factor. Even
if the filling factor is not near unity, this inference of optically
thin emission should be secure unless the continuum emission
is entirely concentrated into discrete clumps with a diameter
of 0.005 pc (1000 AU) or smaller. Continuum optical depth is
given by

7. =0.0824 EM T, 203t )

Assuming T = 7000 K, the emission measure (EM = [ nZdl)
required to produce continuum opacity of 107 at 92 GHz is
2.5x 107 cm™ pc. If the thickness of the filaments along
the line of sight is comparable to the apparent width (I ~ 0.1
pc), then the inferred mean electron density is ne ~ 2 x 10*
cm™3 (Ne ~ 5 x 102 cm™). If the ionized gas is clumped at
much smaller scales, then the electron density would be corre-
spondingly larger. In comparison, Lutz et al. (1996) derived
Ne ~ 3000 cm™ from their analysis of fine-structure line ratios.
The consideration of collisional de-excitation of the observed
[Ne 11] emission places an upper limit on the electron density
of about 10° cm™ (Jackson et al. 1993). Therefore the geom-
etry of the ionized gas must be fairly smooth over 0.01-0.1 pc
scales.

3.2. H4la

The velocity integrated line flux density (“moment zero") im-
age, shown in Figure 2, was generated by summing the contin-
uum subtracted H41a image cube over all velocity channels
with line emission (from =293 km s™ to +221 km s™%; see

Figure 3). The cross marks the position of Sgr A*. The main
features seen in the line emission map are very similar to the
92 GHz continuum map shown in Figure 1, except for the ab-
sence of the bright, compact source corresponding to Sgr A*.
The emission from the western arc is weaker than seen in con-
tinuum. The northern arm is the brightest continuum feature
besides Sgr A*, and the brightest H41a emission region also
occurs in the northern arm just northeast of Sgr A*. The central
bar shows a wide range of emission intensity and structures.

A summary of the measured parameters for all major features
are given in Table 3. The sizes tabulated for the listed regions
have been calculated assuming 1’ = 2.5 pc (Reid 1989). Unlike
the 92 GHz continuum that peaks at Sgr A*, the brightest fea-
ture in H41« occurs in the northern arm with a peak brightness
temperature of ATpea = 9.4+ 2.2 K. The western arc, however,
appears relatively weak in H41a line. The peak line brightness
for all H41la are < 10 K, and thus the H41q emission is also
optically thin, 7. < 1073 (see below).

The spatially averaged H41« line profiles for the six promi-
nent emission regions (identified with boxes) are shown in Fig-
ure 4. The GIPSY tasks PROFIL and PROFIT were used to
calculate the line-to-continuum (L/C) ratios and to fit a Gaus-
sian profile to the data using a least squares procedure. The
crosses indicate the data points, the solid lines are the Gaussian
profiles, and the dashed lines represent the residuals. Calcula-
tions of Gaussian profiles yield four parameters: peak line-to-
continuum flux density ratio, velocity integrated line intensity,
central velocity, and the line width. These parameters are sum-
marized in Table 4 along with the derived LTE electron tem-
perature derived from the L/C ratios (see further discussions in
§ 4.2). A typical L/C ratio along the northern arm is around
0.4. The L/C ratio is the largest (~ 0.9) in the western arc while
the L/C ratio in the bar drops from 0.6 to 0.03 within the 2 to 4
beam radii of Sgr A*.

The kinematics of the ionized gas traced by H4la shown
in Figures 3 and 4 are generally consistent with that of rota-
tion about Sgr A*, similar to that of the CND, in broad agree-
ment with previous studies of SgrA West in RRLs (Roberts et
al. 1991; Roberts & Goss 1993) and in 12.8 um [Ne I1] (Ser-
abyn & Lacy 1985). The central bar spans a very wide range
of velocity, between +33 km s and =293 km s™* (see Fig-
ure 3), much larger than those associated with the northern arm
(between +163 kms™tand +7 km s™1) and the western arc (be-
tween =7 kms™tand -111 km s™). This large velocity gradi-
ent suggests that this gas is located deeper in the gravitational
potential, much closer to the central mass concentration, than
the rest of the ionized gas. Citing the relatively cool dust tem-
perature along the bar, Latvakoski et al. (1999) have argued
that the nearness of the bar to Sgr A* is largely in projection
only, but this large spread in velocity and the correspondingly
large velocity gradient requires that this gas feature has to be
located much closer to the central mass concentration than the
northern arm and the western arc. Since the CND is already
viewed with a large inclination (i ~ 60°), placing a gas streamer
in a more edge-on orbit can increase the line-of-sight velocity
only by about 25%. Therefore a viewing geometry alone can-
not account for the large observed velocity gradient. Neither
the angular resolution nor the overall S/N of the new H41q data
are better than the previous VLA H92a measurements, and the
main new insight obtained is that the ionized gas traced in H41«
emission share the same kinematics as the gas responsible for
the H92« emission.
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The H41a line widths of the ionized streamers range between
43 km s and 347 km s™* (see Table 4). The broadest line
is seen toward Sgr A* with AV = 347448 km s™* (see Fig-
ure 4, Box 4), but the S/N of this measurement is quite small
in each individual channels. The next broadest line occurs in
the vicinity of bright H41« region in the northern arm with AV
=213+18 km s (Box 6 in Figure 4). The narrowest line is
seen toward the southern end of the western arc (Box 3 in Fig-
ure 4) with AV =43+5 km s, Using 2" resolution VLA
H92« images, Roberts & Goss (1993) have shown that crowd-
ing of distinct kinematical components along the line of sight
can make the emission lines appear much broader than the in-
trinsic line width of about 50 km s™X. Combined with the large
velocity gradient expected near the central mass concentration,
the large line width we derive from H41a emission must be pri-
marily the result of spatial averaging resulting from our large
observing beam of 7.0” x 3.5”. A typical line width measured
in each pixel is between 40-75 km s™%. Given the low S/N of
the data, it is not physically meaningful to deconvolve the in-
dividual kinematic components by fitting multiple Gaussians to
the observed spectra. There is a clear trend of increasing L/C
ratio with a decreasing line width. Such a trend is expected if
the line and continuum emission arises from the same ionized
gas clouds and the emitting gas has a narrow range of electron
temperature (see § 4.2).

