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Abstract: (G192.8—1.1 has been known as one of the faintest supernova remnants (SNRs) in the Galaxy
until the radio continuum of G192.8—1.1 is proved to be thermal by Gao et al. (2011). Yet, the nature of
(G192.8—1.1 has not been fully investigated. Here, we report the possible discovery of faint non-thermal
radio continuum components with a spectral index o ~ 0.56 (S,ocv™%) around G192.8—1.1, while most
of the radio continuum emission is thermal. Also, our Arecibo HI data reveal an HI shell, expanding
with an expansion velocity of 20 — 60 km s~!, that has an excellent morphological correlation with the
radio continuum emission. The estimated physical parameters of the Hi shell and the possible association
of non-thermal radio continuum emission with it suggest G192.8—1.1 to be an ~ 0.3 Myr-old SNR.
However, the presence of thermal radio continuum implies the presence of early-type stars in the same
region. One possibility is that a massive star is ionizing the interior of an old SNR. If it is the case,
the electron distribution assumed by the centrally-peaked surface brightness of thermal emission implies
that G192.8—1.1 is a “thermal-composite” SNR, rather than a typical shell-type SNR, where the central
hot gas that used to be bright in X-rays has cooled down. Therefore, we propose that G192.8—1.1 is an
old evolved thermal-composite SNR showing recurring emission in the radio continuum due to a nearby
massive star. The infrared image supports that the Hr1 shell of G192.8—1.1 is currently encountering a

nearby star forming region that possibly contains an early type star(s).
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1. INTRODUCTION

G192.8—1.1 (PKS 0607417, hereafter G192) has been
first reported as a non-thermal source in 1969 by Milne
(1969). It has been considered to be a supernova rem-
nant (SNR) by several researchers (e.g., Caswell 1970;
Day et al. 1972; Milne & Dickel 1974; Dickel & De-
noyer 1975) due to its non-thermal radio spectral in-
dex. Berkhuijsen (1974) has also proposed that it is
a part of the Origem Loop, a large, 5°-sized contin-
uum shell, rather than an individual SNR. However,
the high resolution (fpwum ~ 1.1 x 3'.3cosd) radio
continuum observations at 1420 MHz (Caswell 1985)
revealed its 80" -sized circular structure as a separate
SNR with a spectral index of typical shell-type SNRs,
a = 0.55 (S,ocr~%). G192 has been regarded as one of
the faintest SNRs in the Milky Way so far (Green 2009).
Recently, Gao et al. (2011) found that the radio emis-
sion of G192 has a flat spectrum (a ~ 0) at frequencies
between 1.4 and 4.8 GHz, concluding that G192 is not
an SNR but a thermal source overlaid with background
non-thermal point sources and an HII region in the line
of sight (LOS). The origin of the thermal radio contin-
uum emission of G192 has not been studied yet, leaving
the nature of G192 in question.

Hi1 21-cm emission line observations are often car-
ried out to identify the association of celestial objects,
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such as HiI regions, Wolf Rayet stars, or SNRs, with
their environments (e.g., van der Werf & Higgs 1990;
Kothes & Kerton 2002; Giacani & Dubner 2004; Lee et
al. 2008). The HI emission associated with these ob-
jects, which is radiated mostly from materials swept-
up by the energetic processes related to these objects,
provides physical parameters, such as the energies in-
volved, dynamical ages, and environmental conditions
of the sources, which help to understand the nature of
the objects and their environments. G192 has been ob-
served in HI 21-cm line by Koo & Heiles (1991). They
detected excess HI emission toward G192, at velocities
higher than what is allowed by the normal Galactic ro-
tation. This requires an energetic event(s) to accelerate
the gas up to such high velocities. However, the resolu-
tion of their observations with the Hat Creek telescope
(36") was not enough to determine the association be-
tween G192 and the high-velocity HI emission. We have
observed the vicinity of G192 with a good resolution
(3".6) in the H1 21-cm hyper-fine line, using the world-
largest Arecibo 305 m Radio Telescope. The Arecibo
data have revealed an expanding HI shell associated
with G192, which will provide physical parameters as-
sociated with the G192, as well as clues about its origin.

In this paper, we re-examine the nature of the ra-
dio continuum of G192 and report a possible detection
of non-thermal radio continuum emission in the G192
area. We also report the detection of the associated Hi
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Figure 1. Effelsberg 11-cm radio continuum image of the G192 area (Fiirst et al. 1990a) Contour levels start at 0.02 K
and increase with a 0.04 K interval. IRAS point sources (Helou & Walker 1988), Galactic O stars (Reed 2005), and radio
continuum point sources (Fiirst et al. 1990b) are presented with orange triangles, red stars, and green crosses, respectively.
Sharpless HiI regions are labeled with blue colors. The dotted and the dashed lines are the lines along which 1-dimensional

brightness profiles are extracted (see Figure 10).

emission in the periphery of the radio continuum struc-
ture. The new observations and the archival data used
in this paper are summarized in Section 2. The results
of the radio continuum analysis and the H1 observa-
tions are presented in Sections 3 and 4, respectively. In
Section 5, we investigate the counterparts of G192 at
multiple wavelengths, and the distance to G192. The
origins of the HI shell as well as the non-thermal and
the thermal radio continuum are discussed in Section
6. We finally conclude our research in Section 7.

2. THE RADIO CONTINUUM DATA AND THE HI
OBSERVATIONS

2.1. Radio Continuum Surveys

For the analysis of the radio continuum emission of
G192, we have used total intensity maps of the Sino-
German 6-cm (Gao et al. 2010) and the Effelsberg 21-
cm (Reich et al. 1997) Radio Continuum Surveys, and

the NRAO VLA Sky Survey (NVSS) (Condon et al.
1998). The 6-cm radio continuum survey data are ob-
tained using the Urumgqi 25 m Telescope. The data have
an angular resolution of 9.5 and an rms of 0.6 mK. The
21-cm radio continuum survey data are obtained with
the Effelesberg 100 m Telescope. The data have an
angular resolution of 9.4 and an rms of 40 mK. The
smooth background emission is separated and released
as a separate data cube. Here, we use the source data
cube without the background. The released NVSS data
at 21-cm were made with a 45”-sized restoring beam
and have an rms of 140 mK. !

2.2. H1 Observations

The observations were made during February-April,
2005 using the Arecibo 305 m telescope. Total inten-

1The survey data are available at http://zmtt.bao.ac.cn/6cm,
http://www3.mpifr-bonn.mpg.de, and http://skyview.gsfc.
nasa.gov, respectively
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Figure2. The Effelsberg 21-cm (top left), the Sino-German 6-cm (top right), the NVSS (bottom left) radio continuum images
of the G192 field, and the non-thermal radio continuum emission, Th¢ fnt, (bottom right) resulting from Equation (4). The
colorbars on the right of each image show the brightness temperature scales in units of K. The 0.2 and 0.6 K contours of
the 21-cm image are overlaid on the images at the bottom for comparison. In the T f,: image, the 3, 4, and 50 contours
of the image, 0.09, 0.12, and 0.15 K, are overlaid to indicate the significant excess of emission.

sity HI 21-cm spectra were obtained with a total band-
width of 3.125 MHz and 1024 frequency channels using
the dual-channel, L-band wide receiver. This gave a
total velocity coverage of 660 km s—!, with a velocity
resolution of 1.29 km s~! after Hanning smoothing. At
the same time, thermal OH lines at 1665 & 1667 MHz
were obtained in a separate sub-board with the same
setting as the H1 21 cm lines. The area observed was
of size 2.3° x 2.5° , and centered at (a,d) ~ (6" 9™
508, 17° 00" 00”) (J2000). Most of the area is observed
using On-The-Fly (OTF) mode, scanning in « at a rate
of 0.65 s/’, with a half beam spacing (1'.7). However,
the eastern region was scanned using OTF scans along
0 at a rate of 0.48 s/’. A single strip at § = 17° was
scanned 7 times using drift mode (4 s/’) to detect any
faint high-velocity HI gas. The half-power beam width
of the Arecibo telescope at this frequency is 3. 4.

