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ABSTRACT

We present the first imaging X-ray observation of the W30 complex which contains the Galactic SNR
G8.7—0.1 and the young radio pulsar PSR 1800—21 as well as a number of discrete ultracompact H i
regions. The pulsar PSR 1800—21 is detected as a count rate of 1.5+0.5 ks™! and diffuse emission from the
northern extent of G8.7—0.1 is observed. The data support an association of G8.7—0.1 and PSR 1800—21,
and the peculiar morphology can be explained if the supernova which gave birth to PSR 1800 —21 occurred
within, or very near, a molecular cloud. The suggested scenario removes the requirement of a large transverse
velocity for the pulsar, one of the greatest difficulties with the association.

Subject headings: pulsars: individual (PSR 1800 —21) — stars: neutron — supernova remnants —

X-rays: stars

1. INTRODUCTION

The W30 complex appears as a large circular region
(diameter ~ 1°) of radio continuum emission with a number of
superposed smaller discrete emission regions (Altenhoff et al.
1978; Reich et al. 1984; Handa et al. 1988). Radio recombi-
nation line observations have been used to identify the discrete
sources as H 1 regions and CO observations also show molec-
ular gas associated with W30 (Blitz, Fich, & Stark 1982). The
extended component is identified as a Galactic supernova

remnant (SNR), G8.7—0.1, on the basis of observed non- -

thermal emission at 57.5 MHz (Odegard 1986).

Using the VLA at 20 cm and 90 cm wavelengths, Kassim &
Weiler (1990a) originally found G8.7—0.1 to be a shell-type
remnant. By associating G8.7—0.1 with coincident H 11
regions with known distances, Kassim & Weiler estimate a
distance to the SNR of 6 + 1 kpc which, combined with its
angular size of ~ 50, implies a physical size of ~80 pc.

At the southwestern edge of G8.7—0.1 lies the young pulsar
(t ~ 17,000 years) PSR 1800—21. The distance to PSR
1800~ 21 implied by the observed dispersion measure is ~ 5.3
kpc (Clifton & Lyne 1986). The coincidences on the sky, in
space, and in age of G8.7—0.1 and PSR 1800—21 haveled to a
suggested association of the two (Odegard 1986; Kassim &
Weiler 1990b). Given the sparsity of SNR/pulsar associations
observed in the Galaxy, the possibility of a G8.7—0.1/PSR
1800—21 is intriguing but dynamically problematic. If the
pulsar was born at the symmetry center of G8.7—0.1, then to
have reached its current position in ~ 15,000 years requires a
transverse velocity of ~ 1700 km s~ !. Some possible solutions
to the requirement of such a large transverse velocity for the
pulsar have been suggested (Kassim & Weiler 1990b) including
a reduced distance, increased age, or larger extent of G8.7—0.1
than is presently known.

Very recently a deep new mapping of the W30 region was
carried out in the continuum at 327 MHz with spatial
resolution comparable to ROSAT (Frail, Kassim, & Weiler
1994b). The SNR G8.7—0.1 was found to be more extended

than previously thought with a very irregular morphology.
Frail et al. (1994b) suggest that the association between SNR
G8.7—0.1 and PSR 1800 — 21 is in jeopardy since no signature
(i.e., no pulsar wind nebula) of the high transverse velocity of
the pulsar is detected and a more recent estimate of the pulsar’s
distance based on an improved model of the Galactic electron
density (Taylor & Cordes 1993) puts it at ~4 kpc, some 1-2
kpc in front of SNR G8.7—0.1.

In this Letter we will report on a ROSAT observation of the
W30 field. The observations will be described in § 2 and the
results presented in § 3. A discussion of the implications for the
SNR/PSR association can be found in § 4.

2. OBSERVATIONS

The W30 field was observed with the Position Sensitive Pro-
portional Counter (PSPC) at the focus of the X-ray telescope
aboard ROSAT. Detailed descriptions of the satellite, X-ray
mirrors, and detectors can be found in Pfeffermann et al.
(1986). The PSPC is sensitive in the soft X-ray energy band
0.1-2.4 keV with an energy resolution of E/AE ~ 2.3 at 0.93
keV and an effective spatial resolution of ~25” at the center of
the focal plane. The data processing was performed with the
MIDAS/EXSAS and XSPEC v8.33 packages.

