
Shock-Excited OH Maser Emission Outlining the 
Galactic Center Supernova Remnant 

G359.1-0.05 
F. Yusef-Zadeh, K. I. Uchida, D. Roberts 

A search using the Very Large Array was performed for 1720-megahertz OH maser line 
emission from a number of nonthermal radio continuum sources in the galactic center 
region. The 1720-megahertz transition has recently been noted for its potential as a tracer 
of shock activity. The most striking result was the detection of extended 1720-megahertz 
OH maser emission, as well as a number of compact OH maser features, along the 
interface between a large-scale continuum shell (G359.1-0.5) and its surrounding ring of 
high-velocity molecular gas. The morphological correlation among the neutral gas, the 
nonthermal shell, and the maser features provides strong support for the hypothesis that 
the 1720-megahertz maser line of OH arises from gas shocked by the impact of the 
expanding supernova remnant into the molecular material. However, the radial velocities 
of the molecular cloud surrounding G359.1-0.5 are more negative than that of the OH 
maser spots by more than 50 kilometers per second. Here it is suggested that only the 
low-radial-velocity component of the carbon monoxide material at the limb of the remnant 
satisfies the physical conditions required for collisional pumping of the OH 1720-mega- 
hertz line behind the expanding shock front. 

T h e  amarent association of 1720-MHz . L 

OH masers with supernovas has recently 
been emphasized by a high-resolution study 
of the supernova-retnnant W28, performed 
by Frail et,al. (1  ). The 1720-MHz OH maser 
clumps'are observed along the interface be- 
tween the suoernova remnant and an adia- 
cent molecular cloud, leading Frail e t  al. to 
suggest shock activity as the pumping 
source of the masers. This idea is in stark 
contrast to 1665- and 1667-MHz OH maser 
clumps, which are generally observed in 
star-forming regions and in the circumstel- 
lar envelopes of evolved stars and are thus 
believed to be radiatively pumped. This 
result has motivated us to look in the ga- 
lactic center region, where a number of 
nonthermal features are believed to be in- 
teracting with thermal eas and where shock 

u 

activity is likely to be prevalent. 
Figure 1 presents a 21-cm wavelength 

( A )  radio continuum image of the nonther- 
ma1 shell G359.1-0.5, taken as part of an HI 
absorption line study by Uchida et al. (2 )  
using the Very Large Array (VLA). The 
continuutn shell is directly centered on the 
image. There is also an unusual, threadlike, 
nonthermal radio continuum structure, 
sotnetitnes referred to as the "Snake" ( 3 ) ,  
crossing the western edge of the G359.1-0.5 
shell. The Snake is one of several filatnen- 
tarv features that are found onlv wlthin the 
inlier degree of the galactic ceAter (4) and 

that perhaps manifest a large-scale (-100 
pc) poloidal4 magnetic field component. 
The HI absorption line study itnplies that 
both the shell and the filamentarv feature 
are located at the distance of the galactic 
center (here assumed to be 8.5 kpc). Cen- 
tered on and concentric with the radio 
continuum shell in Fig. 1 is a nearly con- 
tinuous ring of molecular gas (5), displayed 
as contours of integrated ''CO (rotation 
auantum number J = 1 to 0)  emission (with 
velocities ranging between -60 and -190 
km s-'), with a mean radius of about 12'. 
Because of galactic rotation, gas located at 
the distance of the galactic center is typi- 
cally observed at high radial velocities (V = 

50 to 250 km s-'), whereas gas in the 
foreground or background of the galactic 
center is found to have velocitv near 0 km 
s-'. There are, however, a nulAber of low- 
radial-velocity gas clouds moving in noncir- 
cular orbits about the galactic center (6). 
But in general, the large radial velocities of 
the molecular shell (V = -190 and -60 
ktn S - I )  and its large linewidths (35 to 50 
ktn s-I) suggest that the molecular shell, 
like the continuutn shell it surrounds. is 
located within the galactic center region. 

