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ABSTRACT

New HI images from the VLA Galactic Plane Survey (VGPS) show clear absorption features associated with the supernova rem-
nant (SNR) G18.8+0.3. High-resolution '*CO images reveal that molecular clouds overlap the radio filaments of G18.8+0.3. The
BCO emission spectrum over the full velocity range in the direction of G18.8+0.3 shows two molecular components with high
brightness-temperature and three molecular components with low brightness-temperature, all with respective HI absorption. This im-
plies that these clouds are in front of G18.8+0.3. In the HI images, the highest velocity absorption feature seen against the continuum
image of G18.8+0.3 is at 129 kms~!, which corresponds to the tangent point in this direction. This yields a lower distance limit of
6.9 kpc for G18.8+0.3. Absence of absorption at negative velocities gives an upper distance limit of 15 kpc. The broadened profile at
20 + 5 km s~ in the *CO emission spectra is a strong indicator of a possible SNR/CO cloud interaction. Thus, G18.8+0.3 is likely to
be at the distance of about 12 kpc. The upper mass limit and mean density of the giant CO cloud at 20 + 5 kms™! are ~6 x 10° M, and
~2 % 10? cm™. We find an atomic hydrogen column density in front of G18.8+0.3 of Ny ~ 2 X 10%2 cm™2. The ROSAT PSPC obser-
vations show a diffuse X-ray enhancement apparently associated with part of the radio shell of G18.8+0.3. Assuming an association,

the unabsorbed flux is 2.2 X 1072 ergcm™2 5!

, suggesting an intrinsic luminosity of 3.6 x 103 ergs™! for G18.8+0.3.
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1. Introduction

The interaction between a supernova remnant (SNR) and the
surrounding interstellar molecular clouds can produce several
observable physical phenomena, e.g. OH (1720 MHz) shock-
excited masers (Frail et al. 1994; Frail & Mitchell 1998; Wardle
& Yusef-Zadeh 2002), very high energy y-rays (Torres et al.
2003; Tian et al. 2007) and puzzling X-ray morphological fea-
tures (e.g. the lobe: the X-ray-bright interior feature in SNR CTB
109, Sasaki et al. 2006). The SNR/molecular cloud interaction
may also potentially lead to new generations of star formation.
SNR G18.8+0.3 (Kes 67) has been widely studied in radio bands
including continuum, HI, CO and OH lines (Caswell et al. 1975;
Kassim 1992; Dubner et al. 1996). Using morphological associ-
ation between a giant molecular cloud (GMC) and G18.8+0.3,
the SNR has been suggested to be interacting with the GMC
(Dubner et al. 1999, 2004). Observations searching for OH lines
(1720 MHz) and high energy y-rays (Aharonian et al. 2006),
have given no detection in the direction of G18.8+0.3. These
factors have motivated us to study G18.8+0.3 further. In this pa-
per, we use new radio 1420 MHz continuum and HI-line obser-
vations, high-resolution '3CO mapping, and unpublished X-ray
data in order to provide new estimates for associated physical
parameters such as the distance and intrinsic X-ray luminosity
of G18.8+0.3, and to study the relation between G18.8+0.3 and
the surrounding interstellar molecular and atomic clouds.

2. Observations
2.1. Radio data

The radio continuum at 1420 MHz and HI emission data sets
come from the Very Large Array (VLA) Galactic Plane Survey
(VGPS), described in detail by Stil et al. (2006). The contin-
uum images of SNR G18.8+0.3 shown in this paper have a spa-
tial resolution of 1’ (FWHM) at 1420 MHz and an rms sensi-
tivity of 0.3 K (T,/S, = 168 KJy™'). The synthesized beam
for the HI line images is also 1’, the radial velocity resolu-
tion is 1.56 kms~!, and the rms noise is 2 K per channel (i.e.
0.824 km s™!). The short-spacing information for the HI spectral
line images comes from additional observations performed with
the 100 m Green Bank Telescope of the NRAO. The '3CO-line
(J = 1-0) data sets are from the Galactic ring survey (Jackson
et al. 2006) carried out with the Five College Radio Astronomy
Observatory 14 m telescope. The CO-line data sets in the paper
have a velocity coverage of —5 to 135 kms™!, an angular sam-
pling of 22", a radial velocity resolution of 0.21 kms~!, and a
rms noise of ~0.13 K.

