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Abstract The distribution of dense molecular gas around the supernova rem-
nant G40.5–0.5 has been investigated by radio spectroscopic observations in the CO
(J = 1− 0) transition. The molecular gas is found to extend over the entire region of
G40.5–0.5. A molecular shell, with a diameter of ∼ 26′, coincides with the ionized gas
as revealed by the cm-radio observations. This coincidence, along with the velocity
discontinuity following the shell, provides direct evidence for interaction between the
ionized gas and the dense molecular gas. No clear evidence for cosmic-ray accelera-
tion can be identified from this SNR as previously suggested, due to positional uncer-
tainty in relating the SNR shell defined by CO to the EGRET gamma-ray sources,
GRO J1904+06, from the gamma-ray observations.
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1 INTRODUCTION

A supernova (SN) explosion releases∼ 1051 erg of kinetic energy into the interstellar medium (ISM).
Among the progenitors of supernovae (SNe), the one responsible for a Type-II SN explosion is a
disk population star with a mass ≥ 8 M� that was born inside dense molecular gas near the disk
plane, completed its main-sequence evolution within 106 yr and now explodes as an SN. Due to
their short lifetime, there remains sometimes plenty of dense molecular gas in their parental clouds
(cf. Huang & Thaddeus 1986 for a survey). During the explosion, the expanding shell interacts with
surrounding medium and transfers the kinetic energy of explosion into the ISM (Chevalier 1977),
leaving behind a supernova remnant (SNR). For those type-I SNRs near the Galactic plane, it is
expected that interactions with dense ISM may occur during their expansion. Particle accelerations
via shocks between the SNR and ISM is believed to be responsible for the origin of high-energy
cosmic rays, up to the extremely high energy regime of 100TeV or above (for recent results, see,
e.g., Tanimori et al.1998; Aharonian et al. 2001).

Since the discovery of interactions between SNR and dense molecular gas around IC 443 by
Cornett et al. (1977) and DeNoyer (1979), numerous efforts have been made in observational
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studies of such interactions, further combined with the origin of TeV cosmic ray particles (see the
comprehensive summary by Torres et al. 2003). As a matter of fact, the evidence for interaction
between SNR and dense gas is limited and the physical processes involved in the interaction and
shock acceleration for cosmic ray origin is far from clear. One of the essential issues is to locate the
exact site of TeV gamma-ray and to make clear identification between the nucleonic acceleration
and shock motion in SNR.

The SNR G40.5–0.5 was first studied in detail at radio wavelengths by Downes et al. (1980,
and the references therein). They found that the source shows a shell-like structure of non-thermal
spectrum, with a spectral index α = 0.41. The non-thermal spectrum was confirmed by the survey
at 8.35GHz (Langston et al. 2000). Sturner & Dermer (1995) proposed a possible identification of
G40.5–0.5 with the EGRET gamma-ray source GRO J1904+06. Possible detection of TeV gamma-
ray emission was suggested by Zhang et al. (2005) with the Tibet Air Shower Array.

In this study, we introduce observational studies of the dense molecular gas around the shell
SNR and provide evidence for the interaction between the SNR and its neighboring dense ISM.

2 OBSERVATIONS

The observations were made in the 12CO (J=1–0) line at 115.271 GHz using the 13.7 m millimeter-
wave radio telescope of Purple Mountain Observatory at Delingha during 2003 January to May.
The beam size was 60 arcsec and the main-beam efficiency, 42%. A 4-K cryogenic SIS receiver was
installed on the telescope. The typical system temperature was around 250–300K. The backend
was an acousto-optical spectrometer (AOS) with a spectral coverage of 43MHz, divided into 1024
channels. The spectral resolution is 75.7 kHz, equivalent to 0.2 km s−1 velocity resolution.

An on-off raster scan mapping was made over the source with a coverage of ∆R.A. = 72′ &
∆Decl. = 84′ centered at the source G040.59–0.48 at R.A.(J2000) = 19h07m11.9s, Decl.(J2000)
= 06◦15′35′′ given by Langston et al. (2000) and with a grid size of 2′ × 2′. For each point, a
two minute on-source integration was adopted, resulting in a typical rms noise level of antenna
temperature of 0.3K. The data were reduced using the GILDAS/CLASS package developed by
IRAM and the Observatoire de Grenoble.