Data were reduced using the standard IDL Arecibo
data reduction software. A third-order polynomial
baseline was subtracted from each spectrum using chan-

nels outside the Galactic HI line emission. The data
were then gridded using a Gaussian kernal, which
broadened the effective beam width to 3'.9. We con-
verted the HI spectra into brightness temperature units
by multiplying it with a factor of 10.95 K Jy !, using
the Leiden/Dwingeloo HI Survey (Hartmann & Burton
1997) as a reference. The mean rms (1o) of the final
cube is ~ 0.14 K, while a single strip at 6 = 17° has
an rms of 0.025 K for 0.644 km s~! velocity resolution.

3. RADIO CONTINUUM ANALYSIS

3.1. Radio Continuum Sourcesin the Fields of
G192.8—-1.1

Figure. 1 shows the Effelsberg 11-cm radio continuum
image (Fiirst et al. 1990a) of the G192 region. The 1°.5-
sized circular object at the center of the field is G192.
A group of HII regions, S254 — S259, are to the north,
and S261 is to the south of G192. S259 is overlaid on
the northeastern area of G192. The properties of these
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Figure 3. (Left) The spectral index (c) map for the pixels with T2 — Tps > 110 mK and Ts — Tps x f~°7* > 6 mK. The
colorbar shows the values of a.. It it noticable that the SW and the NE areas indicated in the T}+ fn: image have non-thermal
spectra. The borders of the SW, the NE, the G192 plateau, and the S261 areas, from which the spectral indices in Table 2
are estimated, are marked with black, green, orange, and blue lines, respectively. (Right) The T-T plots of the four areas
indicated in the left image. Colors are the same as explained in the left image. The solid lines are the linear fits of each
area. The brightness temperatures of the G192 plateau and S261 are scaled down 3 and 10 times, respectively. Also, the

points in the plateau area are shifted down along the To1 — T,

Hi11 regions are summarized in Table 1.

The traditionally known PKS 0607+17 SNR con-
sists of a low-intensity plateau and the bright north-
ern and southern rims/concentrations. The intensity
of the plateau appears to generally decrease outwards.
The northern rim contains S259 and point-like sources,
and it is not considered to be associated with G192.
The 30’-sized southern concentration is centered near
(o, 8) ~ (06" 09™, 16° 45'). This rim-like southern
concentration was thought to be a part of G192, and
G192 has been considered to be shell-type because of
it.

3.2. Radio Continuum Decomposition and the
Non-thermal Component

Gao et al. (2011) derived radio continuum spectral
indices of & = 0.00 and 0.06 (S,ocv™®) towards the
faint plateau and the southern concentration, respec-
tively, by fitting the temperature to temperature (T-T)
plot of the plateau and the southern concentration re-
gions using the Effelsberg 21-cm and the Sino-Germal
6-cm Radio continuum data. Their thermal spectral in-
dices conflict with those (o ~ 0.55) of previous studies
(Milne 1969; Caswell 1985) that are estimated at a fre-
quency range between 178 and 2700 MHz. One expla-
nation reconciling these two results is that the flux from
the extra-galactic point sources with steeper spectrum
(o ~ 1) affected the flux estimations of previous studies
at lower frequencies. On the other hand, it is plausible
that thermal and non-thermal emission co-exist in the
field, resulting in a steep spectrum at lower frequencies
and a flat spectrum at higher frequencies. It would be
worth to investigate if the emission of G192 is all ther-

axis by 0.05 K for better display.

mal or if there is weak non-thermal component buried
within the stronger thermal emission.

For our analysis, we use the same radio continuum
data sets in 21- and 6-cm as Gao et al. (2011). We
can separate the thermal and non-thermal components
as follows. The emission at 21- and 6-cm in brightness
temperature, To; and Ty, can be presented as

T21 = Tth + Tnt + Tps (1)
To = Tif™ P+ Tuf P+ Tpaf P (2)

where Ty, Ty, and T)ps are the brightness tempera-
tures of extended thermal and non-thermal sources, and
point-sources in the 21-cm data, and B¢y, Bne, and Bps
represent their spectral indices. Here, f = Aa1/Xg
(=21./6.3 = 3.3). From the above equations, we have

Tor—¢ = Tor—Tof 7" = Tpyfr + Tps fps (3)
Tntfnt = T21 - T6f+,8th - Tpsfps (4)
where f,, = (1 — fP=+bm) and f,s = (1 -

fBrs*Ben) If the emission in the 6-cm and the 21-
cm image is purely thermal, then T, f,: ~ 0. How-
ever, if there is a non-thermal component in the data,
such emission would appear as leftover emission in the
T'tn fnt map, since its spectrum is steeper than that of
thermal sources.

151, Ts, and Tj, in the right-hand side of the Equa-
tion (4) can be replaced by the Effelsberg 21-cm, the
Sino-German 6-cm, and the NVSS data, after the NVSS
data have been convolved to a spatial resolution of 9’.4
and all data have been regridded to have a pixel size
of 2. The term related to the non-thermal compo-
nent, T}, fn:, can be now determined, if B, and Bps
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Figure4. Hi channel images of the observed field. Each image is averaged over a velocity interval of 4.5 km s™!. The central
LSR velocity is given at the top left of each image. The colorbars present the brightness temperature scales of individual
channel images in Kelvin. The black cross indicates the approximate center of the radio continuum emission for G192.

are adopted. We adopt Sps = 2.91 £ 0.22, which is the
mean of the spectral indices of the point-sources in the
G192 field given by Caswell (1985), and By, = 2.06,
which is based on the spectral index map that will be
described in the following paragraphs. We note that
Ben in the range of 2.0 < Gy, < 2.1 does not change the
results described in the following paragraph. Also, we
note that the spectral index variation of the extragalac-
tic sources can be larger, but it would not be critical
for the detection of extended non-thermal components.

Figure 2 shows the image of resulting non-thermal
component term of T, f,: as well as those substituted
in the T5, Ts, and Tps terms. In the Tp;f,: image
(bottom right), we can notice that the G192 structures,
i.e., the plateau and the southern concentration, as well
as the HII regions and the diffuse continuum emission
around G192 are mostly removed, confirming their ther-
mal nature. The emission of the NVSS point sources
with a < 0.91 and the HII regions with small diame-
ters detected in the NVSS data are removed more than

they should be and appear as negative holes in T4 fn:
map, while the NVSS sources with « > 0.91 survive in
this map. We also notice that there is some emission
left that exceeds 3o level (0.09 K) along the bound-
aries of G192 and beyond toward the southwest in the
Tt fnt map. The non-thermal component in the north-
east (NE) is located outside the border of the 0.2 K con-
tour, while the one in the southwest (SW) is rather con-
sistant to the boundary of 0.2 K contour. Also, there is
emission excess extended in southwest direction (SWE)
outside the 0.2 K contour. The excess emission at the
southwestern boundary of G192, SW, could be associ-
ated with the more extended emission, SWE, however,
the SW appears brighter along the boundary of G192,
which might indicate its association with G192.

