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Abstract. New HI images from the VLA Galactic Plane Survey (VGPS) show clear absorption features associated
with the supernova remnant (SNR) G18.8+0.3. High-resolution 13CO images reveal that molecular clouds overlap
the radio filaments of G18.840.3. The *CO emission spectrum over the full velocity range in the direction of
G18.840.3 shows two molecular components with high brightness-temperature and three molecular components
with low brightness-temperature, all with respective HI absorption. This implies 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
G18.840.3 is at 129 km s~ !, which corresponds to the tangent point in this direction. This yields a lower distance
limit of 6.9 kpc for G18.840.3. Absence of absorption at negative velocities gives an upper distance limit of 15 kpc.
The broadened profile at 2045 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 km s™* are ~6 x10° Mg and ~ 2x 10% cm 3. We find an atomic hydrogen
column density in front of G18.840.3 of Ngr ~ 2%x10%%2 ¢cm~2. The ROSAT PSPC observations 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 2.2x107'? erg cm 25!, suggesting an intrinsic luminosity of 3.6x103* erg s™! for G18.8+0.3.

Key words. (ISM:) supernova remnants-X-rays: galaxies-ISM: molecular: observations-radio continuum: galaxies-

radio lines: galaxies

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 features (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 G18.84+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 mor-
phological association between a giant molecular cloud
(GMC) and G18.840.3, 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
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energy v-rays (Aharonian et al. 2006), have given no de-
tection in the direction of G18.8+0.3. These factors have
motivated us to study G18.84-0.3 further. In this paper,
we use new radio 1420 MHz continuum and HI-line obser-
vations, high-resolution '*CO mapping, and unpublished
X-ray data in order to provide new estimates for associ-
ated physical parameters such as the distance and intrin-
sic X-ray luminosity of G18.840.3, and to study the rela-
tion between G18.840.3 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 continuum images of SNR, G18.840.3 shown
in this paper have a spatial resolution of 1’ (FWHM) at
1420 MHz and an rms sensitivity of 0.3 K (T;/S, =168
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K Jy~1!). The synthesized beam for the HI line images is
also 1’, the radial velocity resolution is 1.56 km s—!, 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 km s~ !, an angular sampling of 22", a radial velocity
resolution of 0.21 km s~!, and a rms noise of ~ 0.13 K.

2.2. X-ray Data

G18.840.3 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 in-
tegration time of 2805 and 1241 seconds respectively, and
then between 1992 Oct. 10 and Oct. 13 (WG500211P)
for 11057 seconds. 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 inten-
sity at lower energies is completely local in the so-
lar neighborhood, because of interstellar absorption. We
have used the CIAO csmooth routine to obtain the
combined images of G18.840.3, 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
G18.84+0.4 (see |http://heasarc.gsfc.nasa.gov/W3Browse/
rosat /rospspctotal.html).

3. Results
3.1. Continuum Emission

The VGPS continuum image of G18.840.3 at 1420 MHz
is shown in Fig. 1. The VGPS map has a higher resolution
and sensitivity (by factor of 3.5), and shows more details
than the previous best image at 1465 MHz (Dubner et
al. 1996). Additional faint features are detected by the
present observations. The new image gives a corrected an-
gular size of G18.84-0.3: 18 x13’ in [ and b directions. The
radio continuum image of G18.840.3 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 ve-
locity range from —113 to 165 km s~ for features in the
HI emission which might be related to the morphology of
G18.840.3. There are HI features closely coincident with

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

Ty, (K) 35.6 33.9 38.3 35.5 34.3 28.0

the SNR in four velocity ranges: 0 to 8, 14 to 27, 48 to 56,
and 100 to 116 km s~!. Fig. 2 shows maps of HI emission
for 4 channels: 5.13, 18.32, 54.60 and 113.96 km s—! re-
spectively. 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 cor-
related with the continuum intensity, indicating that they
are caused by absorption in HI between the SNR and the
Earth.

