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ABSTRACT

T he distrloution and kinem atics of neutral hydrogen have been studied In a
w ide area around the supemova remnant W 28. A 25 25 eld centered at 1
= 65,b= 0 was surveyed using the Parkes 64-m radio telescope HPBW 14%7
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at 21 an). Even though W 28 is Iocated In a com plex zone of the G alactic
plane, we have found di erent H i features which are evidence of the interaction
between W 28 and is surrounding gas. An extended cold cloud w ith about 70
M ofneutralhydrogen was detected at the location ofW 28 as a selfabsorption
feature, near the LSR velocity + 7 km s! . This Hi feature is the atom ic
counterpart of the m olecular cloud shown by previous studies to be associated
with W 28. From this detection, we can independently con m a kinem atical
distance ofabout 1.9 kpc forW 28. In addition, the neutralhydrogen cbserved in
em ission around the SNR digplays a ring—likem orphology in several channelm aps
over the velocity interval {250, +38.0]km s L' We propose that these features
are part ofan interstellar H I shell that hasbeen swept-up by the SN shock front.
Em ission from this shell is confused w ith unrelated gas. Hence, we derive an
upper lin it for the shellm assof 1200 { 1600 M , am aximum radius ofthe order
0f20 pc, an expansion velocity of 30km s'! ,an initialenergy ofabout 14 { 1.8

10°° ergsand an age of 3.3 10* yrs. The pre-existing ambient m ediim has
a volum e density ofthe orderof 1.5 { 2 am ® . W 28 is probably in the radiative
evolutionary phase, although it is not possbl to identify the recom bined thin
neutral shell expected to form behind the shock front w ith the angular resolition
of the present survey.

Subgct headings: supemova rem nants | ISM : individual W 28) | ISM :H1i |
ISM : structure

1. Introduction

Each supemova rem nant (SNR) is the unique product of its own history (the progenitor
and the explosion m echanian ) and the characteristics ofthe environs in which it evolves. T he
study of the Interstellar mediim around SNR s can be used to understand the appearance
of a ram nant in di erent spectral regim es (distorted shapes, local brightness enhancam ents,

lam entary em ission, etc.). Such studies also allow the analysis of the tam poral evolution
of SNRs. In addition, the nvestigation of the gassous m atter around SNR s can lad to an
understanding of the G alactic Interstellar m edium . These studies are in portant in under—
standing the response of the interstellar gas to the large in gction of energy and m om entum
that a supemova (SN ) explosion represents.

Num erous investigations of interaction of SNR s w ith the surrounding ISM have been
m ade using atom ic and m olecular lines Routledge et al. 1991, P ineaul et al. 1993, W allace
et al. 1994, Frailet al. 1994, 1996 and 1998, Reynoso et al. 1995, D ubner et al. 1998a
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and b). These hnvestigations show the m anner in which the expansion ofa SN shock front
m odi es the surrounding environm ent and the e ect that the surrounding gas has, in tum,
on the shape and dynam ics of the SNR . In the present study, we report the results ofan H i
study around the SNR W 28 G 64{0.1).

The SNR W 28 is Jocated in a very com plex region of the G alaxy, near the large HIT
regions M 8 and M 20, and the young clusters NGC 6530, NGC 6514, and Bo 14. Tt has a
num ber of prom inent m orphological characteristics. Tn the radio continuum , there is di use
am ission together wih thin lam ents and amn all bright regions, as seen In Figure 1. This
I age isthe result ofcombining 50 VLA pointings into a 20 an m osaic (O ubner et al. 2000).
In X-rays, di use them alem ission 1ls the interior of W 28, although earshaped segm ents
of a limb-brightened shell can also be cbserved toward the NE and NW ®ho et al. 1996).
TIn the optical, there are bright narrow Jam ents strongly correlated w ith radio features and
diuseH nebulosiies, apparently anticorrelated w ith the radio synchrotron em ission (Long
et al. 1991, D ubner et al. 2000).

A num ber of cbservations support the existence of a physical interaction between W 28
and an adpcentm olecular cloud: (1) the existence of shocked CO and otherm olecular species
W ootten 1981, Frail & M ichell 1998, A rikawa et al. 1999) (2) the detection of over forty
1720 M Hz OH m asers distributed along the brightest synchrotron features (C Jaussen et al
1997 and 1999), and (3) the coincidence ofthe m olecular gas w ith the brightest synchrotron

lam ents which, are the features with the attest spectral Index in the SNR (as expected
for high M ach num ber shocks; from D ubner et al. 2000). A 1l these indicators point to the
existence of an interaction between the SNR and the m olecular cloud.