The observations we report on here were acquired in two
separate observing sessions; 1992 October 5-1992 October 7
and 1993 March 23. The total exposure time was 11,239 s. The
target of the observations was PSR 1800 — 21, which was in the
center of the 2° field of view. PSR 1800— 21 was detected at a
count rate of 1.5+ 0.5 ks™! in the 0.1-2.4 keV band. The
source position (J2000) was determined to be « = 1873750397
and § = —21°37'8"5. This is in excellent agreement with the
radio source position (J2000) of o = 18"3™51:35 and & =
—21°37'772 (Taylor, Manchester, & Lyne 1993) given the 6"
uncertainty of the attitude determination. The source detection
algorithm was also applied in a medium (M) band (pulse height
channels 52-90 corresponding to ~0.52-0.90 keV) and a hard
(I + J) band (pulse height channels 91-201 corresponding to
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F1G. 2—Background-subtracted, vignetting, deadtime, and particle back-
ground corrected spectrum of G8.7—0.1 in the 0.1-2.4 keV band (top) for the
region between I; = 876 and 9°1 and b, = 0°5 and —0°5 (sec Fig. 1). The
smooth curve is the predicted spectrum for a Raymond-Smith thermal plasma
with T, = 6.6 x 10° K, solar abundances and an equivalent neutral hydrogen
column density of 1.3 x 10?2 ¢m~2. The residuals of the model (in units of o)
are displayed in the bottom panel.

~0.90-2.00 keV). PSR 1800—21 was below the detection
threshold in the M band, while in the I + J band it was
detected at a counting rate of 0.8 + 0.3 ks~ ! implying a hard
and absorbed spectrum.

The SNR G8.7—-0.1 was also detected in this observation.
The SNR filled a large portion of the field of view and included
the “ plume ” features described by Frail et al. (1994). The X-ray
emission from G8.7—0.1 is prominent in the northern region
of the remnant [between Galactic longitudes (I;) 86 and 9°1
and Galactic latitudes (b,) —0°5 and 0°5]. Emission from
elsewhere within the remnant is not detected above the
background with any statistical significance. The background-
subtracted count rate of the bright northern extent is

TABLE 1
PHysiCAL PARAMETERS oF G8.7—0.1

INITIAL ASSUMPTION

PARAMETER d=6kpc  E,=10°! ergs
Ts(10°K) eoviieeinnnnen. 4-8 4-8
Vs(10kms™ ) ........... 53-75 53-75
Eo(10%' ergs) ............. 2-4 1
dKPC) vovviiiiiiiii 6 32-43
£A0* YD) oo 27-39 1.5-2.8
nolem™3) .o 0.02-0.03 0.02-0.04
Mg(Mg) o 365-635 80-160
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0.65 1 0.05 s~ but the ribs of the PSPC were obscuring some
of the emission so this should be treated as a lower limit to the
count rate. The background against which this measurement
was made was determined by averaging three separate regions
at the same off-axis angle as the SNR and is described in more
detail in § 3 below.