The thermal and non-thermal nature of the sources
in this field can be clarified in the pixel-to-pixel spec-
tral index («) map shown in Figure 3, which is de-
fined as (To1r — Tps)/(Ts — Tpsf7%%) = f=(@+2. In
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Figure5. (Left) The sensitive (vrsr — «) slice of the HI data at § = 17° with contours of 0.03, 0.1, 0.3, 1, 3, 10, 30, and
100 K in brightness temperature. The color is scaled logarithmically for temperatures T, < 30, and linearly for T, = 30 K,

to highlight the low- and high-intensity HI features at the same time.

(Right) Same as the one in the left zoomed at

+40 < vr.sr < 490 km s™'. The smooth background emission is removed to bring up the faint shell structure. The color is
scaled logarithmically. Three wings mentioned in the text are labeled as A, B, and C.

this spectral index map, the thermal and non-thermal
regions are distinguishable with green and red colors,
and the regions with emission excess in Figure 2 show
non-thermal spectra. We have estimated the spectral
indices of four areas, i.e., the SW and the NE regions,
the plateau, and the S261 regions, of which bound-
aries are indicated with black, green, yellow, and blue
solid lines, respectively, in Figure 3 (left). The spec-
tral indices measured from total fluxes using images of
To1 — Tps and T — Tpsf’ﬂps, and the medians of the
pixel-to-pixel spectral index map are presented in Ta-
ble 2. We have also estimated the spectral indices of the
same areas using the T-T plot method, as shown in Fig-
ure 3 (right), and the results are presented in the same
table. The plateau and S261 consistently show thermal
spectra of = 0.04 — 0.11, independent of the method
used. The SW region also shows consistant numbers of
a = 0.40 — 0.57 with a reasonable error range of 0.15.
In contract, the spectral index a = 0.31 £+ 0.23 of the
NE region esimated from the T-T plot method is flatter
than those (o ~ 0.84 +0.35) of other methods. The dif-

ference could come from the background removed from
the image. We have removed constant values of 0.047 K
and —0.011 K from the Tb; — Ty and the Ts —T),s f ~PP*
images, respectively. The removed constants will not
affect on the slope in the T-T plot, but can be critical
for the « values of faint regions, such as the NE region,
in the pixel-to-pixel a map. The removed constants do
not appear to affect much the results of brighter regions
including the SW region.

In summary, there are some non-thermal areas, and
the one extended along the southwest boundary of the
G192 plateau, SW, could be associated with the G192
structure, though not conclusively. Most of the sources
in the G192 field, including the plateau and the south-
ern concentration, are confirmed to be thermal.

4. H1 RESULTS

4.1. Hi Morphologies

We have detected an expanding shell around G192. Fig-
ure 4 shows channel images of the Arecibo Hi1 data.
The HI emission around the center of G192 appears



A CANDIDATE OF RELIGHTED THERMAL COMPOSITE SNR 265

v = 39.3km/s

0.0 0.5 0 15

1
R (deg)
v = 26.4km/s

0 20 40 60 80

v = 32.8km/s

1 ii

10F

Th(K)

05 10 15
R (deg)

v = 20.0km/s

95

0 20 40 60 80

Figure 6. Examples of radial profiles and images of the HI shell are presented at four velocity channels, which are noted in
each panel. The fitted Gaussian, polynomial, and the summation of both components are shown in red, green, and blue
solid lines, respectively. The resulting FWHMs of the Gaussian components presented with the two vertical solid lines in
the radial profiles are also overplotted on the corresponding channel images with annulii. The Gaussian components appear

to represent the shell component well.

as ring-like structures at vpsg = +20.6, +25.1, and
+29.6 km s~!. The ring structure is most prominent
at vpsr = +25.1 km s~ channel image. The north-
eastern shell at vpsg = +29.6 km s~ shows a rim-
brightened feature. The emission associated with the
shell, while weak, can be detected along the boundary
of the shell at vp.gsg = +16.1 km s~!, but it disappears
at lower velocities. In the images at higher velocities,
+34.1 < vigr < +47.7 km s7!, the HI emission as-
sociated with the shell is weak, but visible. The Hi
emission at these velocities consists of a few relatively
bright spots rather than a ring-like structure. In the
south/southeastern areas of the observed field, there
are other high velocity Hi emission outside the shell
boundary at +29.6 < vrgr < +47.7 km s~!. The HI
clouds at v,gsg = +47.7 km s~! show interesting veloc-
ity structures, but they do not appear to be associated
with the shell. The Hi feature in the northwest corner of
the image at vr,gr = +47.7 km s~! is FVW191.9—1.5,
which is suspected to be an expanding shell of an old
SNR located in the Outer Arm (Kang & Koo 2007).

The sensitive (v — «) slice observed at 6 = 17° with
seven drift scans (Section 2) reveals fainter high veloc-
ity structure of the expanding shell. Figure 5 (left)
shows that HI excess exists well above +50 km s~! up
to ~ +90 km s~!. Note that the maximum velocity al-
lowed in this direction is vr,sr ~ 30 km s~!, when a flat
rotation velocity of 220 km s~! and the distance to the
Galactic Center of 8.5 kpc are adopted. A fit of a Gaus-
sian plus 1-degree polynomial to areas not associated
with the shell is removed from the intensity profile of
the (v—a) slice at each velocity channel as a background

to emphasize the shell structure. The result is presented
in the right panel of Figure 5. The expansion of the
shell is prominently visible in this background removed
image. There are three faint wings at vpgg = +30 km
s~!. The wings look slightly curved inward. The two
wings near a ~ 618™ (B in the figure) and ~ 6"11™ (C)
are connected and show a loop-like structure at veloci-
ties above ~ +30 km s~! in the (v — «) slice, implying
its expansion. It looks like that the receding endcap
of the shell is located at velocities between +50 and
+70 km s™! toward this direction. The expansion ve-
locity implied from this slice is 40 — 60 km s—!, when
adopting a systemic velocity of vpsr = +10 km s7!, the
systemic LSR velocity of the S254 — 259. The emission
of B and C peaks at vpsg = +30 —+35 km s~ !, and
looks disconnected towards lower LSR. velocities. The
wall near o ~ 6"6™.5 (A) appears thick and bright at
+20 < vpsr < +30 km s7!, and it appears gradually
thinner and fainter at higher velocities. The sensitive
(v — ) slice also shows high velocity HI gas at nega-
tive forbidden velocities. Negative forbidden velocities
are confusing mainly due to the large Anti-Center Shell
(ACS; Tamanaha 1997). The approaching part of the
Hi1 shell may not be visible because of this confusion.