3.3. HCO*(J=1—-0)

Figure 5 shows the high resolution image of the molecu-
lar ring in HCO* emission (grey-scale) superimposed over the
H41a (contour) emission. The circumnuclear ring traced in
HCO™" appears more complete than seen in the previous HCN
(Gusten et al. 1987) and HCO* (Marr et al. 1992) images
obtained using the BIMA array. More recently Wright et al.
(2001) imaged HCN, HCO*, and H42« in a wider field of view
using a 19-pointing mosaic, offering a much better overall pic-
ture of the molecular gas distribution in the 10 pc region sur-
rounding the Sgr A*. However, the latest BIMA data by Wright
et al. are not much better than the older BIMA data in reso-
lution and sensitivity. These different images agree with each
other broadly, but significant differences also exist in the de-
tails. One important difference is that the angular resolution of
our new OVRO data is 40% better than those of Gusten et al.
and Marr et al., and our sensitivity is also 4 and 15 times im-
proved, respectively. The BIMA array is more sensitive to faint
extended emission, and its data reduction procedure is tuned to
emphasize such features. In contrast, our moment analysis is
more sensitive to identifying bright emission clumps, and this
accounts for the more complete appearance of the CND in Fig-
ure 5, consisting of many discrete features.

Determining whether any dense neutral gas is associated
with the ionized streamers surrounding Sgr A* is one of the ma-
jor objectives for our study. While the new observations have
revealed clear evidence for a close physical link between ion-
ized and neutral molecular gas (as discussed later in 84.4), no
HCO™ emission is found spatially and kinematically coincident
with the ionized streamers traced in H41a (See Figure 3). Ac-
tually HCO™ absorption is seen in many channels, particularly
at blueshifted velocities, but most of these features show lit-
tle kinematic relation to the H41a, emission. The spatial dis-
tribution of HCO™ absorption resembles the entire continuum
structure, and therefore the absorbing gas must be located in
the foreground, associated with the 100 pc scale molecular disk

imaged by Tsuboi et al. (1999) and others. Among the red-
shifted velocity channels where little foreground absorption is
present (e.g., +117 to +195 km/s), there is little evidence for
HCO* absorption at the locations of the H41q and continuum
emission peaks. In these channels, the upper limit to the optical
depth for HCO* absorption is about 0.3 (3¢) at a spectral res-
olution of 13 km s™. This limit corresponds to an upper limit
on the HCO™ column density of 4 x 102 cm™2. For an assumed
HCO™* abundance of 1079, this translates into an H, column
density of 4 x 102t cm™. If the HCO™ abundance appropriate
for a translucent cloud (where ion chemistry is important, see
Hogerheijde et al. 1995) is adopted, the inferred upper limit on
the Hy column density becomes as little as ~ 10 cm™. These
upper limits are close to or smaller than the column density of
Ny ~ (0.5-1.0) x 10?2 cm™2 inferred from the [O 1]/[C II] far-
IR line ratio (Jackson et al. 1993) and the mid-IR color analysis
(Latvakoski et al. 1999). Using the calculations by Sternberg
& Dalgarno (1989), Jackson et al. (1993) have proposed that
most of the molecules in the neutral gas inside the central cavity
with Ny < 10%2 cm™ are photo-dissociated and that the neutral
gas is primarily atomic. Our HCO™ absorption measurements
are consistent with these conclusions, and we conclude inde-
pendently that Sgr A West filaments are either highly ionized
or are largely atomic.

3.4. H3la, H35a, H4la, and H44q

The hydrogen recombination line spectra obtained at the
NRAO 12-m telescope are shown in Figure 6, and the observ-
ing frequency and the measured line flux are summarized in Ta-
ble 6. The mm frequency window is rich in spectral transitions,
and studying faint emission lines in the Galactic Center region
can be challenging. The H35« line is not shown because it is
completely swamped by the much stronger CS J=3 — 2 line
at 146.969 GHz, and no useful information could be derived.

The H44a spectrum, shown at the bottom of Figure 6, is
the least confused and the highest S/N measurement among all
transitions observed at the 12-m telescope. The observed line
profile closely resembles the H41« spectrum derived from the
OVRO interferometer data (shown with a solid line in the mid-
dle of Figure 6). The total velocity integrated line flux density is
232+ 46 Jy km s™* within the 84" beam of the 12-m telescope
at 74.645 GHz.

The H41la spectrum obtained using the NRAO 12m tele-
scope, shown with a dotted line in the middle of Figure 6, shows
a bright, narrow feature near +200 km s™%. This is not seen in
the H4la spectrum obtained from the OVRO data (shown in
solid line). We have mapped H41lqa emission in a 2' by 3’ re-
gion centered on Sgr A* in order to examine the spatial extent
of this spectral feature. The broad emission feature seen in the
OVRO data and in the H44« spectrum is spatially confined only
to the central position while the bright, narrow feature appears
everywhere with little velocity gradient. The narrow line width,
little velocity gradient, and wide-spread distribution strongly
indicate that this narrow component is a Galactic foreground
emission. A likely identification is CH3CN, which has transi-
tions at 91.959, 91.970, 91.980, 91.985, and 91.987 GHz. The
total velocity integrated H41« line flux density from the OVRO
data is 152430 Jy km s™%. This is a lower limit since some
extended flux may be missed by the interferometer (see below).

The H31a spectrum shown at the top of Figure 6 is obtained
by summing 8 independent spectra covering the whole Sgr A
West complex. The telescope beam at 210.502 GHz is about
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30" and spatially resolves the Sgr A West structure. Therefore
a 3 x 3 grid map was obtained at full beam sampling. The NE
grid point was not observed, and the 8 spectra are summed to-
gether to derive the integrated H31« spectrum. The H41« chan-
nel maps (Figure 3) suggest that our H31a spectrum may be
missing some redshifted emission atV =50 - 150 km s™*. Nev-
ertheless, the summed spectrum closely resembles the H41a
and H44« spectra, and we made no attempt to correct for any
missing flux.

4. DISCUSSION
4.1. Massive Compact Molecular Clumpsin the CND

The nine brightest HCO* clumps within the CND are identi-
fied as localized peaks of velocity integrated HCO* flux density
map (Figure 5), and their physical sizes and emission charac-
teristics are summarized in Table 5. The peak line brightness
temperature, averaged over the 7" x 3.5" (0.29 pc x 0.15 pc)
beam, ranges between 10 and 30 K. In comparison, the gas tem-
perature derived from NH3 is 60-70 K (Coil & Ho 2000) while
the dust temperature of about 75 K is derived by Latvakoski
et al. (1999) from the far-infrared observations. Since HCO*
emission is strongly absorbed by the foreground gas along the
line of sight and the beam filling factor is likely less than unity,
the gas temperature inferred from the observed line brightness
is strictly a lower limit. The measured peak HCO" line tem-
perature is comparable to the values found by earlier BIMA
studies (see 8 3.3) with a lower angular resolution, and one can
safely deduce that the optically thick molecular gas nearly fills
the beam at ~ 0.1 pc scales in these CND clumps.