We construct the HI emission and absorption spectra
of G18.8+0.3 using a new method. Because we have an ex-
tended 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 re-
gion since the background region is chosen to be nearby
the continuum peak in order to minimize the potential
difference in the HI distribution along the two lines of
sight (source and background). For the source line-of-
sight: Tpp(v) = T (v)(1 - e (M) 4+ T¢(e~7(*) - 1). The
HI images have continuum emission subtracted, resulting
in the “-1” in the second term. For the background line-
of-sight: Tof(v) = T(v)(1 - e7 ™)) + Tg (e77() - 1).
This gives: AT = Tor7(v) - Ton(v) = (TSC-TIfq)(l-e_TC(“)).
In above formulae, Ty, (v) and T,pr(v) are the average
brightness temperatures of many spectra from a selected
area on a strong continuum emission region of the SNR
and an adjacent background region. Ty and Ty, are the
average continuum brightness temperatures 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 con-
tinuum source to the observer. When there is no contin-
uum emission in the background region, this reduces to
the standard formula (for continuum subtracted maps).

Fig. 3 shows the source and background HI emission
spectra 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 Ty are measured from 1420
MHz continuum image by same method. Table 1 summa-
rizes their parameters. Fig. 3 clearly reveals absorption
features at 1, 5, 11, 18, 22, 27, 42, 51, 98, 113, 126 km
s~1. Region 3 contains the strongest continuum intensity
on the face of G18.8+0.3 and thus shows the strongest ab-
sorption in the on-source spectrum (upper panel). There
is little absorption at 60, 82, 93, 103 km s~ !, suggesting
that little HI exists at these velocities: i.e. they probably
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Fig. 1. The figure shows the VGPS continuum image of
G18.8+0.3 at 1420 MHz.

correspond to interarm regions. Since in all 6 plots we see
absorption features all the way up to near the tangential
velocity at 130 km s~!, the SNR must lie close to, or be-
yond, 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 protrusion, Dubner et al. 1999) is noisier
due to lower continuum brightness temperature. The pro-
trusion shows the same strong absorption features as the
other regions, so it is likely part of G18.84-0.3. 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 G18.84+0.3 is
at 129 km s~!. Taking a circular Galactic rotation curve
model and the most recent estimates of the parameters for
this, i.e. Vo=214+7 km s~! (Kothes & Dougherty 2007)
and Ro=7.6+0.3 kpc (Eisenhauer et al. 2005), we obtain
a circular velocity of Vg=19942 km s~! at radius of the
tangent point to yield a tangent point radial velocity of
~ 130 km s7! from the HI emission spectra in Fig. 3.
The highest velocity absorption feature is at the tangent
point implying that a distance for G18.84-0.3 beyond the
tangent point is required, i.e. d;,;,=6.9 (i.e. 7.240.3) kpc.
Further, because there are no significant absorption fea-
tures at small negative velocities, this implies that the
SNR is probably within the Solar circle, i.e. an upper dis-
tance of 15 kpc applies for G18.8+0.3. The average angu-
lar diameter of 15.5" yields a diameter of about D,,;,=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. Fig. 4 is an
average 13CO spectrum over the full velocity range in the
direction of G18.840.3 (over the full area of G18.8+0.3).
It shows two molecular components with high brightness
temperature, at radial velocities 5+1 km s~! and 2045
km s~! respectively, and three other molecular compo-
nents with low brightness temperature, at radial velocities
5442 km s~!, 11243 km s~! and 12544 km s~ respec-
tively. Fig. 5 (upper left) is the high-resolution 3CO im-
age of G18.840.3 from a single channel at 19.65 km s~ !,
which has been used to estimate G18.84-0.3’s kinematic
distance by previous authors. Three other plots of Fig. 5
(i.e., upper right, lower left and right) are 3*CO spectra
extracted from boxes 1, 2 and 3 marked in the upper left
plot, respectively. These show that molecular clouds, cen-
tered at radial velocities 5 and 20 km s~! respectively,
overlap the lower latitude part of the SNR (i.e. strong
continuum emission regions).