4.2. Propertiesof the Hr Shell

We have measured the HI intensity as a function of
radius by averaging pixels within a same annulii at ev-
ery 0.64 km s~! velocity channel in the velocity range of
vLsr = +19.3 and +42.5 km s~!. The emission from the
shell appears as a bump in the example radial profiles
in Figure 6. We fit the radial profiles with a function of
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Figure 7. The mean brightness temperature and the radius of the shell as a function of velocity, which result from the

Gaussian fit of the radial profile. The shown error is 3o.

a Gaussian plus 2nd degree polynomial, i.e., emission
from the shell and the background. These components
are shown with red and green lines in the profiles. The
positions of the full width at half maximum (FWHM)
of the resulting Gaussian components are overlaid on
the channel images. As shown in the radial profiles and
the channel images, the Gaussian fit appears to be a
reliable method in tracing the H1 shell.

The mean brightness and the radius of the shell re-
sulting from the Gaussian fit are presented in Fig-
ure 7 as a function of the LSR velocity. The shell
is most bright (7, ~ 23 K) around vrgr ~ 24 km
s~! in average, while the radius tends to decrease as
the LSR velocity increases. The maximum mean ra-
dius is 46’ at +20 km s~!', and it decreases down
to 32’ at +42 km s~ !, which is evidence of expan-
sion. The change of the radius along the velocity does
not exactly follow the ideal ellipse with a relation of
(r=70)%+ (Vsys—Vexp)? = 1, which would result in a slow
change in radius near the systemic velocity (lower veloc-
ity) and rapid change near the endcap velocity (higher
velocity). Rather it has some variations in the curva-
ture of radius. This variation may be influenced by
which part of the shell dominates the Gaussian compo-
nent or how well the background is removed. For ex-
ample, at higher velocities, the shell component is only
constrained through the shell emission in the south, but
at lower velocities, the shell is relatively well defined in
a circle in all directions. The FWHM of the northern
portion of the shell at vpsg = 25.1 km s~ is 20, which
is more than 40% of the largest radius measured, im-
plying that the shell is significantly thick.

The HI mass estimated from the Gaussian compo-
nent at +19.9 < vrsr < +42.5 km s7! is 1300 dﬁpc
Mg with an uncertainty of 10%, where dyp. is the dis-
tance in units of kpc. The estimated mass is similar
to the one estimated from the integrated image within
the error. There is HI gas at high velocities according

to our sensitive (p — v) map, but it is not visible in

the low-sensitivity map. The mean hydrogen column
density of the high velocity gas in the 1-dimensional
map integrated at +42.5 < vpsg < +90 km s7! is
Nur = 2.4 x 10'® ecm™2. Assuming that this is general
value for the entire receding portion of the shell, the es-
timated mass at visr = +42.5 km s is ~ 10 di . Mg
, which is negligible in comparison to the mass esti-
mated at lower velocities. The HI mass distribution
along the LSR velocity is shown in Figure 8. The mass
at +19.3 < vrgr < +29.0 km s~ occupies 85% of the
observed HI mass, meaning that the observed mass is
mainly determined by the bright shell at these veloci-
ties. The mass distribution decreases at v < +24 km
s~1. The mass at these velocities could be underesti-
mated due to the confusion from HI self-absorption and
strong fore- and background emission. Alternatively it
could be due to the inhomogeneity of the shell. We
discuss the total mass of the HI shell in Section 6.1.1.

5. MULTI-WAVELENGTH VIEW OF G192.8-1.1 AND
THE DISTANCE

5.1. Radio Continuum and the H1 21-cm Line

There is a good spatial correlation between the H1 and
the radio continuum of G192, implying their associ-
ation. In Figure 9, the blue shell at vpgg = +20 —
+25 km s~! is well defined along the radio continuum
boundary of G192, T, = 0.06 K, where the centrally
brightened radio continuum emission starts to decrease
outward (see also Figure 1). The H1 in red (vr,sg = +30
— +40 km s71) is also visible in two spots along the in-
ner boundary of the blue and green shell. In particular,
there is a tight spatial correlation between the H1 and
the southern radio continuum concentration. We note
that the emission at higher velocities in green and red
colors outside the shell feature to the southeast, which
is also visible in the channel images, does not appear
to be associated with the Hr shell.

G192 is known as a shell-type SNR because of the
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Figure 8. Hi mass per 1 km s~ ! velocity interval normal-
ized to 1 kpc. The observed HI mass is shown in open
circles with 1o error. The adopted extrapolation of mass
near the central velocity is shown with the flat short-dashed
line. The solid and long-dashed lines are the expected mass
distributions for a shell with vexp = 17 and 60 km sfl, re-
spectively, when the velocity dispersion of the swept-up ma-
terial is 5 km s~ 'and the shell is assumed to be spherically
symmetric.

bright concentration in the south and possibly the ex-
tended emission in the north connecting S259 and its
nearby point sources. Other than this, the continuum
emission is not particularly bright along the edge (Fig-
ure 1). Instead, the intensity of the radio continuum
decreases where the HI shell is strong, except for the
southern continuum concentration region. This trend
is more apparent in Figure 10, which compares inten-
sity profiles of the Effelsberg 11-cm radio continuum
and the HI1 across the lines shown in Figure 1. The
right panel in Figure 10 shows that the radio contin-
uum (red) is brighter in the center and does not have
particular rim-brightened features, but the H1 peaks
(black) are well defined where the radio continuum be-
comes fainter. This is general features in G192. For the
slice where the radio continuum peaks are visible (left
in Figure 10), the continuum peaks are closer to the
center than the H1 peaks. The positional shifts of the
radio continuum to the HI shown in these figures can
be interpreted as the continuum being emitted from the
inner area of the HI shell. The flat brightness profile of
the radio continuum is either filling the entire volume
inside the shell or, if it is a shell, the shell must be thick.

The radio continuum emission mentioned above is
mostly thermal. The non-thermal radio continuum
emission is compared with the HI shell at visg =
+21 km s~ tin Figure 11. The SW emission is well cor-
related with the position of the HI shell, while the NE
and SWE non-thermal emission do not appear to be

associated with the HI shell.

5.2. Infrared Emission

Figure 12 shows the RGB composite image of the Wide-
field Infrared Survey Explorer (WISE) data at 4.5, 12,
and 22 um, with contours of the Effelsberg 11-cm radio
continuum overlaid. The radio continuum plateau indi-
cated with the 0.06 K contour does not have a counter-
part in the infrared, while the northern and the south-
ern radio continuum rims traced with the 0.18 K con-
tour have corresponding infrared emission. The north-
ern infrared counterparts are probably located in the
Outer Arm, where S259 resides. It does not show ap-
parent correlation with the Hi shell.

The association between the southern continuum
rim and the Infrared Astronomical Satellite (IRAS)
data (Neugebauer et al. 1984) has been reported in ear-
lier studies (Saken et al. 1992; Arendt 1989). The
high resolution WISE image presents their associa-
tion in detail. The WISE counterpart of the south-
ern continuum rim appears as an U-shaped infrared
bubble-like feature opened to the north. The south-
ern continuum peak is located in the eastern area of
this infrared structure. The infrared filaments bound
this region to the east and the south and show very
good correlations with the compressed feature of the
H1 shell in Figure 13. The eastern area of this U-
shaped region shows structures different from the in-
frared filaments associated with the Hi shell to the
west. There are several infrared cores (point sources)
with tail-like features spread outward. The brightest
square-shaped infrared source, IRAS 0607541643, at
(o, 8) ~ (6710™27°.4, +16°43'18"), which contains mul-
tiple infrared point sources, also shows a compressed
feature inward with a tail spread outward. Those head-
tail infrared structures are seen in star forming regions,
such as the “horse-head nebula”, where photons from
massive stars ionize nearby molecules and reveal em-
bedded young stellar objects. The directions of these
head-tail features indicate that the central star is lo-
cated somewhere near (a,8) ~ (6%09™40%, +16° 52').
Nevertheless, there is no obvious central star responsi-
ble for the feature (see also Section 6.2).