3. RESULTS

In order to study the spectrum of the diffuse emission associ-
ated with G8.7—0.1 the data were “cleaned” (by removal) of
contaminating scattered solar X-rays and subsequently cor-
rected for vignetting, dead time, and particle contamination.
The X-ray image was, in addition, flat-fielded using energy-
dependent exposure maps (Snowden et al. 1994) and smoothed
with a 2!5 (FWHM) Gaussian. A contour plot of the corrected
image is displayed in Figure 1a (Plate L3) and, for comparison,
the radio map of Frail et al. (1994b) is displayed in Figure 1b
(Plate L4). The position of PSR 1800—21 is marked with a
cross in both figures. The pulsar is not apparent in the X-ray
image due to the smoothing applied to the data. The effective
exposure after corrections was 10,658 s. The data of the bright
northern extent were extracted and fitted with a Raymond-
Smith thermal plasma model with solar abundances. Due to
the large size of the SNR background regions were taken from
three independent circles at similar off-axis angles as the diffuse
emission region in Figure 1a and each was subtracted in turn.
The range of the observables found from fitting each of the
three background-subtracted spectra separately established
our 90% confidence level estimates of neutral hydrogen
column density Ny =(1.2-14) x 10> ¢m~2, X-ray tem-
perature Ty, = (4-8) x 10° K, and an unabsorbed model flux in
the 0.1-2.4 keV band of Fx =(1-3) x 1071% ergs s™* cm™2.
We also derived the electron density n, = (0.1-0.2) (6 kpc/D)*/?
c¢m 2 from the models normalization constant, K, which is
proportional to ([ n2dV)/(4xD?). The emitting volume of
V = 10°° cm® was calculated for the extracted region assuming
that G8.7—0.1 is a spherical remnant of angular size f5 = 1° at
a distance of 6 kpc. Reduced y? of the spectral fits were ~ 1 per
degree of freedom. Figure 2 displays the spectrum and a repre-
sentative fit for the set of parameters which yielded the lowest
1*/DOF. For the adopted distance of 6 kpc to SNR G8.7—0.1
as established by the radio measurements reviewed by Kassim
& Weiler (1990a) the corresponding luminosity is (0.4—
1.3) x 10°® ergs s~ * (D/6 kpc)?. Models in which the element
abundances were allowed to vary produced no significant
change in the ¥?, and the derived parameters were consistent
with those found for the standard Raymond-Smith model with
solar abundances.

To search for spectral or absorption variations across the
remnant we employed a hardness ratio (HR) defined as the
difference in counts between the I + J and M bands divided by
the sum of counts in the two bands. We calculated HRs for
boxes of ~87 arcmin? area covering the extent of the radio
SNR, 13 in total. No statistically significant variation was
observed over the remnant implying that the gradient in the
X-ray intensity is not a result of spectral variations or inter-
stellar hydrogen column density variations.

The observed X-ray properties of G8.7—0.1 permit us to
derive the physical parameters of the SNR under the assump-
tion that it is a spherically symmetric remnant in the adiabatic
phase of evolution. The physical parameters were cast in terms
of the observables based upon the work of Hamilton, Sarazin,
& Chevalier (1983). The parameters were derived with two
different initial assumptions: (1) a distance of 6 kpc, and (2) an
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+ initial energy output of 10°! ergs. The results of the calcu-
lations for each of the initial assumptions are listed in Table 1,
where T; and V5 are the temperature and velocity of the shock,
E, is the initial energy, ¢ is the age, n, is the ambient density,
and Mg is the swept-up mass. We note that recent work
(Kassim et al. 1994) on distance determinations to Galactic
SNRs based on a Sedov analysis and an initial assumption of
E, = 10°! ergs has been demonstrated on a number of rem-
nants using ROSAT data. For the parameters of Table 1 we
used a cooling function value of A = 3.4 x 10723 ergscm®s~*
which was calculated over the bandpass 0.1-2.4 keV using the
Raymond & Smith (1977) plasma models. To justify the
assumption of a SNR in the adiabatic phase of evolution we
also calculated the remnant size expected for the onset of the
pressure-driven snowplow phase, Rpps = 14EZ/7ny 3¢~ 17 pe,
where E, is the initial energy in units of 10°! ergs, n, is the
initial ambient density in cm ™3, and { is a metallicity factor
which we take as 1 (solar abundances) (Cioffi, McKee, & Berts-
chinger 1988). For the two initial assumptions of Table 1 we
have Rpps = 63 and 93 pc respectively for d = 6 kpc and E,, =
10°* ergs, which justify the assumption of an adiabatic phase
for G8.7—0.1.

4. DISCUSSION

The PSR 1800—21/G8.7—0.1 association has been con-
sidered a weak association (Kassim & Weiler 1990a, b) due to
the dynamical problems of the pulsar’s position at the edge of
the remnant. The recent work of Frail et al. (1994b) only
seemed to weaken the case further, since they detect no evi-
dence of a pulsar wind nebula (PWN), which is expected for a
pulsar with a high traverse velocity. In addition, the revised
distance to PSR 1800—21 of 4 kpc (Taylor & Cordes 1993)
places it some 1-2 kpc in front of the SNR, therefore removing
the spatial coincidence. Finally, discrepancy between kine-
matic radial velocities related to G8.7—0.1 and those obtained
from H 1 absorption for PSR 1800 — 21 (Frail et al. 1991) also
indicates a nonassociation of the two. The ROSAT data pre-
sented here, however, give a new view of the association of PSR
1800 — 21/G8.7—0.1 which, we will argue, salvages the associ-
ation and provides a natural explanation for the peculiar mor-
phology which is observed.