The OH 1720-MHz maser line observa- 
tions were made on 5 February 1995 in the 
direction of a nutnber of galactic center 
sources, with the use of the compact DnC 
configuration of the VLA. Two of the six 
fields observed cover the G359.1-0.5 re- 
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about 20 rnin with two intermediate fre- 
quency (IF) pairs sirn~~ltaneously measuring 
the right- and left-circular polarized emis- 
sion components. Each IF had a total band- 
width of 1.5625 MHz (273 km s-') and was 
split among 128 channels. The IFs for a 
particular polarization were centered at V = 
-80 and +80 km s-' to maximize the total 
velocity coverage. The data from the two 
IFs were cotnbined for a total velocity cov- 
erage of ?216 ktn s-l, then Hanning- 
smoothed off-line to give a velocity resolu- 
tion of 4.25 km s-'. The spatial itnages were 
deconvolved with the CLEAN algorithm 
with the use of a clean beam 71" X 33" in 
size, oriented at a position angle of 12". The 
channel and continuum root-mean-square 
noise are about 4 and 20 millijansky (mnJy) 
per beam, respectively. The two fields were 
corrected for the primary beam attenuation 
and were linearly added after being weight- 
ed by the inverse of the variance. 

Figure 2 shows an OH line etnission im- 
age, integrated between the velocities of 
-13.6 and -0.8 ktn s-', produced by com- 
bining the two IF'S and making a mosaic of 
the overlapping fields. Superitnposed on OH 
contours is the continuum grayscale itnage 
of the G359.1-0.5 supernova retnnant 
(SNR). This figure illustrates a striking cor- 
relation between the OH spots and the edge 
of the nonthermal remnant. The Gaussian- 
fitted positions of the six distinct compact 
OH emission spots (sources A through E),  as 
well as their surface brightnesses and veloc- 
ities, are listed in Table 1. All of the features 
have narrow linewidths that are either 
equivalent to or less than that of a single 
unsmoothed channel [AV,,,, = 2.125 km 
s-' (FWHM, full width at half maxitnum)] 
and all are generally found peaking at the 
velocity of =-5 km s-'. All of the OH 
sources reported here are observed in both of 
the original overlapping fields and in each of 
the IFs, thus eliminating any possibility that 
they are spurious observations. 

Figure 3 is a close-up view of the region 
where the Snake crosses the G359.1-0.5 
shell; it is also the location of the brightest 
compact OH maser spot (source A),  of the 
brightest continuutn emission, and of an 
extended OH component. Contours of the 
OH 1720-MHz line emission are superirn- 
posed on the color radio continuum image. 
The elongated OH feature is resolved spa- 
tially in the direction along the limb- 
brightened edge of the remnant; it extends 
frotn source A for about 5', following the 
edge of the retnnant. The extended compo- 
nent has velocities ranging between - 11 
and -3 ktn s-' and peaks in surface bright- 
ness (20 mJy per beatn) at -8 km s-'. 
Figure 4, which shows a spectrutn of source 
A, indicates a peak flux density of 760 rnJy 
per beam [at VLSR = -4.47 km s-' (LSR, 
local standard of rest)]. Because this exper- 
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Fig. 1 (left). Radiograph of the A 21 -cm continuum emission from G359.1- 
0.5 with a spatial resolution of 32.6 x 30 .8  (position angle = 56"). Dotted 
lines indicate the border of the CO map. The long narrow magnetic struc- 
ture known as the Snake crosses the western side of the remnant. Contours 
of integrated '*GO line intensity between - 190 and 6 0  km s-'  are 
superimposed on the radiograph. The contour levels are set at 75 K km-' 

iment was designed to detect comuact - 
sources, the presence of an extended struc- 
ture in the image came as a surprise. It is 
possible that there are more weak and ex- 
tended OH line-emitting features surround- 
ine the remnant but that thev have been u 

suppressed or "resolved out" due to a lack of 
complete uv coverage. It is also possible that 
many of the O H  features will break up into 
a number of compact sources if observations 
are made at higher spatial and spectral res- 
olutions. Thermal O H  1720-MHz emission 
is unlikely to explain the narrow line- 
widths of the OH features, because galactic 
center molecular clouds are known to have 
large internal velocity dispersions (30 to 50 
km s-I) (6). Thus, we assert that the 1720- 
MHz emission features are nonthermal in 
nature. 