2.2. X-ray data

G18.8+0.3 was observed with the Position Sensitive
Proportional Counter (PSPC) on the ROSAT X-ray Observatory
on 1991 Mar. 30 and 1992 Apr. 2 (WG500048P-0 and
WG500048P-1) for a total source integration time of 2805
and 1241 s respectively, and then between 1992 Oct. 10 and
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Fig. 1. The figure shows the VGPS continuum image of G18.8+0.3 at
1420 MHz.

Oct. 13 (WG500211P) for 11057 s. In this work, we have
combined all three observations. We present the exposure-
corrected intensity image in the 0.5-2.4 keV band; the
intensity at lower energies is completely local in the solar
neighborhood, because of interstellar absorption. We have
used the CIAO csmooth routine to obtain the combined im-
ages of G18.8+0.3, which is adaptively smoothed to have
a S/N ~ 3. A total of 13 point sources are detected in the
0.5° radius centered at G18.8+0.4 (see http://heasarc.
gsfc.nasa.gov/W3Browse/rosat/rospspctotal.html).

3. Results
3.1. Continuum emission

The VGPS continuum image of G18.8+0.3 at 1420 MHz is
shown in Fig. 1. The VGPS map has a higher resolution and sen-
sitivity (by factor of 3.5), and shows more details than the pre-
vious best image at 1465 MHz (Dubner et al. 1996). Additional
faint features are detected by the present observations. The new
image gives a corrected angular size of G18.8+0.3: 18’ x 13" in/
and b directions. The radio continuum image of G18.8+0.3 looks
rather as if there is a “blow-out” towards the northwest (e.g. less
well-defined shell structure, while the diffuse emission extends
considerably). This is likely the region where the SNR shell is
encountering lower densities (i.e., the molecular cloud is seen in
the south edge in Fig. 5) and hence where a “blow out” may be
more likely.

3.2. Producing HI emission and absorption spectra

We have searched the VGPS data within the radial velocity range
from —113 to 165 kms~! for features in the HI emission which
might be related to the morphology of G18.8+0.3. There are HI
features closely coincident with the SNR in four velocity ranges:
0to 8, 14 to 27, 48 to 56, and 100 to 116 kms™!. Figure 2
shows maps of HI emission for 4 channels: 5.13, 18.32, 54.60
and 113.96 kms~! respectively. These maps have superimposed
contours (28, 48, 68, 80, 90, 100 K) of 1420 MHz continuum
emission chosen to show the SNR. The HI features are strongly
correlated with the continuum intensity, indicating that they are
caused by absorption in HI between the SNR and the Earth.
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We construct the HI emission and absorption spectra of
G18.8+0.3 using a new method. Because we have an extended
continuum source rather than a point source, we don’t use the
standard formula for HI absorption spectra. The continuum
emission extends into our background region since the back-
ground region is chosen to be nearby the continuum peak in or-
der to minimize the potential difference in the HI distribution
along the two lines of sight (source and background). For the
source line-of-sight: Ton(v) = Tg(v)(1 — e™"W) + TE(e™™™ — 1),
The HI images have continuum emission subtracted, resulting
in the “~1” in the second term. For the background line-of-
sight: Tog(v) = Tg(V)(1 — e ™) + ng(e‘“(v) — 1). This gives:
AT = Tor(v) = Ton(v) = (T5 = Tg,)(1 — e ™). In above for-
mulae, Ton(v) and Tog(v) are the average brightness tempera-
tures of many spectra from a selected area on a strong contin-
uum emission region of the SNR and an adjacent background
region. T¢ and ng are the average continuum brightness temper-
atures for the same regions respectively. 7(v) is the total optical
depth along line-of-sight and 7.(v) is the optical depth from the
continuum source to the observer. When there is no continuum
emission in the background region, this reduces to the standard
formula (for continuum subtracted maps).