3.5. X-ray Emission

Fig. 6 shows the combined X-ray image of G18.840.3 in
the hard band (0.5-2.4 keV), with superimposed contours
of the 1420 MHz continuum emission and **CO emission
at 19.65 km /s. 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 uniform across the field of view, consistent with no emis-
sion from G18.8+0.3. A peak near 1=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 enhance-
ment suggests that they are physically associated. With
the limited spatial resolution, bandpass and 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 as-
sumption 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 significant emission from the interior
of the SNR indicates that it has a shell-like X-ray mor-
phology, 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 2045 km/s. This morphological relation can
be explained if the X-ray emission is produced in the en-
tire radio shell of G18.840.3 (e.g. like the Cygnus Loop),
but the high column density (~10%2 cm~2, see section 5.2
for details) molecular cloud at 2045 km/s overlapping the
right side of (G18.84-0.3 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 sufficiently
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Fig. 2. The maps of HI emission for 4 channels: 5, 18, 54 and 114 km s~ !, respectively. These maps have superimposed
contours (28, 48, 68, 80, 90, 100 K) of 1420 MHz continuum emission chosen to show the SNR.

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
absorption, implying that all these clouds should be in
front of G18.84-0.3. Based on the Cordes & Lazio (2002)
Galactic arms scheme, we conclude that our line-of-sight
in the direction to G18.840.3 crosses the spiral arms in
7 locations. In Table 2 we list the respective spiral-arm
radial velocities. Possible associations with CO emission
or HI absorption features are given. Cases are included
even when the velocities are up to ~ 10 km s~! different,
since the calculated arm crossing velocities are based on

a circular rotation model and can be off by ~ 10 km s—!

due to non-circular motions from spiral arm shocks and
velocity dispersion.

Arm crossing number 4 is at the far side of the tan-
gent point and at v~ 79 km s~!. There is a significant HI
absorption feature at 70 - 80 kms™!. If this feature is as-
sociated 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 absorption feature
for arm crossings 5, 6 and 7, all lying beyond the tangent
point, occur at the same velocities as for arm crossings 2,
1 and the local gas. Thus, the HI absorption or CO emis-
sion 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 km s~!) are not noted as corresponding
a spiral arm in the Cordes & Lazio diagram. We identify
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Fig. 3. HI image of G18.8+0.3 from a single channel at 18.3 km s~! (top 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 km s~ 1.
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Table 2. Summary of Velocity Features.

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

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 '2CO line and low-resolution HI line
observations, suggested a physical association between
G18.840.3 and the GMC detected by the 2CO observa-
tions at around 19 km s~'. They estimated a distance of
14 kpc for G18.8+0.3 after considering the low-resolution
HI absorption profiles from Caswell et al. (1975). However,
they found no detection of significant broadening in the
individual 2CO spectra, while a broadened profile would
be considered as a clear indicator of shock interaction.

Fig. 4 reveals that the molecular cloud at 2045 km
s~! is the only one in the *CO spectra to show a clearly
broadened profile. The high resolution image of 13CO (see,
Fig. 5) shows the morphological agreement between the
shape of this 1>CO cloud and the border of the SNR more
clearly than does that of Dubner et al. (1999). This de-
tailed 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 independently esti-
mated for G18.840.3. The total Hy mass (upper limit) of
the CO cloud at 2045 km s~! is estimated from My, =
Ng,Qd?(2mpg /Mg) (£ is the solid angle of the cloud, and
d is its distance). We take Ng,/Wizco~1.8x10%° ¢cm—2
K~ km~!s from Dame et al. (2001). The total integrated
intensity of 3CO is Wisco ~ 2.5 K km/s from Fig. 4
(over a 0.2°x0.3° region). Because the 12CO/!3CO iso-
topic abundance ratio is about 70 at this distance (Langer
& Penzias 1990), we obtain an average Ha column density
of Ny,~3.2x10*? ¢cm~2, and a molecular cloud mass of
M, ~6x105Mg. This giant molecular cloud has a mean
density of ~ 2x 10% cm™3.

Since the CO should be in front of G18.8+0.3, as im-
plied 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 ef-
ficiently pumped in hot, dense shocked molecular 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 an-
gle at which the shock propagates transverse to the line-
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Fig. 4. The average CO spectrum over the full velocity
range in the direction of G18.8+0.3.

of-sight is small, that the shocked molecular cloud is not
sufficiently dense (e.g. above 10%cm™2), 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 Section 4.2, a likely interaction be-
tween the SNR and an adjacent molecular cloud implying
their physical association. The spatial correlation between
X-ray and radio emission noted in Section 3.5 suggests
that the origin of the X-ray emission is related to the SNR
shock, i.e. is due to bremsstrahlung from the shock-heated
gas.