We have computed virial masses of the individual HCO*
emitting clouds as,

Muir = 250 TAV2 M, 2)
where r is the radius of the cloud in pc and AV is the line
width in km s™2. If these individual molecular gas clumps are
self-gravitating, then their masses range between (0.3 —4.5) x
10*M, (see Table 5). Assuming a spherical geometry, the mean
mass density (7 = Myir/37r3) is between (1.3-10) x 107V g
cm™ and mean H, molecule density of Ay, = (0.4—3.0) x 107
cm™3. These densities are significantly larger than the values in-
ferred from the excitation analysis (n ~ 105°% cm™3, Genzel et
al. 1985; Marretal. 1993; Marshall etal. 1995). For a central
source with a mass of 4.14 0.6 x 10Mg, (Ghez et al. 2003),
the critical mass density required to survive the tidal shear at a
radius of 1.5 pc is prigal = 4.3 x 107 g cm™2 or fyjga = 2.5 x 107
cm™3. Contrary to the previous studies using excitation analy-
sis, we conclude that the mean gas density inferred from the
virial analysis is close to or exceeding the critical density for
surviving the tidal shear if they are self-gravitating. Also, the
CND may well be a structure that can survive several dynami-
cal time scales (> 10° years). The total gas mass for the CND
inferred from our virial analysis is around 3 x 10°Mg,, which
is only a few per cent of the total dynamical mass for the cen-
tral one parsec region. The virial mass of each of these clumps
are about two orders of magnitude larger than that of the ion-
ized gas associated with the whole ionized spiral (Sgr A West).
Therefore, an infall of even a much smaller gas clump is suffi-
cient to account for the observed ionized streamers. The new
higher resolution 10-field mosaic observations of HCO* and
HCN emission by Christopher et al. (2004) suggest even higher
mean density (N ~ 108 cm™3) for these dense neutral clumps.

4.2. Electron Temperaturein Sgr A West

The 92 GHz continuum around Sgr A is primarily free-free
emission, and a good spatial correspondence between the con-
tinuum (Fig. 1) and the H41« line (Fig. 2) emission is naturally
expected. Despite the similar morphology, however, a compari-
son suggests that the line emission is significantly clumpier than
the continuum, especially in the western arc. The central bar is
also clumpier in the line emission. In addition, in the northern
arm the line emission appears brighter than anywhere else with
an increasing trend toward Sgr A*. These differences may not
be intrinsic to the source. A lower signal-to-noise ratio in the
line image probably accounts for some of the differences. In
addition, the continuum image suffers more from the missing
flux problem than the line images because of a larger effective
source size.?

For optically thin gas in LTE emitting thermal continuum and
negligible pressure broadening, LTE electron temperature T
can be derived from the line-to-continuum ratio as,

Tr = (ea3ptt X L yowr

SAV 1+Y* @)

where v is the observing frequency in GHz, AV is the velocity
width (FWHM) in km s™!, & and S are continuum and line
flux densities, respectively, and Y* is the singly ionized helium
abundance (Brown et al. 1978; Roberts & Goss 1993). In
the case of Sgr A West the aforementioned assumptions may be
reasonably made along with the interpretation that the contin-
uum at 92 GHz is largely free-free emission. The singly ion-
ized helium abundance Y* of 10% is assumed for Sgr A West
(Roberts & Goss 1993). The H41a line widths listed in Table 4
are larger than the typical H92a line widths of 40-50 km s™*
reported by Roberts & Goss (1993), and this is the direct conse-
quence of a poorer angular resolution of the H41«a: observations.
The resulting blending of emission features could conspire to
produce unusual L/C ratios if gas temperature and density vary
significantly along the ionized streamers. The high angular res-
olution observations by Roberts & Goss (1993) have shown
that this is not the case, and the poorer angular resolution of our
H41a observations should not affect our Tg analysis in most
cases.

An electron temperature map can be derived from the 92
GHz continuum map (Fig. 1), the velocity integrated H41a map
(Fig. 2), and the relation given in Eg. 3. The derived electron
temperature map, shown in Figure 7, reveals a fairly uniform
distribution of T, around 7000 K throughout the Sgr A West
complex except near Sgr A* (see Table 4). In general T.* de-
rived at higher frequencies tends to be larger because of dimin-
ishing contribution from stimulated emission. However, elec-
tron temperature derived with H41a line at 92 GHz agrees well
with the derivation using H92« line at 8.3 GHz (7000 + 500
K, Roberts & Goss 1993), suggesting that the contribution
from stimulated emission is negligible even frequencies as low
as 8.3 GHz. Detecting little H41a emission in the direction of
the bright continuum source Sgr A* is another clear evidence
that stimulated emission is not important at 92 GHz (see § 4.3).

The higher electron temperature derived along the central bar
just south of Sgr A* has previously been noted by Schwarz et
al. (1989) and Roberts et al. (1991), and whether this is a real

2 A line emitting area is significantly smaller in size than the continuum emitting region in individual channel maps for an object with a large velocity gradient such

as a rotating disk.
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effect or an artifact of data analysis has been a subject of recent
debates. Citing the discovery of highly blueshifted line emis-
sion near —250 km s™* missed by these earlier studies, Roberts
& Goss (1993) have suggested that the unusually low L/C ra-
tio and thus the inferences of higher electron temperature may
be erroneous. In general, a lower than expected L/C ratio can
result from either (1) missing line flux or (2) extra continuum
flux. The explanation by Roberts & Goss (1993) is the for-
mer, but a careful analysis using the actual measurements of the
extremely blueshifted line by Roberts, Yusef-Zadeh, & Goss
(1996) revealed that the missed flux alone cannot fully account
for the low L/C ratio. In addition, Roberts, Yusef-Zadeh, &
Goss (1996) noted the presence of two optically thick contin-
uum sources IRS 2 and IRS 13 whose additional continuum flux
should contribute to the unusually low L/C ratio (and higher Te)
observed. A broad coincidence of this position with that of the
“mini-cavity" (Yusef-Zadeh et al. 1990) and its possible im-
pact on the calculation of T.* are discussed in detail by Roberts
& Goss (1993). Presence of significant structures at scales
smaller than our synthesized beam violates the simple geomet-
rical assumption going into Eq. 3 (also see Brown et al. 1978),
and this may account for part of the observed local “enhance-
ment” in TS*.