4.1. The Distance to G8.7—0.1

The parameters of Table 1 for an assumed initial energy, Eg,
of 10°! ergs yield a distance to G8.7—0.1 of 32 kpc<d <
4.3 kpe. This is in good agreement with the distance to PSR
1800 —21 of 3.9 kpc established by Taylor & Cordes (1993) but
conflicts with the kinematically determined distance of 6 + 1
kpc established by Kassim & Weiler (1990a). However, a
revision of this distance based upon the recent Galactic rota-
tion model of Brand & Blitz (1993) yields an improved distance
estimate of ~4.8 kpc (Frail & Kassim 1994). In addition, an
assumed distance of 6 kpc yields an initial energy of E, = (2-4)

x 10°! ergs, which is somewhat larger than would be expected
for a standard supernova explosion. Thus, the data presented
here are consistent with G8.7—0.1 and PSR 1800—21 being
coincident in space at a distance of ~4 kpc if a standard initial
explosion energy of 10°! ergs is assumed.

42, The Age of G8.7—0.1
If G8.7—0.1 is indeed the remnant of the supernova in which
PSR 1800—21 was born, the two should have similar ages. The
spin-down age of PSR 1800—21 (tr = P/2P)is ~ 1.6 x 10* yr.
The age derived under the assumption of E, = 10°! ergs yields
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an age which brackets this value (see Table 1), while the age of
the remnant under the assumption of a distance of 6 kpc is at
least a factor of 2 too large. These data, therefore, indicate that
(G8.7—0.1 and PSR 1800—21 are coincident in age under the
assumption of an initial SN explosion energy of 10°! ergs.

4.3. The Morphology of G8.7—0.1

The morphology of G8.7—0.1 at radio wavelengths is
neither shell-like nor center filled (Frail et al. 1994b) with
“plumes” observed notably in the south and along the western
edge. In the 0.1-2.4 keV X-ray band (see Fig. 1a) an intensity
discontinuity is observed with strong emission from around
the northern half of the remnant (as defined by the radio). We
investigated the possibility that the X-ray discontinuity was
due to absorption effects (see § 3) by looking for hardness ratio
variations anticorrelated with the intensity variations. No anti-
correlation was found, implying that the discontinuity is not a
result of absorption effects or gross spectral changes and
another explanation must be sought. It is known, based on CO
observations, that molecular gas is associated with W30 (Blitz
et al. 1982). We therefore speculate that the supernova event
which gave birth to PSR 1800—21 occurred in or near a
molecular cloud at, or very near, the current position of the
pulsar. In fact, Odegard (1986) first suggested, based on the
morphology observed at 57.5 MHz, that the nonthermal com-
ponent of W30 was emission from a SNR which occurred in a
nonuniform medium and drew an anology between W30 and
VRO 42.05.01 (G166.0 +4.3), a SNR believed to have occurred
within the bounds of a dense cloud and *blown out” into a
“tunnel ” in the ISM (Pineault, Landecker, & Routledge 1987).
The properties of a supernova within or near a molecular
cloud and the subsequent evolution of the remnant have been
discussed by Tenorio-Tagle, Bodenheimer, & Yorke (1982,
hereafter TBY). The simulations of TBY indicate that a super-
nova interacting with a molecular cloud (a) causes little or no
disruption of the cloud, (b) leads to nonsymmetric remnant
shapes due to the nonuniform medium into which the remnant
is expanding, (c) causes a more rapid expansion into the less
dense phase of the ISM than would be expected from expan-
sion into an isotropic medium, and (d) can produce tem-
perature gradients within the remnant. This scenario, a
supernova in the vicinity of a molecular cloud complex, is very
attractive when applied to the G8.7—0.1/PSR 180021
association in that it explains the peculiar radio morphology
(the SNR is tracing out the least dense regions of the local
ISM), explains the X-ray morphology (the intensity is largest in
the northern extent due to a reflected shock from the molecular
cloud complex sweeping through the supernova cavity and
concentrating the hot X-ray emitting gas ahead of it), and
removes the largest difficulty for the association in that a large
transverse velocity is no longer required for PSR 1800—21 (the
supernova occurred near the present position of the pulsar). In
support of this scenario we note that the observed H 11 regions
can be viewed as tracing out the boundaries of the molecular
cloud complex and the inferred structure fits in well with our
interpretation (see Kassim & Weiler 1990a, b). As a caveat,
however, the model of an adiabatic remnant applied here may
not be entirely applicable, and a detailed hydrodynamic simu-
lation would be necessary to thoroughly address these obser-
vations. Such a simulation is presently unavailable and is
beyond the scope of the present work.