5.3. Distanceto G192.8—1.1

It is very probable that G192 is associated with the Hix
regions in the LOS, since early type stars, the likely pro-
genitors of expanding HI shells in the Galactic Plane,
tend to be born in groups in molecular clouds. Here,
we investigate the distances of G192 based on the dis-
tances of the 7 Hil regions shown in Figure. 1, which
are summarized in Table 1.

The S254 — S258 HII regions are known to be asso-
ciated with the Gemini OB1 molecular cloud complex
(Carpenter et al. 1995), which make up the Perseus
Arm. The spectro-photometric distance to the stars
embedded in these HII region complex is derived sepa-
rately by Russeil et al. (2007) and Moffat et al. (1979)
give a distance of 2.5 kpc. However, the recently mea-
sured trigonometric parallax to the 6.7 GHz methanol
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Figure9. The HI images averaged over vrsg = +20 — +25, +25 — 430, and +30 — +40 km s~ are presented in blue, green,
and red, respectively. White contours are the Effelsberg 11-cm radio continuum emission at 0.02, 0.06, 0.1, 0.14, and 0.18 K

in brightness temperature. See also Figure 1.

maser of S255 gives a closer distance, 1.6 kpc (Rygl
et al. 2010), implying that the Gemini OB1 molecular
cloud is the this distance. The spectroscopic or pho-
tometric distances to the star within S261 are 1.4 kpc
(Georgelin & Georgelin 1976) and 1.5 kpc (Garmany et
al. 1982), which are close to that of S255. The radial ve-
locity of the Ha line emission of S261, vpgg = +5.6 km
s7! (Hausen et al. 2002) is close to the lower limit of
those of $254 — S258, vr.gg = +6.0 — +11.1km s}, mea-
sured in CO and Ha lines. On the other hand, S259,
which overlaps with G192, seems separated from the
rest of the HII regions in the field. The spectroscopic
distance to its central star put S259 at a distance of 8.3
kpc (Moffat et al. 1979). The radial velocities measured
from CO and Ha lines, vr,gg = +22.8 and +15.8 km s—!
(Blitz et al. 1982; Fich et al. 1990), also support it be-
ing at a larger distance. In summary, the HIiI regions in
the LOS of G192, seem to be at two different places, a
group in the Perseus Arm (~ 1.5 kpc) and the other in
the Outer Arm (~ 8.3 kpc). We adopt a closer distance

of 1.5 kpc as a distance to G192, but its properties at
a far distance will be discussed, too.

6. ORIGIN OF G192.8-1.1

The non-thermal radio continuum emission appears to
be correlated with the Hi shell, while the thermal radio
continuum component seems to be confined within the
Hi1 shell. The expanding HI shell with associated non-
thermal emission is a typical feature of an evolved SNR.
On the other hand, the thermal radio continuum sur-
rounded by an expanding HI shell is a common feature
for an HiI region or stellar wind bubbles. To understand
the nature of G192, we investigate the properties of the
Hi shell and the thermal radio continuum emission, and
discuss possible explanations of the G192 complex as a
whole.
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Figure 10. Intensity profiles of the radio continuum at 11-cm (red) and the Hi (black) averaged over +20 < vLsr < +50 km

1

s~ along the dashed (left) and the dotted (right) lines shown in Figure 1. The unit of radio continuum is scaled by a factor

of 100 for visualization.

6.1. Hr Shell
6.1.1. Hi Mass Extrapolation

If the HI shell is uniform and expanding at a constant
speed Vexp, the average HI profile would appear as a
square profile that extends from —wexp t0 +Vexp cen-
tered at the systemic velocity vy. When the velocity
dispersion is considered, the observed HI profile would
have a shape of a flat profile convolved with a Gaussian
profile along the velocities (e.g., Park et al. 2013; Kang
et al. 2012). The Hr1 mass follows the same shape of
the HI profile along the velocities. If we define M (v)
as the HI mass measured at v in a velocity interval of
Av =1 km s~! and the dispersion velocity of random
motion is v,, the expected mass distribution would be

(v = u)?

M (v)oc fff quuare(u)exp[— T]du (5)

where Msquare(V) = Mmax In [0 — Usys| < Vexp and zero
otherwise. Two examples of this profile with different
Vexp and Mpax are shown in Figure 8. In addition to
this, when the shell is integrated over a certain veloc-
ity width, the mass of the inner region of the shell at a
channel will be underestimated in the process of remov-
ing backgrounds, if the bubble with extremely low den-
sity is included in the integrated velocity range. This
effect will produce a dip in the observed mass profile
at velocities near vgys (cf., Cazzolato & Pineault 2005).
The height and width of the dip depend on the thickness
of the shell and the velocity dispersion of the ambient
medium. The observed decrement of mass at velocities
from vr,gr ~ 24 km s™! down to vpsg ~ 20 km s~! in
Figure 8 could be partially affected by this effects.

In Figure 8, it is obvious that the observed mass dis-
tribution does not fit with the profile of the isotropic
shell with uniform expansion velocity of 60 km s~!
(dashed line). Rather it better fits to that of vexp

~ 20 km s™! (solid line). This indicates that the par-
tial shell observed at +20 < vigr < +40 km s~ ! is
massive, while the swept-up mass of the end part of
the receding shell with vex, = +60 km s™! is negligibly
small.

We simply assume that the mass in between the ve-
locities with the peak mass value is constant with the
maximum observed mass (dotted line connecting the
mass peaks). We further assume that the mass distri-
bution is symmetric with respect to the vsys. This is
a reasonable assumption since the energy injected by a
central progenitor would be symmetric, even if the sur-
rounding medium is anisotropic. The systemic velocity
of G192 is not known, since the shell is only partially
detected. Here, we adopt veys = +10£5 km s~1, which
is close to the systemic velocities of S261 or S254 —
S258 (vsys = 5.6 — 11.1 km s !). Note that vsys to-
wards £ = 192° varies in a relatively narrow range of
vpsr ~ 0 to +20 km s~! in a large distance range of
d = 0 — 10 kpc (Brand & Blitz 1993). The total HI
mass at a distance of 1.5 kpc and at vg,s = +10 km
s71 is 1.5 x 10* MO with 30% of mass variation in vsys
=410+ 5 km s L.

6.1.2. Energetics

As shown in Figure 8, the mass profile of the HI shell
better fits to that of a shell with veyx, ~ 20 km s™1,
though the expansion velocity of the shell can be larger
than this as shown in Figure 7 (right). Here, we adopt
Voxp = 20 km 57! as a characteristic expansion velocity
of the HI shell for the estimation of the kinetic energy.
Then, the age of the shell would be ¢ = 0.3Rpc/Vexp =
0.3 Myr at d = 1.5 kpc.