The local enhancement in electron temperature near the loca-
tion of IRS 2 and IRS 13 is clearly seen in Figure 7 in the same
manner as the seen in Figure 14 of Roberts & Goss (1993). The
persistence of this feature at 92 GHz implies that the presence
of the two continuum sources as suggested by Roberts, Yusef-
Zadeh, & Goss (1996) does not offer a full explanation for the
observed low L/C ratio. Roberts, Yusef-Zadeh, & Goss (1996)
estimated an optical depth of ~ 0.8 and ~ 1.1 at 8.3 GHz for
the continuum sources IRS 2 and IRS 13 by comparing their
8.3 GHz image with the 5 and 15 GHz VLA continuum im-
ages. Free-free optical depth scales as 7 oc v 72 (see Eq. 1),
and the continuum optical depth for IRS 2 and IRS 13 should be
< 0.01 at 92 GHz. In comparison, optically thin free-free emis-
sion associated with the ionized filament should scale only as
S, o v™%1. As aresult, the continuum contribution from IRS 2
and IRS 13 should be substantially reduced at 92 GHz, and the
L/C ratio should reflect mostly the optically thin emission asso-
ciated with the ionized gas filaments in SgrA West. However,
the observed L/C ratio at 92 GHz is still noticeably lower at
this location. The area of a lower L/C ratio is not centered on
these two continuum sources either. If continuum opacities for
these two sources are much larger than estimated by Roberts
et al. (i.e., optically thick even at 92 GHz), then the explana-
tion of IRS 2 and IRS 13 as additional sources of continuum is
still plausible, although the spatial distribution is still a prob-
lem. In summary, the apparent enhancement in T, (a low L/C
ratio) along the central bar just southwest of Sgr A* is still not
fully explained.

4.3. Nature of the Recombination Line Emission

The flux density ratio between H41la and H92« lines is
shown in Figure 8. The overall structure of the northern
arm, the bar, western arc, and eastern arm is almost identi-
cal at both frequencies, and the line ratio is nearly constant,
Sto2a/SHa1a ~ 0.15. This similarity is remarkable given the
order of magnitude difference in the frequencies of these lines.
A slightly higher ratio is seen along the western arc and to-

ward the top where the western arc arches into the northern
arm, suggesting brighter emission at centimeter wavelengths.
This trend of comparatively brighter emission at longer wave-
length was also noted in the comparison of H92« to Br+y ratios
by Roberts & Goss (1993). Roberts & Goss offered extinction
of Bry emission by dust in the CND as a possible explanation,
but a higher Syg2a/SH414 ratio would require a different ex-
planation. Since the derived T distribution is fairly constant
(see Fig. 7 and Table 4), the enhanced Syo2q / SHa1o ratio is not
likely caused by any changes in the physical characteristics of
the gas. The comparison of the total integrated H41« line flux
with those of other transitions measured with the NRAO 12-m
telescope suggest that some extended flux is missed by the in-
terferometer (see 8 3.4). The shortest baseline in the OVRO
observations of 3100 X is about 4 times larger than that for the
VLA observations (830 A), and the greater missing flux in the
OVRO data offers a plausible explanation for the apparent en-
hanced Syo20/SH414 ratio along the western arc.

The analysis of the 92 GHz continuum (83.1) and the H41«
emission (83.2) suggests high electron density (ne ~ 2 x 10%
cm~3) and low optical depth (7 < 1073) for the ionized stream-
ers. Under these conditions, both internal and external stimu-
lated emission should be negligible, and optically thin sponta-
neous emission should dominate the recombination line emis-
sion at millimeter wavelengths. For the optically thin case near
LTE, Eqg. 3 implies that the velocity integrated line flux density
S AV should increase linearly with frequency since S oc 701
for thermal free-free emission.®> A plot of the velocity inte-
grated line flux density for H31a, H4la, H44q, and H92«
lines is shown as a function of frequency shown in Figure 9,
and indeed a nearly linear trend is seen. Excluding the H41a
measurement from the OVRO (which is a lower limit because of
the missing flux), a best fit power-law slope is a = +0.95+0.18,
which is nearly exactly the theoretically expected value.

The assumption of “near LTE” is not strictly correct, how-
ever. A general expression for recombination line brightness in
comparison to the LTE value is

T = TL* bn(1- %Tcﬂn) (4)

where T* is the LTE line brightness, by, is the departure coeffi-
cient, 7¢ is continuum optical depth, and 3, is the effective line
absorption coefficient accounting for non-LTE stimulated emis-
sion in the line. For the range of physical conditions we derive
for the Sgr A West (T ~ 7000 K, ne ~ 10* cm™3), the computed
values of these parameters are b, ~ 0.7-0.9 and (1 -8,) ~ 25
(Brocklehurst 1970; Walmsley 1990). Although the non-LTE
factor in the line absorption coefficient 3y, is large, it has little
impact on the observed line brightness because a small optical
depth (7 < 1073, as shown in § 3.1) makes the second term
in Eq. 4 negligible, i.e. %Tc,Bn ~ 0. The net effect is that the
observed recombination line brightness is reduced by a factor
of by from the LTE value (i.e., T./T* =bp). The linear slope
of the the observed power-law relation between the velocity in-
tegrated line flux density and frequency is unaffected as long
as %Tcﬂn ~ 0. As a result, the average flux density of the re-
combination line should increase linearly with frequency even
when some non-LTE effects are present as long as spontaneous
emission dominates the radiation process.

The comparison of the H41a and H92a: spectra obtained to-
ward Sgr A* (Figure 10) offers a definitive proof that the narrow

3 Using slightly different assumptions, Seaquist et al. (1996) derive a relation showing S. AV  v*2 in their Eq. A9. However, the n3 factor, which they treated as a
“constant" term going from their Eq. A8 to Eq. A9, actually behaves like ™ (vhna o [1/n? —1/(n+1)?]), and this too leads to a linear relation, § AV o v*2.
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H92« line seen nearV = +50 km st by Roberts & Goss (1993)
is indeed stimulated emission. Citing the nonthermal nature of
the Sgr A* continuum emission and the low observed L/C ra-
tio, Roberts & Goss suggested that this H92a emission must
be stimulated emission arising from diffuse foreground ionized
gas. The H92« spectrum (shown in dotted line) and the H41a
spectrum (shown in solid line) have essentially identical shape
at a position along the Northern Arm, 7" offset to the east of
Sgr A*, suggesting the same ionized gas is responsible for both
spectral features. At the location of Sgr A*, however, H92a
spectrum shows a distinct narrow component near V = +50 km
s71, not seen in the H41a spectrum. As shown in Eq. 1, the op-
tical depth for H41a line is expected to be more than 100 times
smaller than the H92« line, and H4 1« is expected to be smaller
by this large factor for optically thin stimulated emission.