In what follow s, we analyze the distrioution ofthe neutralhydrogen around W 28, based
on a survey of the 21 an Hi line carried out fora 2 5 25 eld wih the Parkes 64{m
radio telescope.

2. Observations and D ata R eduction

An area of 625 square degrees, centered at 1= 6.0, b= 05 was ocbserved using the
Parkes 64m telescope on June 23 and 24, 1995. The wide band (1 2{1.8 GH z) receiver was
used, w ith orthogonal, linearly polarized feeds. T he halfpowerbeam -w idth of the telescope
at the frequency ofthe H i Iine is 14%7 and the pointing accuracy is 20 ©. The system noise
tem perature is 28 K, m easured against cold sky. Each polarization was recorded w ith an
Instantaneous bandw idth of 4 M H z over 2048 channels, giving a channel ssparation of 1.95
kHz 04 km s! at14 GHz). The total velocity coverage is 400 km s'! centered at 0
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km s! with respect to the Local Standard of Rest (LSR). A fter Hanning sm oothing, the
velocity resolution per channelis 3.91 kHz (or0.82km st ).

In total, 289 positions were observed using constant G alactic latitude scans w ith an
Integration tim e of 50 sec per spectrum . A reference spectrum for band-pass calbration
was taken using frequency switching to 400 km s' at 25 m fnute intervals. Spectra were
m easured at the N yquist sam pling interval, on a 7°5 grid.

F lux density calbbration wasm ade using scansacrossH ydra A, forwhich the ux density
was assum ed to be 435 Jy at 14 GHz. The brightness tem perature scale was calbbrated
against the TAU standard position S8, taken to have an integrated value of 897 66 Kkm
s! W illiam s 1973). The conversion between ux density in Jy beam ' and brightness
tem perature in K is 0.78 K /Jy beam ! . The m s uncertainty in the cbservations is 0.15 Jy,
equivalent to 012 K . Initial processing w as carried out using the SLAP and SD cube software.
F inal data analysis was perform ed using the A IP S software package. A 1l velocities used in
this paper are referred to the LSR .

3. The distance to W 28 and the system ic velocity

P revious distance estim ates for W 28 range between 1.3 and 3.6 kpc. M ine (1970)
estin ated the distance to W 28 to be 1.3{1.5 kpc. Lozinskaya (1974) derived a distance of
3.6 kpcbased on H measurem ents (assum ing an LSR velocity near+ 18 km s ! forW 28).
G oudis (1976) estin ated a distance of 1.8 kpc; Clark & Caswell (1976) suggested 2.3 kpc; a
further estim ate by M ine (1979) produced a distance of 2.4 kpc, and Venger et al. (1982)
obtained a distance of 3 kpc based on H i absorption m easurem ents carried out with the
RATAN 600 telescope.

On the otherhand, OH (1720 M H z) m aser em ission associated with W 28 was detected
by Frail, Goss & Slysh (1994) at LSR velocities between +5 and + 15 km s?® , with most
of the OH lines having velocities between + 6 and +8 km s! . Strong OH absorption
lines at 1612, 1665 and 1667 M H z were reported at a radial velocity of + 7.3 km s! (G oss
1968) while various m olecular species in the dense gas Interacting w ith W 28 have a central
velocity around + 7 km s ' (Pastchenko & Sksh 1974, W ootten 1981, A rikawa et al. 1999).
Arikawa et al. (1999) have shown the existence of two di erent com ponents in the CO
am ission at + 7 km s! , a narrow line corresponding to unshocked, quiescent m olecular gas,
and a broad line, m ost lkely arising from gas overtaken by the SNR shock. An additional
narrow CO com ponent is detected at + 21 km s'! , but this line probably originates in an
unrelated cloud along the line of sight. From these studies, wewilladopt + 7km s?! asthe
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system ic velocity of W 28. For this LSR velocity, circular rotation m odels provide near and
far kinem atic distances of 1.9 and 15 kpc. Because independent estim ates favor the lower
value, we adopt a distance 0£1.9 03 kpc forw 28.

4., The Hiaround the SNR W 28

Figure 2 shows an Hipro ke cbtained after averaging soectra from the entire observed
region. T he lower panel depicts the G alactic rotation curve toward 1= 65 b= 0 bassd on
themodel of Fich et al. (1989), where Rg = 85 kpc is assum ed. T he G alactic em ission in
this direction ism ostly concentrated between {50 and + 50km s! with a narrow absorption
dipnear+ 7km s! . Thisisa very strong selfabsorption feature produced by an unusually
cold cloud that extends over a large region (covering at least 20 of Jongitude in the direction
of the G alactic center), and Including the direction of W 28 R iegel & Jennings, 1969).