3 RESULTS

CO emission was detected over most of the mapped area, as shown by the integrated intensity
map in Figure 1. The molecular gas extends from the south-west (S-W) to the north-east (N-E),
in general accordance with the local orientation of the Galactic plane. There is enhanced emission
toward the north, and it is connected through an elongated structure to an extended cloud to the
S-W.

3.1 The Velocity Structure of Molecular Gas

The emission of molecular gas extends over a radial velocity range of VLSR = 0−90 km s−1. Figure 2
displays the velocity fields along two positional cuts, the left panel along the E-W direction and the
right panel in the N-S direction. Three main velocity components can be separated. The first one
is the foreground component at VLSR = 5 − 40 km s−1, which is in fact composed of two separate
velocity components originated from the local Lindblad ring and the local arm, respectively. The
second component comes within VLSR = 45−65km s−1 and the third is over VLSR = 65−90km s−1.

The locations of these components can be isolated in the channel maps. The first velocity
component, VLSR = 5 − 40 km s−1, is mainly located toward the northern part of the observed
area, extended in accordance with the orientation of local galactic plane.

The channel map for the second component, VLSR = 45 − 65 km s−1, shows a nearly circular
enhancement of CO emission centered at the cm-continuum emission of G40.5–0.5 with a size of
26′, as shown in Figure 3. The shell is in good agreement with the radio continuum emission from
Downes et al. (1980) and Langston (2000), as regards both the position and the angular size.
Within the circular area there is little molecular gas, suggesting a shell structure. Along the shell
CO emission is more prominent in the N-W sector, extended from a clump around (–20′, 0′). By
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Fig. 1 Integrated intensity of CO line emission over the mapped area. The integration was
made over the velocity range of VLSR = 0 ∼ 90 km s−1. Contour levels start from 62.7 K km s−1

by a step of 31.3 K km s−1. The coordinates are offsets from R.A.(J2000) = 19h07m11.9s,
Decl.(J2000) = 06◦15′35′′. The position of SNR from cm-radio (Downes et al. 1980) is marked
by a plus sign and its extent, traced by 120 mJy beam−1 in 2.7 GHz contour, is outlined by a
dashed ellipse.

comparison of Figure 3 with the cm-radio distribution in Downes et al. (1980) and the Greenbank
4850MHz survey (Condon et al. 1991), we find that the bright sector along the N-W of the shell
agrees with the arc-like cm-radio enhancement.

By examining the position-velocity map back to Figure 2, it can be found that a velocity
discontinuity corresponds well with the outer radius of the shell. The correspondence is especially
clear along the E-W cut, where the discontinuity occurs at about +10′ E, and –15′ W. The good
agreement in position and size between the molecular shell and the second component, VLSR =
45−65km s−1, and the corresponding velocity jump at the outer radius, provide direct evidence of
a shock discontinuity between the SNR and its surrounding dense gas medium. The velocity range
of the shock is about 10km s−1, which is quite close to the shock perturbed gas velocities found
in IC 443 (DeNoyer 1977), 3C 391 (Reach & Rho 1999), and HB 21 (Koo et al. 2001).

3.2 The Shocked Molecular Emission

It has been shown that the shocked molecular emission is in agreement with the cm-radio emission.
A swept-up shell is formed immediately outside of the ionized gas. From the enlarged map in
Figure 3, the typical thickness of the swept-up shell, δr, can be estimated to be 2–4′, corresponding
to 1.7–3.5 pc at the source’s distance of 3.4 kpc (see Section 4.1). The mass of the shell is estimated
to be M = 2πrδr×σgas, where σgas is the surface density, which is related to the column density of
gas, N(H2), by σgas = µmHN(H2), µ being the mean molecular weight taking helium into account.
An average intensity of the ring surface, 27 K km s−1, is reasonably estimated from Figure 3
and the CO intensity is converted to the column density of gas by N(H2) = 3.6 × 1020

∫
T ∗

Adv.
Therefore, we have N(H2) = 9.7 × 1021 cm−2 and σgas = 3.8 × 10−2 g cm−2. The mass of the
swept-up gas within the shocked molecular shell is (3–6)×104 M�. Assuming that the ambient gas
was uniformly distributed before being swept-up into the shell by the SN explosion, we obtain an
average number density of the initial molecular gas of (60–110) cm−3.