4.4. Physical Link between Neutral and lonized Gas

A review of the recent literature yields a coherent but com-
plex picture for the composition, geometry, and kinematics of
the neutral and ionized gas found in the central few parsec of
our Galaxy. The CND, traced in HCO" and HCN, has a ring-
like morphology with an inner radius of about 30" (1.25 pc)
and an outer radius of at least 45-60" (1.8-2.5 pc) and is phys-
ically and kinematically linked with a larger scale disk with an
extent of 10 pc or more (Wright et al. 2001; McGary et al.
2001; Christopher et al. 2004). It may be made of a multi-
phase medium as the estimates of gas temperature (50-250 K)
and density (10%® cm™ and > 107 cm™2 in dense clumps, see
§ 3.3) range widely (Marr et al. 1993; Jackson et al. 1993;
Marshall et al. 1995; Latvakoski et al. 1999). Within it lies
the “central cavity” which actually contains the ionized stream-
ers Sgr A West, made of about 100 M, of ne ~ 10% cm™3 gas at
Te ~ 7000 K and as much as 1000 M, of neutral gas which is
thought to be mostly atomic with ny ~ 10% cm™ and T = 100-
300 K (Genzel et al. 1985; Roberts & Goss 1993; Jackson et
al. 1993; Telesco et al. 1996; Latvakoski et al. 1999, and see
§ 3.3). By obtaining the most sensitive and the highest angular
resolution images of H41«, 92 GHz continuum, and HCO™ (1-
0) to date simultaneously, we are able to shed some new light
on the physical link between the neutral and ionized gas in this
region.

The clearest demonstration of the physical connection be-
tween the neutral and ionized gas is the presence of recombi-
nation line peaks along the western arc, just inside of the dense
gas clumps within the CND as shown by the overlay of the ve-
locity integrated H41a and HCO™ images (see Figure 5). This
radial offset between the ionized streamers and the molecular
ring has been noted previously (Roberts & Goss 1993), and
it is consistent with the suggestion that the western arc is the
ionized inner edge of the molecular ring directly exposed to a
central ionizing source (Telesco et al. 1996). Evidence for a
similar link between neutral and ionized gas is also seen on the
eastern rim of the CND, between the eastern arm and the clump
I shown in Figure 5. From their comparison of the 8 GHz radio
continuum map and the 30 um optical depth map, Telesco et al.
(1996) postulated that the eastern arm is the ionized front of a
protrusion of high-density material facing the central ionizing
source. The clump I identified in Figure 5 may indeed be this
previously unseen high-density material, revealed for the first
time. The extinction map derived from the HST/NICMOS P«
observations by Scoville et al. (2003) shows a hole in the ob-
scuring material towards the northern arm and western arm, but

high extinction regions with Ay > 30 surround this hole, includ-
ing the HCN clump corresponding to our clump I. Possible ion-
izing source candidates range from the putative central engine
Sgr A* to hot UV stars near the Galactic center (see discussion
by Zhao et al. 1999). A more exotic possibility suggested
by Maeda et al. (2002) is that the central source was much
brighter in X-ray some 300 years ago as a result of the accre-
tion of infalling material pushed in by the forward shocks from
the supernova explosion in Sgr A East, leading to the ionization
of the streamers.

A close physical link between the neutral gas in the CND
and the ionized gas in Sgr A West is a widely occurring phe-
nomenon, and this fact can be demonstrated more convinc-
ingly in the comparison of the channel maps as shown in Fig-
ure 3. Within the velocity ranges of +143 km s, the bulk
of H41a and HCO™* features trace the same rotation-like kine-
matics about Sgr A*. More importantly, the H41« features fre-
quently occur just inside of the HCO™* features (see the V =-91,
-39, and +65 km s* channels). As in the comparison of the
velocity integrated images (Figure 5), this physical link is more
evident along the western arc. There is a tendency for the H41«
features to show an azimuthal offset from the HCO* features,
particularly for the features closer to Sgr A* (e.g. V=-39 and
V=+65 km s7* channels). These azimuthal offsets and a broad
total line width (200 km s™1) for the H41« line are naturally
explained if the gas follows nearly Keplerian orbits around a
highly concentrated mass distribution. (see the discussion in
§4.5).

4.5. Modeling Gas Kinematicsin the CND

Constrained by excellent high spatial resolution imaging data
in 12.8 um [Ne 11] and radio recombination lines, several plau-
sible and detailed dynamical models for the ionized streamers
have been constructed (e.g. Sanders 1998; Vollmer & Duschl
2000). Models of gas kinematics for the CND have also been
constructed, mostly to explain the features identified in low
resolution images (8 ~ 10 —20") that are susceptible to confu-
sion with ubiquitous foreground and background emission (e.g.
Liszt et al. 1985; Marshall et al. 1995). Taking advantage of
the new high (and matched) resolution spectroscopic imaging
data in H41« and HCO™, we can now examine in detail the gas
kinematics and the gravitational potential in the central few par-
sec radius region in a self-consistent manner. We have already
concluded that some of the ionized gas is orbiting Sgr A* in the
plane defined by the CND (see § 4.4). Using the velocity infor-
mation, we can also isolate and examine other kinematic fea-
tures proposed to be associated with the CND, such as the “+50
km s7* streamer” and the “+70 km s™* feature” (see Jackson et
al. 1993).

If a massive central source (2.5-4.1 x10® My, Genzel &
Eckart 1999; Ghez et al. 2000, 2003) dominates the gravita-
tional potential in the central parsec region, the kinematics of
the surrounding gas disk should be regular and well behaved.
The neutral and ionized gas inside the CND contributes only
about 1000 Mg, while we estimate the total mass of the CND to
be about 3 x 10° M, (see § 4.4). The mass of the central stellar
cluster is more substantial and is highly centrally concentrated,
doubling the enclosed total mass near 2 pc radius (Genzel et al.
2003). We adopt a mass distribution of the form similar to Eq. 3
of Vollmer & Duschl (2002), after updating it using the most
recent mass estimates of the massive central source by Ghez et
al. (2003) and the dynamical mass estimates for the central 10
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pc radius by Genzel et al. (2003),

M(R) = (4.1+1.4R“%) x 10°M, (5)
where R is radius in pc. The resulting Keplerian-like rotation
of the gas disk nicely reproduces the observed features in the
channel maps such as the azimuthal displacement for radially
distinct features as discussed in § 4.4. To examine whether our
interpretations of the gravitational potential, the geometry of
the CND, and the relationship between the ionized streamers
and the dense neutral gas in the CND are correct, we have cre-
ated simulated channel maps of the CND using a Monte Carlo
realization. They are shown side-by-side in comparison with
the observed channel maps in Figure 11.