Are the OH masers physically associated 
with the G359.1-0.5 SNR? One argument in 
favor of the association is the remarkable 
spatial correlation of OH features with the 
limb of the nonthermal shell. which is itself 
thought to be interacting with a surrounding 
ring of neutral gas (5). This picture is similar 
to that of the W28 region, where numerous 
distinct O H  1720-MHz maser spots are 
found alone the interface between the non- 
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s 1  and increase in increments of 30 K km-' s 1  up to 800 K krn ' s '.The 
reference position (0,O) corresponds to a (1 950) = 1 7h 42m 15", S (1 950) = 

-2g056'. Fig. 2 (right). The distribution of the OH 1720-MHz maser 
features, integrated between the velocities of -13.6 and -0.8 krn s-I, are 
presented as contours and are superimposed on the radio continuum 
image shown in Fig. 1. 

temperatures below 200 K cause a popula- 
tion inversion in the OH molecules. The 
OH 1720-MHz line emission seen toward 
the SNR W28, with an observed expansion 
velocity of 50 to 80 km s-I, would imply a 
J-type shock ( I ) .  Conspicuously absent from 
this region are any 1665- and 1667-MHz 
OH maser emissions. which are believed to 

0.5 (where the Snake crosses) is flatter than 
that of the rest of G359.1-0.5 (3), perhaps 
suggesting the deposition of energy from the 
filament into the shell at this location. In 
addition, the I2CO and O H  emissions ap- 
pear to be strongest on the side of the 
nonthermal shell where the Snake is found. 
The existence of an 1720-MHz OH maser 

be the result of radiative pumping. spot exactly where the Snake and the shell 
It should also be noted that source A. intersect is consistent with the assertion 

which is the brightest of the compact OH 
sources, is situated at the very location 
where the Snake intersects the G359.1-0.5 
continuum shell (Fig. 3).  This is particular- 
ly relevant to the suggestion made by some 
that the filamentary Snake is associated 
with the supernova shell. In the X 21-cm 
continuum image, the brightest segment of 
the nonthermal shell is centered around the 
point of intersection with the Snake. The 
spectral index of this segment of G359.1- 

that they are associated and interacting. 
One puzzling point, however, is the 

striking contrast between the observed ra- 
dial velocities of the OH spots (--5 km 
s-I) and those of the CO ring (V = -100 
km S-I). A potential solution to this prob- 
lem would have the OH gas contained in 
dark clouds that are foreground to the ga- 
lactic center (thus having small radial ve- 
locities), amplifying the background radia- 
tion along the limb of the remnant. In this 

Table 1. Parameters of the OH masers in G359.1-0.5. 

OH maser 
source 

VLSR Flux density 
(km s-') ( ~ J Y )  

- 
thermal shell and an adjacent molecular C1 17 41 43.867 -30 04 47.95 -3.19 21 5 