It should be noted that the greatest uncertainty in the mass calculation comes from the conver-
sion factor from CO intensity to molecular hydrogen column density. Bertsch et al. (1993) adopted
a conversion factor of (2 − 3) × 1020 , which differs from that given by Sanders et al. (1984) by
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Fig. 2 Position-velocity diagram along the E-W cut (Left panel) and N-S cut (Right panel).
Along each cut position, the spectra of vertical ±4′ positions and two velocity channels are
binned, resulting in spatial resolution of 9′ and velocity resolution of 0.2 km s−1. Contour levels
start from 1.0 K and increase at steps of 1.0 K. The dashed ellipses mark the extent of velocity
discontinuity centered at VLSR = 55 km s−1.

Fig. 3 Enlarged CO intensity map around G40.5–0.5. The line intensity was integrated over the
velocity range of VLSR = 45 ∼ 65 km s−1. Contour levels start from 18.0 K km s−1 and increase
by steps of 9.0 K km s−1.

a factor of 1.2–1.8, while Dame et al. (2001) used another one of 1.5×1020, which is a factor of 2
lower than that given by Sanders et al. (1984). Therefore, we expect that the calculated mass and
other related quantities may have an uncertainty factor of 1.5–2.0.

The kinetic energy involved in the shocked gas is estimated to be (3−6)×1049 erg (see Table 1).
This amount of kinetic energy is roughly 3%–6% of the total energy released during a supernova
explosion. The estimated kinetic energy is comparable with that derived for 3C 391 (4×1049 erg)
by Reach & Rho (1999) but is higher than the 6×1047 erg for IC 443 & 4×1048 erg for W44 (Seta
et al. 1998), 3×1048 erg for W28 (Arikawa et al. 1999), 3×1047 erg for HB 21 (Koo et al. 2001)
and 1×1048 erg for G347.3–0.5 (Fukui et al. 2003). Limited statistics shows that the large scatter
in the kinetic energy deposit in the dense gas around SNRs is unlikely due to age difference, but
rather, it is related to the total amount of gas going into the shocked region.
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Fig. 4 Spectrum of shocked gas at selected positions. The thick line is for (−14′,−4′) and the
thin line is for (+6′, 0′).

Table 1 Parameters of the Shocked Gas

Size of Shocked Shell 28′ × 24′ (=25 pc)
Gas Velocity 10 km s−1

Shocked Mass (3 − 6) × 104 M�
Momentum (3 − 6) × 105 M� km s−1

Energy (3 − 6) × 1049 erg

4 DISCUSSION

4.1 The Source Distance

The Σ-D relation is sometimes used to estimate the distance of the source (e.g., Case &
Bhattacharya 1998; Arbutina et al. 2004). Taking into account the flux density at 8.35GHz by
Langston et al. (2000), the radio spectrum can be fitted by log Fν(Jy) = 2.65±0.15 − (0.53 ±
0.05) log ν (MHz), and the interpolated 1 GHz flux density is then 11.63 Jy.

We use the Σ-D relation by Huang & Thaddeus (1985), log Σ1 GHz = −15.44 − 3.21 logD(pc)
and calculate the diameter of G40.5–0.5 to be 39.8 pc (here the surface brightness, Σ1 GHz, is
2.59×10−21 W m−2 Hz−1 sr−1). Using the angular diameter of 26′ given by Downes et al. (1980)
and Langston et al. (2000), the distance of the source is then estimated to be 5.3 kpc, almost
identical to that given by Downes et al. (1980). The relation given by Arbutina et al. (2004) in fact
gives a similar result. We should, however, be cautious here, because that the diameter estimated
from the surface brightness is in fact close to the break point of the Σ-D curve commented by
Guseinov et al. (2003), where a large error is possible in the estimation.