The total HI mass and the kinetic energy of the HI
shell in the systemic or expansion velocity and dis-
tance domains are shown in Figure 14 (left and middle).
The mass used for the estimation of the kinetic energy
adopts a cosmic Helium abundance of 10%. If G192
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Figure 11. The red contours of the H1 emission indicating the HI shell at vrsg = +21 km g1 (T»=88 and 99 K, see also
Figure 4) are overlaid on the non-thermal radio continuum emission, of which the 3, 4, and 50 contours are presented with
blue contours. The 0.2 and 0.6 K contours of the Effelsberg 21-cm radio continuum emission are presented in black to
indicate the position of the G192 structure. The non-thermal radio continuum excess in the SE boundary of G192 appears
to have a good spatial correlation with the Hi shell at v,sg = +21 km s~ L.

is associated with the Gemini OB1 molecular clouds,
i.e., vsys = +10 km s~ and d = 1.5 kpc, the HI shell
has My = 1.5 x 10* Mg and Ex = 0.08 x 10°! erg.
The physical parameters of the Hi shell estimated at a
distance of 1.5 kpc are summarized in Table 3. If it is
associated with 5259 at 8.3 kpc with veys = +20 km s,
it has My = 2.0 x 10° Mg and Ex = 0.3 x 10! erg.
We note that the total mass and the kinetic energy de-
pend not only on distance but also on systemic velocity,
because the velocity range where the mass distribution
is flat shrinks or expands when the systemic velocity
changes, as shown in Figure 8.

The initial expansion energy, F;,;:, which is defined
by Heiles (1984) to be the equivalent energy that would
have to be instantaneously deposited at the shell center
to account for the current radius and expansion velocity
of the shell, is higher than the observed kinetic energy,
unless the energy loss due to radiative cooling is neg-
ligible. It is given by Ejn;: = 5.3 % 1043n(1)'12R3'1zvéﬁ)
ergs (Chevalier 1974) and it is often used to charac-
terize HI shell energetics (e.g., McClure-Griffiths et al.
2002). The estimated initial energy of the Hr shell at d
= 1.5 kpc is 10°! erg, while it is 5 times higher at d =

8.3 kpc. The initial expansion energy in the parameter
space of distance and expansion velocity is presented in
Figure 14 (right).

The estimated initial energy of the shell at 1.5 kpc
happens to be the same as the canonical energy of an SN
explosion. If the HI shell is formed from stellar winds,
the wind luminosity required to drive the HI shell is
Ly = TTEk /(IR /vexp) = 2.2 x 1037 erg s71 (Weaver et
al. 1977), when radiative losses are negligible. This cor-
responds to that of 04V, Losy = 2.9x10% erg (Abbott
1982). Since radiative losses would not be negligible in
case of G192, the required wind luminosity would be
higher. A few early type stars (Reed 2005) are in the
LOS of G192, but none appears to be responsible for
the HI shell. No stars seem to be near the center of
G192, as shown in Figure 1. The stars in the field are
no brighter than BOV, except the one associated with
S261 (see Table 4), and the wind luminosity of BOV
is three orders of magnitude smaller than that of the
04V star (Abbott 1982). Therefore, the known early
type stars that are not associated with the known Hit
regions cannot explain the HI shell, while the explosion
of an SN can.
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Figure 12. An RGB composite of the WISE 4.6 (blue), 12 (green), and 22 pm (red) images of the G192 field. The 0.06 and
0.18 K contours of the 11-cm radio continuum data are overlaid. The yellow box shows the region of Figure 13.

6.2. Thermal Radio Continuum

The radio continuum emission of the plateau and the
southern concentration, which are considered to be as-
sociated to G192 originally, are observed to be thermal.
We estimate the electron number density of the ionized
medium and the required Lyman continuum photons,
if it is photo-ionized. We also discuss possible sources
for the thermal radio continuum.

The mean brightness temperature of the thermal
plateau measured in the 11-cm radio continuum image
(Figure 1) is T = 0.08 £ 0.02 K. From this, we obtain
the radio intensity of I11em = 2kTp/A? = 1.8 x 10719
erg cm—2 s~! sr~! Hz™', where k is the Boltzmann
constant and A is the wavelength. We assume that this
is same as the intensity of ionized gas in the LOS de-
scribed as free-free emissivity, jsy,,, integrated over the
length, [, which is given by

I, = ijﬁudz =1.7x 10 %2g;;

( T )—0-5 EM
X
104K

ergem 2s ter ! Hz ! (6)

cm~Spc

at radio frequencies, if the medium is assumed to be
purely hydrogen. Here, EM (= Snidl) is an emission

measure. The Gaunt factor, gsr, depends weakly on
temperature and frequency, and gfr = 5.5 at 11-cm in
a medium with 7' = 10* K (Equation 10.7 of Draine
2011). From Equation (5), the emission measure of
the plateau, EM = 190 cm % pc, gives an electron
number density of n.(= y/<n2 >) = 2.1 cm™3, when
the line-of-sight depth of the medium is assumed to be
the diameter of G192, i.e., 42 pc. The radio continuum
concentration to the south with 7, = 0.12 K has EM =
290 cm ¢ pc and n. = 4.7 cm 3 when an angular size
of 30" is assumed. We note that the estimated EM
can be 3 to 10 times larger, if the temperature of the
medium is as hot as 10° — 10% K. If the ionized gas is
clumped, n. = /< n? >f{1/6, where f, is the volume
filling factor of the ionized gas.

If the continuum plateau is an HII region photo-
ionized by a star, we can calculate the required Lyman
continuum photon luminosity, Q. The EM has a rela-
tion with @, the hydrogen number density, ny, and the
temperature of the medium as the following.

Q 1/3 N 4/3
EM = 422x1 4( ) ( )
<107 om0 g1 102 em—3
T 028
(104 K) cm”°pe (7)

when the rates of ionization and recombination are as-
sumed to be in balance (Equation 15.4 of Draine 2011).
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Figure 13. The magnified WISE image of the star forming region presented with a yellow box in Figure 12. Contours of the

HI emission averaged over vi,sr = +27 to +32 km st

1

are overlaid. See the H1 channel image at vr,sr = +29.6 km s~ in

Figure 4 for comparison. Contour levels are 23, 36, and 51 K in brightness temperature. The possible location of the central
star traced by the direction of core-tail features in the eastern area of the bubble is indicated with a green cross symbol.

When nj = n., we have Q = 4.6 x 10*® s—1, which cor-
responds to that of a star with a spectral type of O7TV
- 07.5V (Martins et al. 2005). Since the HiI region dis-
appears quickly after the central star leaves the main
sequence, there must be an O7V star, or multiple stars
that can produce that much amount of luminosity in
total. The southern continuum concentration area has
Q = 6.7x10%7 s71, which corresponds to that of 09.5V.
As shown in Table 4, no such stars are known in the
central area of G192 or in the southern continuum con-
centration region.

We can think of a blister type HII region, where a
massive star makes an HII region toward one direction,
but the star is behind a molecular cloud and optically
invisible. We searched TRAS point sources (Helou &
Walker 1988) in the LOS of G192, and investigated if
their IR fluxes match those of massive stars. The IRAS
point sources with detection ranks greater than 2 at 60
and 100pm are presented as triangles in Figure. 1. The
bolometric luminosities of IRAS sources can be derived
using the far infrared fluxes as follows (Lee et al. 1996;
Kim & Koo 2002).