C2 cloud. It has been argued that the W28 17 41 45.791 -30 04 35.1 7 -5.57 732 

maser spots are pumped collisionally behind 17 42 32.445 -30 04 24.1 1 -5.28 639 
17 43 0.824 -29 54 11.72 -5.08 93 

the shock where Hz molecules with kinetic 
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Fig. 3. The region where the Snake 
and G359.1-0.5 cross each other 
coincides with the brightest detect- 
ed maser feature (source A) and the 0.2 
brightest continuum emission. The 
extended maser feature source, 
though weak in comparison with 
compact sources, appears to link 
sources A and B. The contour levels & start at 25 mJy per beam x km s-' 3 
and increase in increments of 50 - g 0.1 mJy per beam x km s-I. The con- 
tours seen in the upper right comer ,; 
of the image are artifacts due to the 
primary beam correction. 2 < 

scenario, the maser clumps are not associ- 
ated physically with the G359.1-0.5 non- 
thermal shell or its surrounding ring of 
high-velocity (and thus, galactic center) 
gas. A similar interpretation attributes a 
number of 1720-MHz emission spots to 
clouds located alone the s~ i ra l  arms of the - 
galaxy (7), stimulated by strong background 
continuum sources. There are a number of 
reasons, however, why we believe it unlike- 
ly that the emission arises from OH gas 
foreground to the G359.1-0.5 SNR. One is 
the'fact that two of the maser sources (B 
and D) are in ~ortions of the remnant 
where no continuum emission is detected 
above 5 mJy. Another is that no masers are 
observed along the portion of the bright 
Snake that extends beyond the perimeter of 
the shell or toward some of the bright por- 
tions of the shell itself interior to its edge. 
This is contrary to the situation in which 
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Fig. 4. A typical spectrum of the OH 1720-MHz 
emission from source A. The background contin- 
uum emission at this position is about 150 mJy 
per beam. 
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the background radiation is responsible for 
stimulating the maser spots. The only alter- 
native is a contrived scenario in which very 
clumpy foreground material is distributed in 
a ring coincident with the limb of the con- 
tinuum shell, thus avoiding the center of 
the remnant and the Snake. 

Another hypothesis that accounts for the 
low velocities of the OH maser s ~ o t s  is that. 
they are physically associated with the ex- 
panding forefront of the SNR, but the super- 
nova remnant itself is located outside of the 
galactic center region. However, this scenario 
also has a number of serious drawbacks. The 
idea that the supernova remnant is outside of 
the galactic center is contrary to the position 
indicated by a previous X 21-cm HI absorp- 
tion line studv ( 2 ) .  Moreover. the SNR would 
need to be locaied beyond the galactic center, 
making it unusually large in physical size. The 
ROSAT satellite did not detect x-rays from 
the supernova remnant, as would be expected 
if it were a local source (that is, foreground to 
the galactic center). It also follows from this 
scenario that the SNR is not associated with 
high-velocity ring of CO gas which, because 
of its high velocities and large linewidths, is 
almost assuredly located in the galactic center 
region. The association of the SNR, its sur- 
rounding ring of CO molecular gas, and the 
intersecting Snake is then relegated simply to 
a remarkable coincidence. 

The OH 1720-MHz masers observed 
alone the interfaces of the SNR and molec- - 
ular clouds are uncommon and appear to be 
different from O H  emission features seen 
along the spiral arms (7) (which have non- 
maser characteristics). A fact that may sup- 
port the assertion that shocks are involved 
is that most of the maser sources, including 
the extended OH feature, are found along 
the western edge (in galactic coordinates) 

of the remnant. At this location, the non- 
thermal emission from the shell is stronger 
and the C O  molecular gas is obviously more 
prevalent (see Fig. 1). There is only one 
observed maser spot (source E) along the 
eastern edge of the remnant where the C O  
velocities are about 100 km s ~ '  more neg- 
ative than those of the western side of the 
SNR and thus far less consistent with the 
low velocity of the maser spot itself (a few 
kilometers per second). 