Figure 3 shows the source and background HI emission spec-
tra and the absorption spectra for six selected regions on the face
of G18.8+0.3. Each on-source region is outlined by a solid-line
box, within which the T,,(v) is averaged. The respective off-
source region, within which the T,(v) is obtained, is defined
by the dashed-line box, excluding the solid boxed area. T and
T, are measured from 1420 MHz continuum image by same
method. Table 1 summarizes their parameters. Figure 3 clearly
reveals absorption features at 1, 5, 11, 18, 22, 27, 42, 51, 98,
113, 126 kms~'. Region 3 contains the strongest continuum in-
tensity on the face of G18.8+0.3 and thus shows the strongest
absorption in the on-source spectrum (upper panel). There is lit-
tle absorption at 60, 82, 93, 103 km s~ suggesting that little HI
exists at these velocities: i.e. they probably correspond to inter-
arm regions. Since in all 6 plots we see absorption features all
the way up to near the tangential velocity at 130 kms~!, the SNR
must lie close to, or beyond, the tangent point in this direction.

All six regions show similar strong absorption features. This
confirms that these are real and not due to spatial variation in
the HI emission. The absorption spectra of region 6 (i.e. the pro-
trusion, Dubner et al. 1999) is noisier due to lower continuum
brightness temperature. The protrusion shows the same strong
absorption features as the other regions, so it is likely part of
G18.8+0.3. However, the protrusion almost looks like a separate
discrete source in Fig. 1. It shows similar absorption to the SNR,
another possibility is that it is a chance extragalactic source seen
right through the galactic disc.

3.3. Kinematic distance

In the HI images the highest velocity of the absorption fea-
tures seen against the continuum emission of G18.8+0.3 is at
129 kms~!. Taking a circular Galactic rotation curve model
and the most recent estimates of the parameters for this, i.e.
Vo = 214 + 7 kms™' (Kothes & Dougherty 2007) and Ry =
7.6 £ 0.3 kpc (Eisenhauer et al. 2005), we obtain a circular ve-
locity of Vg = 199 + 2 kms™! at radius of the tangent point
to yield a tangent point radial velocity of ~130 kms™' from
the HI emission spectra in Fig. 3. The highest velocity absorp-
tion feature is at the tangent point implying that a distance for
G18.8+0.3 beyond the tangent point is required, i.e. dpyi, = 6.9
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Fig. 2. The maps of HI emission for 4 channels: 5, 18, 54 and 114 kms~!, respectively. These maps have superimposed contours (28, 48, 68, 80,

90, 100 K) of 1420 MHz continuum emission chosen to show the SNR.

(i.e. 7.2 + 0.3) kpc. Further, because there are no significant ab-
sorption features at small negative velocities, this implies that the
SNR is probably within the Solar circle, i.e. an upper distance of
15 kpc applies for G18.8+0.3. The average angular diameter of
15.5’ yields a diameter of about Dy, = 31 pc (dmin = 6.9 kpc)
for the SNR.

3.4. CO emission

The *CO images clearly reveal large molecular clouds that
overlap the SNR in the plane of the sky. Figure 4 is an aver-
age 'CO spectrum over the full velocity range in the direction
of G18.8+0.3 (over the full area of G18.8+0.3). It shows two
molecular components with high brightness temperature, at ra-
dial velocities 5 + 1 kms™"' and 20 + 5 kms™! respectively, and
three other molecular components with low brightness temper-
ature, at radial velocities 54 + 2 kms™!, 112 = 3 kms™! and
125 + 4 kms™! respectively. Figure 5 (upper left) is the high-
resolution 3CO image of G18.8+0.3 from a single channel at
19.65 kms™!, which has been used to estimate G18.8+0.3’s
kinematic distance by previous authors. Three other plots of

Fig. 5 (i.e., upper right, lower left and right) are '*CO spectra
extracted from boxes 1, 2 and 3 marked in the upper left plot, re-
spectively. These show that molecular clouds, centered at radial
velocities 5 and 20 kms™! respectively, overlap the lower lati-
tude part of the SNR (i.e. strong continuum emission regions).