Using Matlab software package, we created a disk of 3000
particles with a r~%/2 radial distribution. The model disk has
a radial extent from 0.1 pc to 2.5 pc and has a radially de-
pendent thickness with an opening angle of 4°. This particu-
lar disk geometry is adopted to allow a finite thickness which
may play a role in the apparent gas distribution and kinemat-
ics in the projected view, but it is not motivated any particu-
lar observational constraints.* The model disk is viewed with
an inclination angle of 68° and is rotated by 60° in the sky
plane to match the aspect ratio and the position angle of the
CND. Each disk particle is in rotation about the central po-
tential described by Eq. 5 and has a Gaussian random velocity
component of 10 km s™. To produce the model channel maps
shown in Figure 11, model disk particles with the line-of-sight
velocity matching the particular channel velocity window are
selected, and their distribution is convolved with the observing
beam (7.0" x 3.5", PA= -5°). The only adjustment made to the
model was adding +13 km s to the systemic velocity in order
to match the highest velocity HCO* features at =117 km s
and +143 kms™.

Even though our model disk is constructed for an illustrative
purpose only and is not tuned to match the observations in de-
tail, the side-by-side comparisons of the model and data shown
in Figure 11 offer significant insights on the gas distribution and
kinematics:

(i) As noted already, some of the ionized gas traced in H41la
is sharing the same orbital plane as the dense neutral gas in the
CND (see §4.4). The model disk has no knowledge of temper-
ature or ionization information, but presumably the inner part
(R < 30") of the disk is either atomic or ionized. The clumps
of the H41a emission shown in contours on both panels in Fig-
ure 11 are frequently overlaying the model emission regions
shown in grey-scale, especially in the channels with velocities
between + 91 km s, The northern arm is sometimes modeled
as being displaced from the plane defined by the CND (e.qg.,
Latvakoski et al. 1999), but a large fraction of the northern
arm gas seen in the velocity range between 0 and +143 km s™*
closely follow our kinematical model.

(ii) The same comparison also shows that the gas in the eastern
arm and the central bar do not follow the model. This leads us
to believe that the ionized gas in the bar and the eastern arm is
largely concentrated in a different orbital plane as suggested by
others previously (e.g., Vollmer & Duschl 2000).

(iii) The similarity between the observed HCO* emission and
the model disk emission is more striking. Except for the chan-
nels with -39 km s™* < V < +39 km s™* where foreground
absorption has severely altered the appearance of the emission
features, most of the HCO* emission seen in the channel maps
have matching features in the model. The HCO* emission aris-

ing from the CND is frequently asymmetric about its major
axis, unlike the model, and the CND is probably not a solid
ring or a solid disk and is likely highly clumped. Two channels
show substantial HCO™ emission not predicted by our model,
and these channels correspond to velocities for the “+50 kms™
streamer” and the “+70 km s™* feature” that are already known
to deviate from the CND rotation (see below).

The +50 km st streamer is a band of emission running
nearly east-west at a slightly oblique angle in the V = +39
kms™andV =+65 km st channels, previously noted by Jack-
son et al. (1993) and others. This feature extends well beyond
the field of view of the OVRO interferometer and is several ar-
cmin in length in the single dish HCN (3-2) channel maps of
Marshall et al. (1995). This is clearly a structure much larger
than the CND in size, and thus the +50 km s™* streamer is most
likely a foreground or a background structure, not directly as-
sociated with the CND.

The +70 km s7* streamer is the “7" shaped feature present in
the V = +91 km st channel. This structure is also seen in the
single dish HCN (3-2) channel maps of Marshall et al. (1995),
but it is more compact than the +50 km s streamer. Although
this may be a chance projection, this feature lies nearly exactly
over the CND. However, its velocity differs from the CND ro-
tation by about 130 km s™%. It is not as certain that the +70
km s71 streamer is another foreground structure. Its long, linear
appearance is suggestive of a large scale shock in origin. It is
not seen in H41q or in continuum to offer any further clues,
and the lack of any ionized gas at the corresponding velocity is
an important argument against the +70 km s™* streamer being
part of the CND.

One of the key arguments against the CND being a coherent
disk or a ring is the apparent gap along its eastern side in the
previous HCN and HCO+ maps. This gap now appears filled
with several compact gas clumps such as the clump I in our
new HCO+ image shown in Figure 5. In addition, neutral gas
with higher temperature and density also fills this gap as in-
ferred by the observations of [C 1] and NH3 (see Jackson et
al. 1993; Herrnstein & Ho 2002). Therefore earlier arguments
based on the apparent morphology in the lower sensitivity HCN
and HCO+ maps are no longer valid. The mean velocity of the
warm molecular gas found by Herrnstein & Ho (their clump D)
is slightly redshifted (< V >~ +50 km s™1) than expected from
our simple rotation model, but this velocity shift is in the cor-
rect sense if their average spectrum includes the emission from
the entire north-south extent of their clump D.

In summary, we have successfully demonstrated the conti-
nuity in the distribution and kinematics of the ionized and the
neutral gas within the central 3 pc diameter region surrounding
Sgr A* using our new observational data and a simple kinemat-
ical model. Our kinematical model reproduces many of the ob-
served neutral and ionized gas features, as shown in Figure 11.
The success of this simple model strengthens the notion that
most of the gas found in the central parsec of Sgr A* partake in
a simple rotation around the central source within the disk plane
defined by the CND. Our kinematical model also identifies very
clearly which gas components do not follow this simple rota-
tion. In addition, our model suggests that some of the subtle
observed effects such as the slight asymmetry between the near
and far side of the disk are the products of the finite size, asym-
metric observing beam and projected viewing of the 3-D CND
structure (e.g., see V = +39 km st channel). The overall pic-

4 The only estimate found in the literature is by Latvakoski et al. (1999) of ~ 7° opening angle, based on their own morphological and dust heating model.
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ture of the gas distribution and kinematics in the central 3 pc
surrounding Sgr A* is not yet complete because information on
the distribution and kinematics of atomic gas inside the CND is
quite incomplete. Future arcsecond resolution imaging of dense
atomic gas tracers such as [C 1] will provide important clues
for completing our understanding of the gaseous environment
in this region.

5. SUMMARY

The OVRO millimeter array observations of the H41«a and
92 GHz continuum emission from the ionized streamers around
Sgr A* (Sgr A West) and the HCO™ (1-0) emission from the cir-
cumnuclear disk (CND) are presented along with a new survey
of the hydrogen recombination lines at millimeter wavelengths
(H31a, H41a, and H44«) obtained using the NRAO 12-m tele-
scope. These observations are compared with the VLA H92a
and the 8.3 GHz continuum data by Roberts & Goss (1993).
We summarize our results as following:

1. The 92 GHz continuum image is essentially identical to the
VLA continuum image at 8.3 GHz in morphology. The to-
tal continuum flux detected inside the 85" diameter is about
12 Jy, but some extended flux associated with structure larger
than about 30" is missed. The brightest feature, Sgr A*, is un-
resolved at 3" resolution of our observations and has a peak
flux density of 1.954 0.30 Jy beam™. Assuming the 7000 K
electron gas fills our 0.005 pc (1000 AU) beam, we infer aver-
age continuum optical depth of 7 < 10 and electron density
Ne ~ 2 x 10* cm™.