Lir = 0.39R(Ty, B)(Fio0 + 2.58F50)d*> LO, (8)

where R is of order 1 (Hildebrand 1983), and Fjgo and
Fgo are IRAS fluxes at 100 and 60 pm. Calculated
luminosities of the brightest 5 sources are summarized
in Table 5. According to Panagia (1973), log(L/L®)
of BO — B3 stars are 4.4 — 3. The strongest in Table 5
has log(L/L®) = 2.71, which is smaller than that of

B3. Even at d = 8.3 kpc, the listed 5 IRAS sources are
no more than B0. Therefore, we conclude that there
are no known stars in optical or in IR that could be

responsible for the observed thermal radio continuum
of G192.

6.3. G192 asan Evolved Thermal-composite SNR
Interacting With Nearby Massive Stars

The estimated energy of the HI shell and the possible
association of the non-thermal radio continuum emis-
sion with the HI shell suggest G192 to have an SN ori-
gin. However, the thermal radio continuum emission
filling inside the HI shell does not fit to the general
evolutionary features of an old SNR. The morphology
of the thermal radio continuum and the surrounding
Hr1 shell have an excellent correlation. Thus, it does
not seem to be a chance coincidence. We discuss possi-
ble scenarios to explain these conflicting observational
results.

First, we examine the possibility that the thermal
radio continuum arises from the hot gas of 7' = 106=7 K
residing inside an SNR. G192 is not detected in any
of the 6 bands in the diffuse background ROSAT all
sky data (Snowden et al. 1997). The expected count
rate per EM is 8 x 10™* counts s~ arcmin=2 at T =
5 x 10° K in band 5 (0.56 — 1.21 keV), for example,
when a maximum extinction of Ny ~ 1022 cm™2 is
assumed (see Figure 7 of Snowden et al. 1997). The
count rate of G192, for an EM = 190 cm % pc, would
be 0.16 counts s~! arcmin~2, while, the rms of the G192
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Figure14. Total HI mass (left), kinetic (middle), and initial energy (right) of the Hi shell as function of distance and systemic,
or expansion velocities in units of 10* Mg and 10%* erg. The cross and triangle symbols indicate the locations of the shell
parameters at the distances of the Perseus and Outer Arms, respectively.

Tablel
Sharpless HII regions in the observed field

RA, Dec (J2000) Diameter® VLSR © visr ¢ Distance?
Name (hm,°") (' (kms™)  (kms™h) (kpc)
S254 06 12.3, +18 03 11 +11.1 +7.5 1.6
S255 06 13.1, +17 59 3 +6.7 +7.5 1.6
S256 06 12.6, +17 57 1 +6.0 +7.5 1.6
S257 06 12.8, +17 59 3 +11.0 +7.5 1.6
S258 06 13.5, +17 55 1 +7.9 +8.0 1.6
S259 06 11.6, +17 27 2 —23.0, +15.8 +22.8 8.3
S261 06 08.9, +15 48 45 +5.6 1.4

a Optical size (Sharpless 1959)

P Ho emission line radial velocity (Fich et al. 1990), except S261, which is from Hausen et al. (2002).

¢ CO radial velocity (Blitz et al. 1982). For S261, the association is inconclusive.

d Distances determined by spectrophotometry of the central ionizing stars by Moffat et al. (1979) for S259 and by Georgelin & Georgelin
(1976) for S261. Distance of S255 is measured by parallaxes using the methanol maser (Rygl et al. 2010), and the distances for S254 —

S258 are assumed to be the same as the S255

1 2

region is only ~ 10™* counts s~! arcmin™2, meaning
that it should have been detected if the gas is at such
high temperatures. Therefore, the thermal electrons
emitting in the radio cannot be that hot.

Considering the low shock speed and the age of
G192, we suspect that the hot gas originally inside
the SNR might have cooled down. To check this, we
first consider the condition of the SNR at the time
of shell formation by following the analysis of Cox et
al. (1999). The radiative shell formation time of an
SNR embedded in a medium with an ambient gas den-
sity of ng = 16 cm 3 and with an explosion energy of
Esy = E/(10%%erg) = 1 is ty, = 5.3 x 10*E " /nt/" =
11,000 yr. At this moment, the radius of the remnant is
Ry = 12.5E§i2n60'2t2'4 = 7.5 pc where t; = t/10% yrs,
and the shock speed and the post-shock temperature
are vy, = 490E%2n~02¢, %% = 270 km s~ and T,, =
1.38 % 105v§h = 1.0 x 10% K, respectively. In the pres-
ence of unsuppressed thermal conduction, the density
of the central hot gas at the time of the shell formation
is about 0.13n, ~ 2.1ecm™3 (Cox et al. 1999), and the
central temperature could be close to ~ 5 x 10° K (Fig-
ure 11 of Shelton et al. 1999). Then, the condition of
G192 at the time of shell formation would be
3

n=21cm 3 T ~5x10°% K : central region

9)

n =4ng =64 cm™> T ~ 1 x 10° K : boundary. (10)

This hot gas will cool down as the SNR expands
by radiation, expansion, and thermal conduction (e.g.,
Kawasaki et al. 2002). If we use the result of Cioffi
et al. (1988, Equation 3.16b), which accounts for both
adiabatic and radiative cooling effects, the interior tem-
perature drops as TocR~35. Then, the temperature of
the hot gas at the time of shell formation would de-
crease down to 1.3 x 10° K, when the shell reaches to
the current radius of G192, 21 pc. The radiative cooling
time of such gas is given by

)1.7 (

where the volume of the gas is assumed to be con-
stant (Equation 34.4 of Draine 2011). Here, n is
the number density of free particles, and the cool-
ing function of Dere et al. (2009), A/neng ~ 1.1 x
10722(T/106 K) 97 erg cm® 57!, for a temperature
range of 10° < T < 1073 K is adopted. This equation
means that the probability for the gas to have tempera-
tures 7" ~ 100,000 — 10,000 K in the process of cooling
is very low, since it would then rapidly cool down to
the temperature of the ambient medium (< 2000 yrs)

3nkT 3

2A

T
10° K

1cecm™

Tcool =

- 2,200( ) yrs (11)

ng



274 KANG ET AL.

Table2
Spectral indices of thermal and non-thermal regions
Method SW NE Plateau 5261
o Map Median  0.57 £0.05 0.85£0.32 0.06 £0.07 0.05 £ 0.05
Total Flux 0.55+0.15 0.83+0.35 0.04£0.07 0.04+0.03
T-T Plot 0.40+0.15 0.31+0.23 0.114+0.01 0.0540.01
Table3

Parameters of the HI expanding shell

Parameter Estimated value
Center (a, ) 06" 09™ 04°, +17° 05
Angular radius 0°.8

Mean physical radius
Mean expansion velocity

21 di.5xpc DPC

20 km s~ !

Total Hi mass 1.5+ 0.4 x 10* d? 5.,. Mo
Kinetic energy (H + He) 0.08 +0.02 x 10* dikpc erg
Initial ISM density 16+4d 5, cm™®

Age 0.32 d1.5xpc Myr

Distance 1.5 kpc

If there are dense swept-up cloudlets inside hot gas, the
cooling time would be even shorter (e.g., White & Long
1991). Therefore, the hot gas originally inside the SNR
should be in neutral state by now, therefore not emit-
ting in radio frequencies, unless there is (an) external
source(s) re-ionizing the neutralized gas.