We checked that the observed count rate of PSR 1800—21
was consistent with the assumption of a uniform column
density across G8.7—0.1. To this end we modeled PSR
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1800—21 as a twin of the Vela pulsar, owing to its dynamic
similarity, and determined the necessary column density which
yields the observed count rate of 1.5 + 0.5 ks !. We adopted
the spectral parameters of the Vela pulsar for both the compact
point source and the compact nebula as given by Ogelman,
Finley, & Zimmermann {1993). The results of the simulation
indicate that the observed count rate is consistent with an
absorbing column of <2 x 102? cm ™2 for a distance of 6 kpc
and <25 x 10?2 cm ™2 for a distance of 4 kpc. Thus, the
hypothesis of a uniform column density of 1.4 x 10?2 ¢cm ™2
across (G8.7—0.1 is consistent with the observed count rate of
PSR 1800—21. Since previous radio observations reveal no
compact nebula like that of Vela around PSR 1800 —21, these
limits are probably conservative.

5. SUMMARY

In summary, the X-ray data presented here support a
G8.7—0.1/PSR 1800—21 association. The physical parameters
of G8.7—0.1 are consistent with coincidence in space and age
with PSR 1800— 21 upon application of a Sedov-Taylor blast
wave analysis for a SNR in the adiabatic phase of evolution

with an initial energy of E, = 10°* ergs. The peculiar morphol-
ogy of G8.7—-0.1 in both the radio and X-ray energy bands is
speculated to arise from occurrence of the supernova event in
the vicinity of a molecular cloud complex. This scenario has
the additional benefit of not requiring a large transverse veloc-
ity for PSR 1800—21, evidence for which has not been
observed (Frail et al. 1994), as the supernova event took place
at or very near the present position of the pulsar. However, the
disagreement of the magnitude of the kinematic radial veloc-
ities related to G8.7—0.1 (~38 km s~ !, Kassim & Weiler
1990a) and the H 1 absorption results for PSR 1800 — 21 (last
absorption at ~27 km s~ !; Frail et al. 1991) remains an out-
standing problem for the association.
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FiG. 1a

FiG. 1—(a) Constant X-ray surface brightness contour map of the W30 complex in the 0.51-2.01 keV band. The map was vignetting corrected, dead time
corrected. particle contamination corrected and flat-fielded using the energy-dependent exposure maps according to the prescription given by Snowden et al. (1994).
prescription given by Snowden et al. (1994). The image was subsequently smoothed with a 2:5 FWHM Gaussian. The position of PSR 1800—21 is marked with a
cross. Unrelated point sources were removed from the image. The contour levels are 0.8, 1.1, 1.4, 1.8, 2.1, 3.2, 6.4, 9.6, 12.8, and 16.0 counts ks ! arcmin ~ 2. The lines
mark I = 8%0, Iy = 9°0, by, = 0°5 and by = —0°5 for ease of comparison with the radio map of Frail et al. (1994). The circular appearance of the image is due to the
field of view of the ROSAT telescope. (b) Radio continuum image of G8.7—0.1 at 327 MHz from Frail et al. (1994b). The contour intervals are 10, 25, 50, 50, 75, 100,
150, 200, 300, and 400 mJy beam ~ . The position of PSR 1800— 21 is indicated by the cross.
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