2. The kinematics and the morphology of H41« emission are
very similar to those observed in H92« and 12.8 um [Ne I1]
lines. The brightest emission occurs along the north arm with
a peak line brightness temperature of less than 10 K. This sug-
gests a H4la optical depth of 7. < 1073 averaged over the 13
km s™* channel width. The emission along the central bar dis-
plays a line-of-sight velocity ranging over 300 km s, and this
gas may be located in the deepest part of the gravitational po-
tential within the CND region.

3. The molecular CND is imaged in HCO* with a 40% im-
provement in resolution and 4-15 times better sensitivity over
the previous BIMA observations made in HCN and HCO™*. The
CND consists of several discrete concentrations, and their peak
brightness ranging between 10 and 30 K averaged over the 0.1
pc synthesized beam suggests that they originate from the warm
(60-100 K) gas responsible for NH3 and dust continuum emis-
sion in the CND. A virial analysis suggests that these clouds
have mean density of n ~ 107 cm™3, sufficient to withstand the
tidal shear in the region, and the CND may be a long lived
structure. We estimate a total gas mass of about 3 x 10°M,

for the CND. Our non-detection of HCO* absorption along the
Sgr A West places an upper limit to the gas column density of
< 4 x10% cm™2, or the neutral gas within the CND is depleted
of molecules.

4. A line-to-continuum ratio analysis under the LTE assump-
tion yields a fairly uniform electron temperature of about 7000
K along the ionized streamers in the Sgr A West complex, in an
excellent agreement with the electron temperature calculated at
8.3 GHz using the H92¢ observations (Roberts & Goss 1993).
Evidence for increased T, (or an unusually low L/C ratio) along
the central bar just southwest of Sgr A* is found in our data as
well even though our data include all line emission within +£350
kms™. The low L/C ratio we find at 92 GHz challenges the op-
tically thick continuum sources IRS 2 and IRS 13 as additional
sources of continuum emission as suggested by Roberts, Yusef-
Zadeh, & Goss (1996). Therefore, the elevated T, (a lower L/C
ratio) seen near the location of IRS 2 and IRS 13 is still not
fully understood.

5. A comparison of the velocity integrated line flux densities
for H31a, H4la, H44a, and H92« emission from the Sgr A
West complex shows line ratios characteristic of spontaneous
emission from optically thin gas near LTE. A detailed analysis
reveals that observed recombination line brightness is reduced
by 10-30% (i.e., by ~ 0.7 -0.9) from the LTE value.

6. A combined analysis of the new high resolution H41l« and
HCO™" images and a kinematic model clearly demonstrates a
widely spread, close physical and dynamical link between the
molecular gas in the CND and the ionized gas, including along
the eastern rim where a gap in the CND was previously re-
ported. The same analysis also clearly identifies several fea-
tures that do not follow the disk rotation. We conclude that the
“+50 km st streamer” is not directly associated with the CND.
The morphology of “+70 km s™* streamer” is suggestive of its
association with the CND, but its kinematics and absence of
any ionized gas challenge the idea of their close association.
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are indebted to C. Lang for her expert advice and help with the
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tions as the referee of this article. In addition, we would like to
acknowledge the direction gained from insightful discussions
with W. M. Goss and late K. R. Anantharamaiah. We would
like to thank the OVRO and the NRAO 12-m Telescope staff
for the support and help without which this project would not
have been possible. The National Radio Astronomy Observa-
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TABLE 1
SUMMARY OF THE OV RO OBSERVATIONS

Rest Frequency of H4la line

Rest Frequency of HCO*(J =1 — 0) line

Primary beam (HPBW)
Phase center

Center LSR velocity
Synthesized beam (HPBW)
Spectrometer settings

RMS noise

92.034 GHz
89.188 GHz
85//

(B1950) = 17M'51m29.4°
5(B1950) = —28°59/19.2"
0.0 kms™
6.95" x 3.47" (PA= —5°)
60 x 4 MHz (13 kms™)
0.13 Jy beam™ (0.21 K)




~28°58'30" | —

Northern
Arm

. —28°500" —
(]
1)
Lo
-— L -
=
. ! .
= " Western
:_51 —28°59'30"|— Eastem Arc =t
0 Arm Bar
=

~29°00"|— -

I l L L I. L L d ] l l I ] i

170y 2mgoe 30° 26° 24°
Right Ascension (B1950)

Fi1G. 1.— Deconvolved image of 92 GHz continuum emission from Sgr A complex at 6.95”” x 3.47"" (PA = —5°) resolution of the synthesized beam. The cross
marks the position of Sgr A*. The grey-scale range is between 0.03 to 0.40 Jy beam™ with RMS noise of 0.01 Jy beam™1.

TABLE 2
92 GHZ CONTINUUM EMISSION

Feature Size Speak Tpeak Sotal
(pc)  (Jy Beam™) (K) dy)

Northern Arm 0.9 0.39+0.07 3.1+0.6 1.09+0.16
Sgr A* 0.1 1.954+0.29 15.64+2.3 1.95+0.30
Bar 11 0.75+0.14 6.0+£1.1 0.90+0.29
Western Arc 15 0.14+0.02 1.140.2 1.0840.08
Eastern Arm 0.4 0.29+0.05 23+04 0.524+0.12
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Fi1G. 2.— Integrated line emission of the H 41« line from Sgr A complex at 6.95"" x 3.47"" (PA = —5°) resolution of the synthesized beam. The cross marks the

30°

_8°

Right Ascension (B1950)

position of Sgr A*. The grey-scale range is between 0 and 12 Jy km s beam™.

A SUMMARY OF H41a LINE INTENSITY

TABLE 3

Region Size Spesk Tpeak Sota
(pc)  (Jy Beam™) (K) Ady)
Northern Arm 0.9 1.1840.27 94422 4.70+0.71
Bar 1.1 1.12+0.21 9.0+1.7 5.70+0.37
Western Arc 15 050+0.14 40+1.1 1.86+0.39
Eastern Arm 0.4 0.90+0.15 7.2+1.2 2.02+0.36
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ARC SEC