Assuming the gas temperature T, we can obtain
the absorbing column density Ngy from the HI absorp-
tion spectrum (Ng;=1.9x10%¥7AvT, cm~2, Dickey &
Lockman 1990). Using the region 3 spectra shown in Fig.
3, we sum over the absorption features to obtain Npj
~2x10%?2 cm~2, taking a typical value of Ty= 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
G18.840.3. From the X-ray emitting area (0.15°x0.20°)
seen against the face of (G18.84-0.3 in the Fig. 6, a
count rate of 7.3x1073 counts s~! is obtained. To
get the intensity of the diffuse X-ray emission associ-
ated with the remnant, we first obtain a total count
rate within this region above a local background and



Tian, Leahy & Wang: Radio and X-ray images of SNR G18.84-0.3 7

Velocity: 19.65 km/s
0.60]

2.0

0.50

0.40

0.30

Galactic Latitude

MR | AERCERARLE (R |

0.20 1 2

e | et | T LR

19.00 18.90 18.80 18.70 18.60

Galactic Longitude

Glon: 18.76065
Glat: 0.28400001

1.00 —

w{
%{
M{
020

0.0k

0 20 40 60 80 100 120
Velocity (km/s)

Glon: 18.93285
Glat; 0.30860001
1.00F

0.80F -
0.60f— —
0.40f— —

0.20F

owa
\\\‘\\\\\‘\\\ \\\‘\\

0 20 40 60 80 100 120
Velocity (km/s)

Glon: 18.62535
Glat: 0.35165001
1.00F

40 60 80 100 120

Velocity (km/s)

0 20

Fig.5. The upper left of Fig. 5 is the high-resolution *CO image of G18.8+0.3 from a single channel at 19.84 km
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and 3 marked in the upper left plot, respectively.

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 Nz7~2x10?2 ecm~2, an energy range of 0.5 - 2.4
keV, and a temperature 1 keV, the X-ray flux, unab-
sorbed flux and intrinsic luminosity of G18.8+0.3 are
Fx=15x10"13 erg cm™2 s7!, F¥"=2.2x10"'? erg cm ™2
s71 and Lx=3.6x10%! erg s7! (Ly=47d?F%", 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 km/s. The
GMC has an average Hy column density of Ny,~3.2x10%2
ecm~2. This yields Ngryp,~5x10%2 cm~2. If the unab-
sorbed X-ray flux from the right side (behind the GMC)
is still 2.2x10712 erg em™2 s7! (T= 1 keV), the sur-
face brightness after absorption is 8.3x107% counts s—!

arcmin~? (total 6.7x 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 ab-
sorption.

5. Conclusion

Summing up, using new VLA continuum and HI-line data
for G18.84-0.3, we have obtained HI absorption profiles to-
wards this SNR. From the comparison of the HI absorption
and 3CO emission profiles in the direction of G18.84-0.3,
we obtain a new estimate for the distance and physical size
of G18.84-0.3. G18.84-0.3 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 velocity for a spiral arm at
9.4 kpc according to the Cordes & Lazio (2002) model
for Galactic arms. This suggests that G18.840.3 is prob-
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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 superimposed 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)

ably located beyond a distance of 9.4 kpc. Absence of HI
absorption at negative velocities gives an upper distance
limit of 15 kpc for the SNR. Morphological agreement be-
tween G18.84-0.3 and a CO cloud, plus the broadened na-
ture of the CO emission profile support an interaction be-
tween G18.8+0.3 and this molecular cloud. This implies
a distance of 12.1 kpc for G18.8+0.3. ROSAT PSPC ob-
servations reveal diffuse X-ray emission associated with
the left side of the radio shell of G18.840.3. We esti-
mate an atomic hydrogen column density of Ny of ~
2x10%? cm™2, and an intrinsic X-ray flux and luminosity
for G18.8+0.3.
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