In general, the seemingly different kine- 
matics of the C O  gas and OH emission spots 
may be reconciled, given the large linewidth 
of the H, gas and with the assumption that 
only the low-velocity component of the col- 
liding cloud is effective in producing the O H  
emission behind the shock front. In this 
picture, there is only a small range of densi- 
ties and temperatures at which OH can be 
collisionally pumped and can subsequently 
mase (<2.5 x lo4 cmP3 and 15 to 200 K). 
According to the model presented in (9),  
preshock densities and temperatures of the 
molecular gas outside this range suppress 
maser activity. There are, potentially, some 
amounts of low-radial-velocity C O  gas asso- 
ciated with the G359.1-0.5 SNR, but it is 
difficult to determine the distribution be- 
cause of substantial contamination of the 
field by low-velocity foreground gas. It is not 
unusual to find low-radial-velocitv forbid- 
den molecular gas in the galactic center 
region, because large departures from circu- 
lar motion and motion along inclined orbits 
have been evident throughout this region 
(6). Other factors might account for the low 
radial velocities of the OH spots. A shock 
front, moving obliquely with respect to the 
ambient magnetic field, can be responsible 
for redirecting the radial velocity compo- 
nent of the preshocked gas along the observ- 
er's transverse direction. In this scenario, the 
change from the radial to the transverse 
velocity across an oblique shock is esti- 
mated to be equal to the value of the 
preshocked Alfve'n velocity (8). As the 
shock front is viewed edge on, the velocity 
gradient is expected to be minimized along 
the line of sight, thus enhancing the gain 
of the OH 1720-MHz emission from that 
direction (9). Another geometric factor 
that can be attributed to the enhancement 
of the gain toward the low-radial-velocity 
maser spots is that the gain is maximized 
along the path length toward the limb of 
the remnant where the largest component 
of the velocity of the gas is tangential to 
the observer's line of sight. 

The 100 km s-' velocitv difference 
across the CO shell has been suggested to 
be the result of shear due to differential 
galactic rotation ( 5 ) ,  a factor especially 
important for objects located near the ga- 
lactic center. The constant velocity of O H  
masers across the remnant suggests that 
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the O H  features have not yet participated 
in the general shear motion of the gas 
cloud surrounding the remnant. In this - 
scenario, the OH spots are the sites where 
the gas has most recently been shocked to 
form masers. The  time scale for the shear 
to  be effective is about 5 X l o 5  years, 
which is much larger than the typical 
lifetime of maser clouds. 

The  distribution of 1720-MHz OH ma- 
sers along the SNR-CO-cloud interface 
suggests that there is an association be- 
tween the three components and that the 
OH masers are being generated behind a 
shock. However, questions regarding the 
striking kinematic differences between the 

OH and CO gas need to be addressed in 
more detail. Future observations of C S  to 
search for low-velocity molecular gas asso- 
ciated with the G359.1-0.5 SNR, as well as 
a search for the 1665- and 1667-MHz OH 
lines, are needed to confirm the nature of 
the O H  1720-MHz maser pumping mecha- 
nism and the nature of the association be- 
tween the nonthermal remnant and its sur- 
rounding ring of molecular gas. 
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plants is in mediating disease resistance. Cel- 
lular signaling processes appear to be of cen- 
tral importance to the mechanisms by which 
plants resist viral, bacterial, and fungal 
pathogens. Evidence for this model comes 
from the recent characterization of several 
disease resistance genes from dicotyledonous 
species. The deduced amino acid sequence of 
five of these genes demonstrates the pres- 
ence of either a serine-threonine kinase 
(STK) or a leucine-rich repeat (LRR) do- 
main, suggesting a role in protein phospho- 
rylatton or protein-protein interactions (4). 

Three members of the monocotyledon- 
ous familv Poaceae (maize, rice, and wheat) 
provide Aost of the calories consumed by 
humans. Despite their agronomic impor- 
tance. molecular genetic studies of mono- 
cots have been hTndered by the large ge- 
nome size of most of these plants. Rice 
provides an amenable system for positional 
cloning in monocots because of its small 
genome size, extensive genetic map, and 
ease of transformation. 

Here we report positional cloning of the 
rice gene Xa21, ~ v h ~ c h  confers resistance 
against the bacterial pathogen Xanthomonac 
oryzae pv. oryzae race 6 (Xoo) (5). The de- 
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