ARC SEC

FIG. 3A.— (a) Channel maps (from =221 km s71 to =13 km s71) of HCO* emission are shown in grey-scale and H41a in contours. (b) Channel maps (from
+13 kms™! to +221 km s™1) of HCO™ emission are shown in grey-scale and H41« in contours. The grey-scale ranges between —100 (white) and +500 (black) mJy
beam™ for HCO*. The contour levels are =2, +2, +3, +4, +5, and +6 times 15 mJy beam™! (1o7). The location of Sgr A* is marked at the center with a cross.
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FiG. 38.— Channel maps (from +13 km s to +221 km s™) of HCO™ emission are shown in grey-scale and H41c: in contours.
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F1G. 4.— A contour map of H41a emission is shown with line-to-continuum (L/C) plots of respective regions. The contour levels are +1, +2, +3, +4, +5, and +6
times 2.3 Jy km s™1. Ratios of the L/C are marked on the y-axis and the velocity ranges in km s~ are shown on the x-axis. Crosses mark the data points, solid line
represents the model Gaussian fit, and the dashed line represents the residual.
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FiG. 5.— Integrated line emission of the HCO™ line from Sgr A complex at 6.95” x 3.47” (PA = —5°) resolution. The cross marks the position of Sgr A*. The
grey-scale range is between 7 to 32 Jy km s~ beam™1. Superimposed are the contours of H 41a. emission. The contour levels are 2.3, 4.6, 6.9, 9.2, 11.6, and 13.9
Jy km s~ beam™. The boxes mark the dense gas clumps described in Table 5.
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Fi1G. 6.— H31la, H4la, and H44« spectra of Sgr A West obtained with the NRAO 12-m telescope. The H31a spectrum is made by summing 8 independent
spectra covering the whole Sgr A West, scaled down by a factor of four. Both the OVRO (solid line) and the NRAO 12-m (dotted line) spectrum are shown for
H41a line. The excess emission in the NRAO 12-m spectrum near +200 km s~ may be due the contamination by widely distributed foreground CHsCN emission
(see text).




18 Shukla, Yun, & Scoville

5 10 15
|
I
N
-28'59 00 | .
s
Lo
9
pd
)
|_
<
Z
O 30 |- B
L
o
45 | |
|

1742315 31.0 305 300 295 290 285 280 275
RIGHT ASCENSION (B1950)

FiG. 7.— Grey-scale representation of LTE electron temperature distribution in Sgr A West. The grey-scale ranges between 3000 to 15000 K. The 8.3 GHz
continuum image at 0.62"" x 0.51"" resolution by Roberts & Goss (1993) is shown in contours. The contour levels are 2.5, 5, 10, 20, 30, 40, 50, and 60 mJy beam ™.
The thick cross marks the position of Sgr A*. The location of the IR source IRS 2 is shown with a thick white arrow, and the second continuum source about 2"’ to
the north is IRS 13.



Dense Gas Surrounding Sgr A* 19

285830 -
45 - N
— i
8 "F”'ﬁ
2' -~
= 5900 .[\ N .
% )
- 15 — * . ey _
S v
® 30 - ; -
a Y
;E!f
45 o ]
v,
290000 — -
15 @ \ \ \ \ |
17 42 34 32 30 28 26

RIGHT ASCENSION (B1950)

FiG. 8.— A ratio map between H92«, and H41q line emission is shown in grey-scale (from 0.0 to 1.5). The integrated H92« line data from Roberts et al. (1993)
were convolved with the OVRO beam. The ratio is nearly constant, ~0.15, in most regions.
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FiG. 9.— Velocity integrated line flux densities of H31a, H44a, and H92«: are plotted as a function of frequency. The H41a measurement from the OVRO data
is shown only as an upper limit since some of the extended emission is resolved out by the interferometer. The solid line is the best fit power-law relation, S o< v<.
The slope o = 0.9540.18 is very close to the theoretical value for spontaneous emission (S, o« v*1).
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F1G. 10.— A comparison of the H41« (solid line) and H92« (dotted line, multiplied by a factor of 15) spectrum, one at the Sgr A* position (right) and at an
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FiG. 11A.— (a) Channel maps (from =195 km st to =13 km s~1) of HCO™* emission are shown in grey-scale. In each twin panel plot, the observed HCO*
emission is shown on the left panel while the simulated disk model (see § 4.5) is shown on the right panel. The contours of H41a emission are shown in both panels.
The grey-scale ranges between —100 (white) and +500 (black) mJy beam™ for HCO™. The greyscale for the model shown on the right panel uses the full range in
model units. The contour levels are -2, +2, +3, +4, +5, and +6 times 15 mJy beam™ (107). Each box is 100"’ on each side, and Sgr A* is located at the center. (b)
Channel maps (from +13 km s~ to +195 km s™1) of HCO* in grey-scale superimposed with contours of H41q.
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FiG. 118.— Channel maps (from +13 km s to +195 km s™1) of HCO™" in grey-scale superimposed with contours of H41a.
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TABLE 4
LTE ELECTRON TEMPERATURE OF THE REGIONS IDENTIFIED IN FIGURE 4

Region Box Center ViR AV <TuTc> Temperature T
(32000) (kms™)  (kms™) (K)
1 17"42M29.571, —28°59'09."2  +114+3 78+5 0.50+0.04 63944608
2 17"42™28.560, —28°59’18."2 -1324+8 213+18 0.18+0.02 64734891
3 17M42M27.592, —28°59'46."7  -92+3 43+5 0.80+0.13 7470+£1372
4 17M42M29.527, —28°59/19."2 -117+20 347 +48 0.03+0.01 18806+4770
5 1742M30.532, —-28°59'26."2  +142+3 70+5 0.66+0.07 55284623
6 17"42M29.559, —28°59'17."2  +46+3 1014+6 0.26 +0.02 90574825
TABLES
HCO" LINE INTENSITY OF THE NINE BRIGHTEST CLUMPS IN THE CND
Clump Size Speak Tpeak AV Muir Nir
(b)) @yBeam™)  (K)  (kms?)  (Mo)  (em™)

A 0.4 3.54+0.8 27.9+6.4 20.7 2.1 x10* 1.4x107

B 0.3 1.6+0.4 12.74+3.2 17.3 1.1 x10* 1.8x107

C 0.3 1.0+0.8 8.0+6.4 12.0 0.5 x10* 0.9 x 107

D 0.4 1.2+0.3 95423 29.9 4.5 %x10* 3.0 x 107

E 0.2 1.5+0.9 11.94+7.2 11.6 0.3 x10* 1.8x107

F 0.3 19+04 15.14+3.2 19.4 1.4 x10* 2.2 x107

G 0.6 1.5+0.4 12.04+3.2 16.1 1.9 x10* 0.4 x 107

H 0.4 1.0£0.5 8.0+4.0 19.0 1.8 x10* 1.2 x107

| 0.2 1.8+0.7 14.3+5.6 13.0 0.4 x10* 2.3x107

TABLE 6

SUMMARY OF THE NRAO 12-M OBSERVATIONS

Line v SAV
(GHz) (Jy kms™)
H31la 210.502 10344207
H35a 146.969 -
H4la  92.034 -
H44a.  74.645 232 +46
H92« 8.309 42.6+6.5