Figures 3 and 4 show thedistribution (in greyscale and white contours) ofthe H iam ission
w ithin the velocity interval where signi cant H i em ission is observed. In order to com pare
radio continuum and H i structures, the black contours represent the boundaries of the radio
continuum em ission associated with W 28 (sn oothed to the resolution of the Hidata). The
other bright continuum sources plotted in the eld arethe Tri d Nebula ™ 20; G 07.00{0.3)
to the keft of W 28, and the com pact HIT region W 28 A {2 (G 05.89{04) to the lower right
comer ofthe Figures. The average Hi eld em ission hasbeen subtracted from allthe im ages
for presentation purposes. T he greyscal plotted along the upper edge of F igures 3 and 4 is
kept constant In allin ages In order to em phasize changes In structures fordi erent velocities.
W ith the exosption ofthe rst im age of F igure 3 and the two last in ages of F igure 4, w here
the Integration intervals were chosen to be 35 and 30 km s?! , respectively, the rem aining
in ages result from the average over 5 km s! (6 consecutive spectral channels). T he central
velocity of each Integration Interval is Indicated in the top right comer of each panel.

T he analysis of the H i distribution around W 28 is quite com plex, because of its location
close to both the G alactic center and the G alactic plane. To identify structures that m ay
be associated with the SNR, we look for features that m ay reveal the in pact of the SNR
expansion on the surrounding interstellarm edium (ring-shaped H i structures, expanding H i
caps, etc.). A Ilso, we have attem pted to locate H 1 concentrations that appear to be associated
w Ith prom hent features observed in the radio continuum em ission ofW 28.

B right H iem ission iscdbserved at negative velocities. B ased on G alactic circular rotation
m odels, negative velocities should arise from gasatdistances> 17 kpc. However, i isunlkely
that the large bright structures observed between V5gr {30 and {2 km s! correspond
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entirely to this distant gas. W e have analyzed the H I features in this velocity range in an
attem pt to nd associations w ith W 28. T he negative velocities could result from kinem atic
perturbations arising from the SNR.

Between 32 and 2km s! (Fig. 3), the brightest H i em ission regions are pref-
erentially distriouted around W 28, encircling the source along di erent sides. P articularly,
atVisg= 275km s' andVisz= 225km s' HIconcentrations can be cbserved, fom —
Ing a clum py incom plte shell. Tt is possible that part of this gas had been swept-up by
the expanding SN shodk, although a \cap" {lke feature would be the expected m orphology
for associated H i concentrations at these high negative velocities. T hus the association is
uncertain. At Vigg= 75 and 2.5 km s! a good coincidence is observed between H i
concentrations and som e distortions observed In the outer envelope of W 28 along the E and
N sides. T hese structures are com patdble w ith the hypothesis that the expanding shock wave
ofthe SNR is pushing the interstellar neutral gas outw ards.

At Visg= +25 km s! , the Hi surrounds W 28 with an aln ost com plkte shell-like
structure. A striking m orphological correspondence is cbserved between thetwo Him axim a
to the N and NE of W 28, at (6 50%+ 0 159 and (6 50% 0 20°) respectively, and the two
sites where the radio continuum shell is indented. T he H i concentration near (6 50°%{0 20%
coincides with the CO ooncentration reported by Arikawa et al. (1999) to be quiescent
m olecular gas associated with W 28. This H i com ponent is also present in the follow ing
channelimageat Vigz= + 75 km s! (top left in age of Figure 4). However, at Visr= + 7.5
km s! the HI feature in em ission ism asked by the strong absorption toward the SNR .

A sm entioned before, in the im age centered at Vogg= + 75 km s' Figure 4) them ost
rem arkable feature is the central depression cbserved In H i em ission. This H i depression
results from self{absorption produced by an extended, cold cloud centered near + 7 km
s! , which is part of the com plex of cold clouds reported by Riegel & Jennings (1969) in
this direction of the G alaxy. To analyze the absorption features, in F igure 5 we digolay the
negative contours (white lines) overlapping W 28 (greyscale) as obtained from an integration
of Hibetween + 4 and + 9 km s® . Based on Figure 5 we can conclude: (1) that the cold
cloud ismuch larger than the SNR, and (2) the location of the despest absorption hole does
not coincide w ith the brightest synchrotron feature to the E of W 28, but it approxin ately
overlaps the thin radio lam ent that crossesW 28 n the E-W direction (see Figure 1). This
synchrotron Jam ent has been shown by D ubner et al. (2000) to have the attest spectral
Index of all parts of the SNR . A ssociated with this lament, Arkawa et al. (1999) have
shown the existence of shocked CO gas (W ith broad w ings, between Vg 40 and + 40 km
s! ) and unshocked CO gas (petween Visz +4 and +9 km s? ). The shocked CO is
asociated wih numerous OH (1720 M Hz) masers (Claussen et al. 1997 and 1999). For
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the unshodked gas, Arkawa et al. (1999) estin ate a kinetic tem perature 20 K, a density