The radio continuum surface brightness distribution
of G192 is interesting in the sense that it appears
brighter near the center and becomes weaker where
the density of the HI shell peaks. It is different from
that of a typical shell-type SNR, where the gas den-
sity dramatically decreases towards the center. The
estimated electron number density of n, ~ 2 cm™3
is also larger than that of a typical shell-type SNR
(e.g., Slavin & Cox 1992). Note also that the esti-
mated electron number density is too small in compar-
ision to that of the evolved HiI regions. These suggest
that G192 used to be one of the so called “Thermal-
composite” (Seward 1990; Jones et al. 1998) or “Mixed-
morphology” SNRs (Rho & Petre 1998), which are
SNRs with center-filled thermal X-ray emission sur-
rounded by non-thermal radio continuum shell. Physi-
cal processes of thermal composite SNRs can be found
in Vink (2012) and Kawasaki et al. (2005). The total
gas mass confined within the Hi shell estimated from
the radio continuum of G192 is about 450 M . Con-
sidering the uncertainties of measured electron number
density, this is not very different from those of known
thermal composite SNRs (e.g., Lazendic & Slane 2006).
In addition, if we apply the same analysis above to W44,
a 0.02 Myr-old thermal composite SNR with R = 12 pc,
we obtain a similar result that the hot central gas of
W44 with T, = 6 x 10° K, and n. ~ 1 em™3 (Cox et
al. 1999) would also cool down, when it is as old as
G192. Therefore, it appears to be reasonable to con-
sider G192 as an evolved form of W44, i.e., a cooled
thermal composite SNR.

To reignite the radio continuum emission of the neu-
tralized gas inside G192, external ionizing sources are
required. Since massive stars tend to be born in groups
in molecular clouds, it is possible that an evolved SNR
encounters a nearby massive main sequence star. The
WISE images of Figure 12 and Figure 13 reveal hints
of the putative ionized star. The infrared counterpart
of the southern continuum concentration appears as an
U-shaped star forming region opened to the north, and
it shows excellent correlation with the Hr shell, mean-
ing they are associated. The morphology of the U-
shaped region implies the presence of a central ionizing
star, somewhere around (a, §) ~ (6" 09™ 408, +16° 52'),
which is offset from the center and close to the north-
ern boundary of the U-shaped structure. Since it is
opened towards the low density area (ny ~ 2 cm™3),
the stellar photons can easily spread out to the diffuse
interior of G192, re-ionizing the cooled neutral gas left
inside the SNR. The existence of an O7V star or mul-
tiple stars with comparable Lyman photons near the
southern concentration can fulfill the presence of the
centrally brightened thermal emission together with the
Hi shell and the non-thermal continuum emission.

7. CONCLUSION

G192 has been considered to be an SNR, but recently
the radio continuum emission has been proven to be
thermal. By comparing the Hri , the radio contin-
uum, and the infrared emission, we propose G192 to be
an aged “thermal composite” SNR brightened again in
thermal radio continuum by one or more nearby mas-
sive stars. Our main findings are summarized as fol-
lows.

1. We have re-examined the radio continuum emis-
sion of the G192 field using the 21-and the 6-cm radio
continuum data. We have confirmed that the central
plateau and the southern concentration, which com-
prise the traditional G192, have flat thermal spectra
of a ~ 0. The emission measure and the electron den-
sity of the thermal radio continuum plateau are EM
= 190 cm % pc and n, = 2.1 cm ™3, which requires a
Lyman photon number rate corresponding to that of
a massive star with a spectral type of O7TV — O7.5V.
We have searched possible progenitors of the thermal
radio continuum emission, but found no stars in optical
and infrared that could be responsible for the observed
thermal emission. Importantly, we have revealed the
existence of faint non-thermal radio continuum emis-
sion with a ~ 0.56 in the southwestern area of G192,
which lies outside the thermal continuum plateau.

2. We have performed high-resolution HI 21 cm line
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Table 4
Early type stars in the G192 field

RA, Dec (J2000) Distance  Associated
Name (hm, ° ") Spectral Type  (kpc)  HiI Region
HD 41997 06 08.9, +15 42 o7 1.4 S261
HD 42476 06 11.7, +17 23  B9.5III 8.3 S259
HD 253250 06 12.2, +15 35  BO9II
HD 253247 06 12.4, +18 01  B1V 1.6 S254
HD 253327 06 12.7, +17 59 B0V 1.6 S257
LS 19 06 13.1, +1759  BOV 1.6 S255
HD 253659 06 13.9, +16 31 B0.5V
HD 253658 06 13.9, +17 11  B8Ib
HD 43496 06 17.1, 415 51 BSIII

The early-type stars in the area of G192 (Reed 2005). See also Figure 1. The references for the distances are the same as in Table 1.

Table

5

Luminosities of strong IRAS point sources in the G192 field

Name

RA, Dec (J2000)
(hm, © ")

Log(L1.5 kpc/LO)

Log(Ls.3 kpe/LO)

IRAS 0608441727
IRAS 06075+1643
IRAS 0606041655
IRAS 06069+1729
IRAS 06089+1727

6 11 24.5, +17 26 27
6 10 27.4, +16 43 18
6 08 54.9, +16 54 36
6 09 50.1, +17 28 35
6 11 52.5, +17 26 45

2.71 4.20
2.32 3.81
2.15 3.64
2.05 3.53
1.53 3.02

The bolometric luminosities of the top five brightest IRAS point sources in the field of G192 when they are assumed to be at a distance

of 1.5 kpc and 8.3 kpc (L1.5 kpc and Lg 3 kpc) are presented in units of the solar luminosities.

observations toward G192 using the Arecibo 305 m ra-
dio telescope. We have detected receding parts of an
expanding Hr1 shell around the thermal radio contin-
uum. The shell is very thick (~ 40% of radius) and
parts of the shell expand with up to vexp = 50 — 60 km
s~1. We assume G192 to be associated with the Gemini
OB1 molecular clouds at d = 1.5 kpc. By fitting the
mass distribution of the HI shell, we have estimated a
radius of 21 pc, an initial ISM density of 16 cm™3, a
total HI mass of 1.5 x 10* Mg , and a characteristic
expansion velocity of ~ 20 km s~!. The initial expan-
sion energy of the shell is 1 x 10°! erg at d = 1.5 kpc,
which corresponds to the canonical explosion energy of
an SN.

3. We have compared the thermal and non-thermal
radio continuum emission with the HI shell and have
found a tight spatial correlation between the HI shell
and the thermal emission, and some correlation be-
tween the HI shell and the non-thermal emission. We
have also compared these features with the WISE high-
resolution infrared image. We have found an excellent
correlation between the HI shell and the infrared coun-
terparts of the southern continuum rim, which appears
to be a star forming infrared bubble. The good morpho-
logical correlations between multiple wavelengths imply
their physical association.

4. The estimated parameters of the HI shell and
the possible association of the non-thermal continuum
emission with the HI shell suggest G192 being an SNR.
However, the centrally-peaked thermal radio emission
is not consistent with the standard SNR model. We

argue that G192 was a thermal composite SNR with a
more-or-less uniformly filled hot gas, which later cooled
down and re-ionized by one or more massive stars. The
infrared image supports that the southern area of G192
is currently encountering a nearby star forming region
that possibly contains possible multiple massive stars.
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