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ABSTRACT

Although the Galactic supernova remnant (SNR) G46.8–0.3 has been known for more than 50 yr, no specific studies of this source
or its environment have been published to date. To make progress on this matter, we measured new flux densities from radio surveys
and combined them with previous estimates carefully collected from the literature to create an improved and fully populated version
of the integrated radio spectrum for G46.8–0.3. The resulting spectrum exhibits a featureless power-law form with an exponent α =
−0.535 ± 0.012. The lack of a spectral turnover at the lowest radio frequencies, which is observable in many other SNRs, excludes
the presence of abundant ionised gas either proximate to the SNR itself or along its line of sight. The analysis of local changes in
the radio spectral index across G46.8–0.3 suggests a tendency to slightly steepen approximately at 1 GHz. Even if this steepening is
real, it does not impact the integrated spectrum of the source. Deeper imaging of the radio structures of G46.8–0.3 and spectral maps
constructed from matched raw data are needed to provide new insights into the local spectral properties of the remnant. On the basis of
the spectral properties of the atomic gas, we placed the remnant at 8.7 ± 1.0 kpc and we revisited the distance to the nearby H II region
G046.495−00.241 to 7.3 ± 1.2 kpc. From evolutionary models and our distance estimate, we conclude that G46.8–0.3 is a middle-
aged (∼1 × 104 yr) SNR. Furthermore, we recognise several 12CO and 13CO molecular structures in the proximity of the remnant.
We used combined CO-H I profiles to derive the kinematic distances to these features and characterise their physical properties. We
provide compelling evidence for environmental molecular clouds physically linked to G46.8–0.3 at its centre, on its eastern edge, and
towards the northern and southwestern rims on the far side of the SNR shell. Our study of the molecular matter does not confirm
that the remnant is embedded in a molecular cavity as previously suggested. G46.8–0.3 shows a line-of-sight coincidence with the
γ-ray source 4FGL J1918.1+1215c detected at GeV energies by the space telescope Fermi. A rough analysis based on the properties of
the interstellar matter close to G46.8–0.3 indicates that the GeV γ-ray photons detected in the direction to the SNR can be plausibly
attributed to hadronic collisions and/or bremsstrahlung radiation.
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1. Introduction

The distribution and density of structures in the ambient medium
unquestionably represent key elements shaping the evolution of
supernova remnants (SNRs). Atomic and molecular constituents
of the interstellar medium (ISM) have been robustly detected in
the vicinity of remnants from both core-collapse (CC, Type II
or Ib/c SNe; see, for instance, Kuriki et al. 2018; Supan et al.
2018; Sano et al. 2020a,b) and those created by the deflagra-
tion of an accreting white dwarf (two emblematic examples are
the Type Ia SNR Tycho in our Galaxy, Zhou et al. 2016, Chen
et al. 2017, and N103B in the Large Magellanic Cloud, Sano
et al. 2018). Reciprocally, the physical properties of the inter-
stellar material can be drastically modified by the passage of
long-lived SN shocks. However, this is not the complete story
because the synergy with the medium can begin even before the
SN event. Indeed, several SNRs have been observed expanding
into shells and cavities carved by outflow phenomena in the pro-
genitor stars. Examples of this are the CC SNRs Kes 75 (Su et al.
2009) and CTB 87 (Liu et al. 2018), as well as the SN Ia rem-
nants Kepler (Chiotellis et al. 2012) and RCW 86 (Sano et al.
2019).

Observations also show that a considerable fraction of well-
known interacting SNRs are bright in γ rays at GeV ener-
gies (Tang 2019). Interpreted as a manifestation of accelerated
hadrons, this result helps to improve our understanding of
how the interplay between environmental properties and phys-
ical conditions at the SNR shock impacts the production and
propagation of cosmic rays.

In the present study, we look in detail at the relationship
between SNR G46.8–0.3 (also known as HC 30) and the inter-
stellar matter around it. The earliest view at radio wavelengths
of this remnant was presented by Willis (1973). However, since
then, no works devoted to the remnant or its immediate envi-
ronment have been published. Some characteristics of the radio
emission from G46.8–0.3 are only recorded in papers dealing
with a sample of SNRs (e.g. Kassim 1989b; Dubner et al. 1996;
Sun et al. 2011; Ranasinghe & Leahy 2018). Concerning the
ambient medium, the only information presented to date comes
from the atlas of CO-line structures compiled by Sofue et al.
(2021) for a large population of Galactic SNRs including G46.8–
0.3. These authors pointed out that a SNR-molecular cloud
scenario is feasible in direction to G46.8–0.3, as they found evi-
dence suggesting it evolves in a molecular shell at 52 km s−1.
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Adding to the picture described above, γ-ray emission has been
observed at GeV energies by the Fermi Gamma-ray Space Tele-
scope in the direction of G46.8–0.3 (Abdollahi et al. 2020) but
its relationship with the remnant has not been studied to date.