10° am ® and a totalH, mass of 4000 M . For the shocked gas the physical param eters
are: kinetic tem perature 20 K, density 10* an ® and a totalH, mass of2000M . W e
conclude that we have detected the atom ic hydrogen counterpart ofthe unshocked m olecular
cloud associated with W 28, thus con m ing on the basis of H i data the system ic velociy
and thedistance 0f1.9 03 kpc forW 28. From the present data we estin ate that them ass
of the cold H 1 responsible for the selfabsorption is 70 M . Therefore, only a an all fraction
of the totalm olecular gasm ass is detected In atom ic form .

At Visg= +175 km s! a conspicuous Hi shell centered near (I 6 40%b 0 125,
wih radius 0 .6) is observed surrounding the SNR . T he presence of these concentrations
distribbuted in a ring-like shape, together w ith the other features previously described at
negative LSR velocities, suggest that part of the surrounding H i gasm ay have been swept—
up by the expanding SNR shock wave, form Ing a thick H i interstellar shell. T he existence
of di use them alX ay em ission 1ling the Interdior of W 28 (Rho et al. 1996), supports the
hypothesis that the center has been evacuated.

At higher positive velocities the m ost noticeable feature which m ay be associated w ith
W 28 is the central concentration present at Vogg= + 325 and + 375 km s! . This concen—
tration appears to be progcted onto the interior of the SNR and can be interpreted as the
\cap" of the H 1 shell expanding around W 28.

Based on these results we can propose a m odel w here the explosion took place near (J,
bV)= 630°% 012%+7km s? ). Thepresent shellradiusis 0 .6, 0r20 pc at a distance
of 1.9 kpc. On the basis of the adopted system ic velocity of + 7 km s! and the presence of
a \cap"-lke feature near + 37 km s! , the expansion velocity of this structure is estin ated
tobe about 30 3km st

T he total associated Him ass can be estin ated by Integrating the contributions of all
the structures which are considered to be part of the atom ic gas shell. In other words,
the H1i em ission between approxin ately Visg 25 km s! and Vs +37 km st ,
which appear encircling W 28 in the di erent channel m aps, plus the features pro gcted
onto the center of the SNR at the high positive velocities. A fter the subtraction of an
approprate background contribution (@assum ed tobe 3{ below the isocontourw hich outlines
the associated features), an Himass of 1600 240 M  is obtained. T he quoted error takes
Into account the uncertainties in the selection of the boundaries for the integration. This is
an upper lin it for the associated m ass, since it is In possible to ssparate the contributions
from unrelated H i. In thistotalm assestim ate, about 400M correspond to the featuresat
velocitiesm ore negative than {75km s! , whose association with W 28 m ay be questionable.
Thus the total swept-up Him ass can vary between 1200 and 1600 M
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A ssum Ing that the m ass is uniform Iy distrdbbuted over a sohere of radius of 20 pc, we
obtain an upper lim it for the ambient interstellar medium (ISM ) density of 15 { 2.0
an ® (depending on the valie used or the totalm ass). T he kinetic energy would be E i,

1 10% ergs and the hitial energy of the explosion about 14 { 1.8  10°° ergs (based
on Chevalier's 1974 model). G iven these values for the niial explosion energy and the
unperturbed ISM density, and by considering the follow ing expression (Rohlfs & W ilson

1996):

hyse 100 E. 25¥5s 0
a= ————— r;
€T 0t xe) T, 0, Y

we can estin ate the tin e for the onset of the radiative phase of SNR evolution to be .4

21 24 10° yr,while R,.q 10 pc is the radius of the SNR at that stage. In Eq.(1)
T, is the tam perature Just behind the SNR shock wave (in units 0f10* K) which was st to
100 ( radiative losses start to be an in portant process at about 10° K ), Es; is the initial
SN energy in units of 10°! erg, xy is the jonization fraction (assum ed to be 0) and n, is the
unperturbed ISM density n an ° .