The line of sight to the source in the direction of galactic longitude L = 40◦, intersects the
nearside of the Sagittarius arm at ∼3 kpc, the far side at ∼9 kpc, and then the Perseus arm at
∼11.5 kpc, bringing quite a complexity into the source’s distance. With the identified CO velocity
components, VLSR = 55km s−1, and using the rotation curve of Clemens et al. (1988), we calculated
the kinematic distance to be 3.4 kpc and a source diameter of 25 pc. In spite of the discrepancy in
the derived distances by different methods, we shall adopt the source distance to be 3.4 kpc in this
work.

The third component over VLSR = 65 − 90 km s−1 corresponding to the tangential velocity in
the source galactic longitude is expected from the rotation curve to be at a distance of ∼ 6.5−7kpc.
An examination of Figure 1 of Taylor & Cordes (1993) helps to find that this component is located
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in the Scutum arm, hence the distance is 6.8 kpc. This component is not related to the VLSR =
55 km s−1 component on the near side of Sagittarius arm.

4.2 Association of G40.5–0.5 with the High-Energy Sources

G40.5–0.5 is located within the coverage of Galactic Plane survey by Compton Gamma Ray
Observatory. Near G40.5–0.5, the following gamma-ray sources have been reported: GRO J1904+06
(Fichtel et al. 1994), GeV J1907+0557 (Lamb & Macomb 1997), and 3EG J1903+0550 (Hartman
et al. 1999). Sturner & Dermer (1995) suggested GRO J1904+06 is in association with G40.5–0.5.
There is a local enhancement, AX J1907.4+0549, in the ASCA GIS image (Roberts et al. 2001). AX
J1907.4+0549 is close to the 95% confidence contour level of the EGRET source GeV J1907+0557
and contains two weak point-line sources which, as mentioned by Roberts et al., may correspond
to the bright spots from a single, extended source. Roberts et al. (2001) suggested that 3EG
J1903+0550, but not GeV J1907+0557, is associated with G40.5–0.5 SNR. On the current CO
map, either 3EG J1903+0550 or GeV J1907+0557 (AX J1907.4+0549) is located far to the south-
west beyond the SNR defined by the range of the CO swept shell as well as in previous cm-radio
maps. In particular, the relatively high position accuracy, ∼ 24′′, in the X-ray imaging (Roberts et
al. 2001) helps to exclude any possibility of association, while the large positional uncertainty in
the gamma-ray observation, typically 0.5◦−1◦, makes any such identification uncertain. Therefore,
the possibility of their association with G40.5–0.5 is not verified and, for the case of G40.5–0.5,
we did not find the evidence for nucleonic interaction similar to that found in RX J1713.7–3946
(Butt et al. 2001, 2002). In fact, previous identifications of the gamma-ray sources are somewhat
confusing, partly due to positional ambiguities in the gamma-ray observations.

Deeper imaging in gamma-ray with higher position accuracy will be helpful to obtain the
detailed spatial distribution of shocked materials, which will help to describe quantitatively the
interaction between the SNR and the dense molecular medium in the direction of G40.5–0.5.
Also, CO mapping extended toward GeV J1907+0557 (AX J1907.4+0549) will provide additional
information in identifying the nature of this gamma-ray source.

5 CONCLUSIONS

Molecular-line emission in CO J=1–0 transition has been used to investigate the dense gas distri-
bution around the SNR, G40.5–0.5. The following points may conclude this study:

(1) A large amount of ambient gas has been found around the object. Shock disturbed gas emission
has been found from the SNR;

(2) The area of the shocked gas, with a size of 26′ or 25 pc, is in general agreement with the ionized
gas defined by cm-radio emission;

(3) The shocked gas velocity is of order 10 km s−1 and the kinematic energy involved in the gas is
(3 − 6) × 1049 erg;

(4) The systematic velocity of the gas associated with the SNR is VLSR = 55km s−1. G40.5–0.5
is located in the Perseus arm at distance 3.4 kpc and the possibility of previously suggested
association with the gamma-ray source GRO J1904+06 is not clear.
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