3.5. X-ray emission

Figure 6 shows the combined X-ray image of G18.8+0.3 in
the hard band (0.5-2.4 keV), with superimposed contours of
the 1420 MHz continuum emission and 3CO emission at
19.65 kms~!. The image consists of several detected point
sources plus diffuse emission associated with the left half of the
radio shell. The image in the soft band (0.1-0.3 keV) is uni-
form across the field of view, consistent with no emission from
G18.8+0.3. A peak near / = 19, b = 0.4 is due to the presence
of a relatively bright point-like source. The bulk, if not all, of
the diffuse emission is enclosed within the radio boundary of the
SNR. The apparent positional coincidence of the X-ray emission
with the radio enhancement suggests that they are physically
associated. With the limited spatial resolution, bandpass and
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Fig. 3. HI image of G18.8+0.3 from a single channel at 18.3 km s™! (fop row). The six other panels show the HI spectra, extracted from boxes 1,
2, 3,4, 5 and 6 shown in the first panel. The HI emission and absorption spectra clearly show absorption features at 1, 5, 11, 24, 27, 51, 98, 113,
126 kms™!.
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Table 1. Parameters of six HI spectra.

Region: 1 2 3 4 5 6

No. source spectra 72 63 42 66 90 20
No. background spectra 132 135 112 134 250 90
T$(K) 57.1 63.8 76.0 68.8 56.2 36.7

T;,(K) 35.6 339 383 35.5 343 28.0
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Fig. 4. The average '*CO spectrum over the full velocity range in the
direction of G18.8+0.3.

sensitivity of the PSPC data, however, we cannot completely
rule out the possibility for a chance line-of-sight coincidence and
determine the nature of the X-ray emission. Under the assump-
tion of a physical association and the consideration of the SNR
age, we conclude that the emission is most likely thermal, which
depends strongly on the density of hot gas. The lack of signifi-
cant emission from the interior of the SNR indicates that it has
a shell-like X-ray morphology, similar to that observed in radio.
There is no X-ray emission from the right side of the radio shell
which is likely associated with the presence of the CO cloud de-
tected around 20 + 5 kms~!. This morphological relation can be
explained if the X-ray emission is produced in the entire radio
shell of G18.8+0.3 (e.g. like the Cygnus Loop), but the high col-
umn density (~10%> cm™2, see Sect. 5.2 for details) molecular
cloud at 20 + 5 kms~! overlapping the right side of G18.8+0.3
has completely absorbed the X-rays. There is no bright CO cloud
overlapping the left side, so the diffuse X-rays are visible there.
An alternative explanation is that the SNR shock has been suffi-
ciently decelerated by interaction with the dense molecular cloud
on the right side that it does not emit X-rays.

4. Discussion
4.1. Comparison of HI absorption and CO emission spectra

By comparison of CO emission and HI absorption spectra, all
prominent CO molecular clouds have corresponding HI ab-
sorption, implying that all these clouds should be in front of
G18.8+0.3. Based on the Cordes & Lazio (2002) Galactic arms
scheme, we conclude that our line-of-sight in the direction to
G18.8+0.3 crosses the spiral arms in 7 locations. In Table 2 we
list the respective spiral-arm radial velocities. Possible associ-
ations with CO emission or HI absorption features are given.
Cases are included even when the velocities are up to ~10 km s™!
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different, since the calculated arm crossing velocities are based
on a circular rotation model and can be off by ~10 kms™' due
to non-circular motions from spiral arm shocks and velocity
dispersion.

Arm crossing number 4 is at the far side of the tangent point
and at v ~ 79 kms~'. There is a significant HI absorption feature
at 70-80 km s~!. If this feature is associated with this spiral arm,
then the absorption occurs at a distance of ~9.4 kpc, indicating
that G18.8+0.3 is beyond this distance. We note that the absorp-
tion feature for arm crossings 5, 6 and 7, all lying beyond the tan-
gent point, occur at the same velocities as for arm crossings 2,
1 and the local gas. Thus, the HI absorption or CO emission
features at these velocities do not provide evidence on whether
G18.8+0.3 is beyond crossings 5, 6 and 7. Two features seen in
both the HI absorption and CO emission spectra near the tangent
point (i.e., at velocities of 110-115 and 122-130 kms~!) are not
noted as corresponding a spiral arm in the Cordes & Lazio dia-
gram. We identify them as probably originating from the galactic
molecular ring.