By assum ing a radius of about 13 pc for W 28 (from an angular size of 235 aran In
and a distance of 1.9 kpc), we can conclude that this rem nant is well iIn the radiative
phase of evolution and has a current age of 33  10* yr, which is in good agreem ent w ith
previous age estin ates Frailet al. 1993, Velazquez 1999). In this evolutionary stage, it is
expected that a thin H i shell form s by recom bination behind the shock front with a width
of about 10% ofthe radius.

5. Conclusions

W e have carried out a study of the neutral hydrogen in the environs of the SNR W 28.
O ur analysis of the kinem atics and distrdbution of the H i has revealed several H i features
that are m ost probably with W 28, revealing signatures of the interaction of this SNR with
the Interstellarm edium . W e have detected, as a selfabsorption feature around 7 km st ,
the neutral gas counterpart of the m olecular cloud detected by Arikawa et al. (1999) In
unshocked CO gas. Based on the presence of this cold cloud, we can independently con m
a kinem atical distance 0£1.9 03 kpc forW 28.

Portions ofan incom plete H i shell are also observed in em ission at di erent positive and
negative LSR velocities, wih amaxinum angularsize ( 0 %) at Vysg=+175km s! .An
Hicloud is detected near Viqx +37 km s! overlapping the center of W 28. W e interpret
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this last feature as the \cap" of the irreqular expanding interstellar shell swept-up by the
W 28 shock front. The m ass of this shell has been estim ated to be between 1200 and 1600
M

Based on the present resuls, the follow ing scenario for W 28 can be proposad:

@) A SN explosion ofenergy 1.6 10°° ergs occurred about 3.3 10* yr ago, at the
position (I, b) = (6 30% 0 12% and at distance of 1.9 kpc. At this Jocation, the ambient
density ofthe ISM was 15 {2 an °.

) The expanding shock wave has collided w ith a cold gas concentration, observed as
an absorption H i feature and asm olecular clouds around the LSR velocity of 7km s? . The
mass ofthiscold cloud ( 70 M ), isonly a an all fraction of the totalm ass estim ated for
m olecular hydrogen. M ost of the atom ic hydrogen is detected In am ission as an Hishell, as
m entioned below .

(©) The interaction of the SN shock front with the surrounding H i gas has swept-up a
thick interstellar H I shell, presently expanding at 30 km s! . W 28 has entered into the
radiative stage of evolution about 2 10* yrs ago. H owever, the thin neutral shell expected
to form by recombination behind the shodk front could not be identi ed because of the
relatively low angular resolution of the present study.
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6. Figure captions

Fig. 1.] Radio contihuum im age of the SNR W 28 and the HIT regions M 20 and W 28A {
2, and the SNR G 7.06{0.12. The greyscale range is 0, 0.5] Jy beam ® . This inage was
obtained with the VLA at 1415M HZ by D ubner et al. (2000). T he resolution is 882 48%,
PA =8 .Thel noise levelis5mJy beam '.

Fig.2.] (a) Average HIam ission pro kat 1’ 6:5andb’ 0 from the current data; (b)
G alactic rotation curve at 1= 6:5, b= 0:1 Fich et al. 1989).

Fig. 3. MTmagesofHiem ission (in grey and white contours) between 55 and + 3km s'?
The rst inage isan integration from 70 to 35km s! . In the subsequent im ages the
integration is carried out over an intervalof5 km s! . The greyscale range is [{5, 15] Jy
beam ! km s! , whik the white contours correspond to {2, 2, 6, 10, 14, 18, 22 and 26 Jy
beam ! km s! . The black contours show the 2, 2.5 and 3 Jy beam ' levels of the radio
continuum of W 28 at 1415 M Hz (from D ubner et al. 2000), with an angular resolution of
14%7 . Each panel is labeled w ith the central velocity ofth eparticular interval of integration.
T he arrow s on the kft top comer ofthe rst panelshow theN and E directions in the J2000
E quatorial C oordinate system , to facilitate com parison w ith Figure 1.

Fig. 4.| AsinFig.3, Hiinages in the velocity range f 7.5, +85]km s! . The last two
in ages are obtained from integration over an intervalof30 km st

Fig. 5. Overlay ofthe H idepression integrated betiween 4 and 9 km s' (white contours),

and the W 28 radio continuum (greyscale). T he contours correspond to the 26, 22, 18,
14, 10, 6, 2and 2 Jybeam ! km s! lvels. The radio continuum of W 28 wih a

resolution of 88°  48%) is shown with a greyscale range of [ 0.06, 0.75] Jy beam ' .
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