4.2. Is G18.8+0.3 interacting with a dense CO cloud?

Dubner et al. (1999, 2004), mainly based on their moderate-
resolution '>CO line and low-resolution HI line observations,
suggested a physical association between G18.8+0.3 and the
GMC detected by the '>CO observations at around 19 kms™'.
They estimated a distance of 14 kpc for G18.8+0.3 after con-
sidering the low-resolution HI absorption profiles from Caswell
et al. (1975). However, they found no detection of signifi-
cant broadening in the individual '>CO spectra, while a broad-
ened profile would be considered as a clear indicator of shock
interaction.

Figure 4 reveals that the molecular cloud at 20 = 5 kms~
is the only one in the '*CO spectra to show a clearly broad-
ened profile. The high resolution image of '*CO (see, Fig. 5)
shows the morphological agreement between the shape of this
13CO cloud and the border of the SNR more clearly than does
that of Dubner et al. (1999). This detailed coincidence can
be interpreted as an interaction between the SNR shock and
the CO cloud. If true, this CO line feature (or perhaps only
part of it) is due to a cloud at the far kinematic distance at
20 kms™' (i.e. 12.1 kpc) which would also be the distance in-
dependently estimated for G18.8+0.3. The total H, mass (upper
limit) of the CO cloud at 20 + 5 km s~ is estimated from My, =
NHZQd2(2mH/MO) (Q is the solid angle of the cloud, and d is
its distance). We take Ng,/Wico ~ 1.8 X 102 cm™ K~'km™'s
from Dame et al. (2001). The total integrated intensity of '*CO
is Wisco ~ 2.5 K kms™! from Fig. 4 (over a 0.2° x 0.3° region).
Because the '>CO/"*CO isotopic abundance ratio is about 70 at
this distance (Langer & Penzias 1990), we obtain an average H,
column density of Ny, ~ 3.2 10*2 cm™2, and a molecular cloud
mass of My, ~ 6 X 103 M. This giant molecular cloud has a
mean density of ~2 x 10?> cm™3.

Since the CO should be in front of G18.8+0.3, as implied by
the strong HI absorption feature detected near v ~ 20 kms™!, it
may be adjacent to or surrounding the SNR. Shock-excited OH
maser emission at 1720 MHz may result from the interaction of
a SNR with an adjacent molecular cloud, but this kind of OH
maser is only efficiently pumped in hot, dense shocked molec-
ular clouds under very restrictive conditions (Wardle 1999;
Wardle & Yusef-Zadeh 2002). The failure to detect OH masers
by Dubner et al. (1999) could mean that either that the angle
at which the shock propagates transverse to the line-of-sight is
small, that the shocked molecular cloud is not sufficiently dense

1
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Fig. 5. The upper left is the high-resolution '*CO image of G18.8+0.3 from a single channel at 19.84 kms™'. The spectra in three other plots, i.e.,
the upper right, the lower left and right, are extracted from the boxes 1, 2 and 3 marked in the upper left plot, respectively.

(e.g. above 10* cm™3), or that the OH column density is not high
enough (e.g. above 10'® cm~2) to produce 1720 MHz masers.

4.3. X-ray luminosity

As demonstrated in Sect. 4.2, a likely interaction between the
SNR and an adjacent molecular cloud implying their physical as-
sociation. The spatial correlation between X-ray and radio emis-
sion noted in Sect. 3.5 suggests that the origin of the X-ray emis-
sion is related to the SNR shock, i.e. is due to bremsstrahlung
from the shock-heated gas.

Assuming the gas temperature 7, we can obtain the ab-
sorbing column density Ny from the HI absorption spectrum
(Ngr = 1.9 x 10183 7AVT cm™2, Dickey & Lockman 1990). Using
the region 3 spectra shown in Fig. 3, we sum over the absorption
features to obtain Ny ~ 2 x 10?2 cm™2, taking a typical value of
T, = 100 K.

Based on plasma emission models, the present X-ray data

can be used to estimate the X-ray flux and intrinsic luminosity
(at least an upper limit) of G18.8+0.3. From the X-ray emitting

area (0.15° x 0.20°) seen against the face of G18.8+0.3 in the
Fig. 6, a count rate of 7.3x 103 counts s~! is obtained. To get the
intensity of the diffuse X-ray emission associated with the rem-
nant, we first obtain a total count rate within this region above
a local background and then subtract the contribution from the
four X-ray point sources detected within the region. Assuming
a Raymond Smith plasma emission model, using W3pimms
(http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html),
and taking Ny ~ 2 x 1022 cm™2, an energy range of
0.5-2.4 keV, and a temperature 1 keV, the X-ray flux, un-
absorbed flux and intrinsic luminosity of G18.8+0.3 are
Fx = 15%x 1075 ergem™s™!, F¥" =22 x 1072 ergem™2s™!
and Ly = 3.6 x 10** erg s (Lx = 4ﬂd2F§“, where we take
d = 12.1 kpc), respectively.

There is no X-ray emission from the right side of the SNR
which is covered by the GMC at 20 + 5 kms~!. The GMC has
an average H, column density of Ny, ~ 3.2 x 10*2 cm™2. This
yields Ngpn, ~ 5x 10?2 cm™2. If the unabsorbed X-ray flux from
the right side (behind the GMC) is still 2.2 x 1072 ergcm™2s™!
(T = 1 keV), the surface brightness after absorption is
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Table 2. Summary of velocity features.
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Crossing number local 1 2 3 4 5 6 7
Velocity (kms™) 0 21 63 92 79 62 21 0
Nearby HI absorption feature 0-5 15-25 48-52 95-100 70-80 48-52 15-25 0-5
Nearby CO emission feature 5 15-25 52-56 84-90 84-90 52-56 15-25 5
limit of 15 kpc for the SNR. Morphological agreement between
0.60 G18.8+0.3 and a CO cloud, plus the broadened nature of the
i . CO emission profile support an interaction between G18.8+0.3
i 0.0500 X L X
" and this molecular cloud. This implies a distance of 12.1 kpc
0.50f— 00480 — for G18.8+0.3. ROSAT PSPC observations reveal diffuse X-ray
3 L ¢ emission associated with the left side of the radio shell of
g I 0.0460 '% G18.8+0.3. We estimate an atomic hydrogen column density of
= 040 W Ny of ~2x10%? cm™2, and an intrinsic X-ray flux and luminosity
| | S
- 0.0440 » for G18.8+0.3.
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Fig. 6. The ROSAT PSPC intensity image of G18.8+0.3 in the hard
band (0.5-2.4 keV). The intensity is adaptively smoothed using
csmooth to achieve a signal-to-noise ratio of ~3. The image has super-
imposed on contours of *CO emission (green line: 0.6, 0.9, 1.4, 2.1 K)
and 1420 MHz continuum emission as Fig. 2. The units of the intensity
are 1073 counts s™! pixel ~! (1 pixel =0.25" x 0.25").

8.3 x 107 counts s~} arcmin™? (total 6.7 x 10~* counts s~!). This
is below the detection limit of the PSPC observations, so this
lack of observed X-ray emission is consistent with foreground
absorption.

5. Conclusion

Summing up, using new VLA continuum and HI-line data for
G18.8+0.3, we have obtained HI absorption profiles towards
this SNR. From the comparison of the HI absorption and '3CO
emission profiles in the direction of G18.8+0.3, we obtain a
new estimate for the distance and physical size of G18.8+0.3.
G18.8+0.3 shows HI absorption features up to the tangent point
velocity, giving a lower distance limit of 6.9 kpc. We detect the
HI absorption and CO emission coincident with the expected ve-
locity for a spiral arm at 9.4 kpc according to the Cordes & Lazio
(2002) model for Galactic arms. This suggests that G18.8+0.3
is probably located beyond a distance of 9.4 kpc. Absence of
HI absorption at negative velocities gives an upper distance

(HEASARC), provided by NASA’s Goddard Space Flight Center, and molecular
line data from the Boston University-FCRAO Galactic Ring Survey (GRS). The
GRS is a joint project of Boston University and Five College Radio Astronomy
Observatory, funded by the National Science Foundation. The NRAO is a facil-
ity of the National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
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