This paper is organised as follows. A description of the data
used to analyse the radio structure of G46.8–0.3, as well as those
corresponding to the atomic and molecular components of the
interstellar matter in the direction to the remnant is provided
in Sect. 2. Then, in Sect. 3, we examine the radio-continuum
spectral properties of the remnant. The analysis of the spatial dis-
tribution of the atomic material in the region of G46.8–0.3 along
with a revised distance determination to our target source and the
nearby H II region G046.495−00.241 are given in Sect. 4. This
section also includes an estimation of the age of G46.8–0.3 made
from standard evolutionary models. The spatial distribution of
the molecular gas in the G46.8–0.3 direction and the spectral
properties of the unveiled CO structures are discussed in Sect. 5.
In Sect. 6, we explore possible scenarios for the GeV γ-rays
detected in the region of the remnant. We close by summarising
our findings in Sect. 7.

2. Data

2.1. Radio continuum emission

We used continuum data from The HI/OH/Recombination Line
Survey of the Inner Milky Way (THOR1, Beuther et al. 2016)
to trace the forward shock of G46.8–0.3 at 1.4 GHz. This image
represents the best view at radio wavelengths of the remnant pre-
sented to date. It includes interferometric observations from the
Karl G. Jansky Very Large Array combined with data from the
VLA Galactic Plane Survey (VGPS, Stil et al. 2006), which in
turn includes short spacing data from the Effelsberg Radio Tele-
scope. The angular resolution of the 1.4-GHz image is 25′′ and
its rms noise level is 0.72 mJy beam−1.

In order to track down possible changes in the radio spec-
tral index as a function of frequency and position across the
remnant, we constructed maps from the direct ratio between the
1.4-GHz THOR+VGPS image and the ones at 200 MHz (HPBW
2.′9 × 2.′4, rms∼ 30 mJy beam−1) extracted from the Galactic
and Extragalactic All-Sky Murchison Widefield Array Survey
(GLEAM2, Wayth et al. 2015, Hurley-Walker et al. 2019), and
at 4.8 GHz (HPBW 3.′6 × 3.′4, rms∼ 9 mJy beam−1) from the
Green Bank Northern Sky Survey (GB6, Gregory et al. 1996).
Before combining the radio images, all of them were convolved
to a resolution of 4′ and also aligned and interpolated to have a
pixel-by-pixel match to each other. Even though they were not
matched in the uv-plane, we highlight that the resulting maps
are still appropriate for revealing trends in the spectral index
distribution across G46.8–0.3.

2.2. Interstellar gas data and spectral analysis

Firstly, we notice that throughout this paper the velocities of the
atomic and molecular line emissions are always referred to in the
local standard of rest, LSR. The mean error in our radial veloc-
ity measurements is 7.6 km s−1, estimated from the combined
effects of streaming motions, the spectral resolution of the data,
and the uncertainty in determining the central velocity. All of
these contributions were added in quadrature.

1 https://www2.mpia-hd.mpg.de/thor/Overview.html
2 https://www.mwatelescope.org/gleam.

Regarding the atomic component of the ISM, it was analysed
through the neutral hydrogen (H I) 21 cm line emission. The data
used to this purpose were extracted from VGPS (Stil et al. 2006),
which combines observations carried out with the VLA and data
from the 100-m single-dish Green Bank Telescope at the NRAO.
The beam size of the observations is ∼60′′. The spectral resolu-
tion and the typical rms noise level per channel are 1.56 km s−1

and ∼2 K, respectively.
To characterise the molecular environment of G46.8–0.3, we

used observations in the rotational transition emission J = 1–
0 of the carbon monoxide isotopologues 12CO and 13CO taken
from the publicly available FOREST Unbiased Galactic Plane
Imaging Survey constructed with the Nobeyama 45-m telescope
(FUGIN3, Umemoto et al. 2017). The angular resolution of the
data is ∼20′′, with a sensitivity of 0.24 K for 12CO and 0.12 K
for 13CO. For both CO isotopologue lines, the velocity resolution
of the data is 1.3 km s−1, with a separation between consecutive
velocity channels of 0.65 km s−1.

In our analysis, we used molecular line measurements of
12CO to estimate the column density of the cold molecu-
lar hydrogen NH2 . We derived NH2 values using the con-
version factor recommended by Bolatto et al. (2013), 2 ×
1020 cm−2 (K km s−1)−1, between NH2 and the integrated 12CO
J = 1–0 surface brightness W12CO =

∫
TB(v) dv km s−1, where

TB(v) is the 12CO brightness temperature.
Using the estimation made for NH2 , the mass of the molecu-

lar features (assumed mostly consisting of molecular hydrogen)
discovered in the surveyed region around G46.8–0.3 SNR comes
from the relation M = µmH d2 Ω NH2 . Here µ = 2.8 is the mean
molecular weight if a relative helium abundance of 25% is
assumed, mH is the hydrogen mass, and Ω represents the solid
angle along the light of sight subtended by the molecular struc-
ture placed at a distance d. In addition, the number density of
each cloud is obtained through the expression nH2 = NH2/L,
where L is the depth of the molecular cloud in the line of sight,
which was assumed to be equal to its average size in the plane
of the sky. The physical properties of the molecular features
identified in the direction of G46.8–0.3 are reported in Table 2.

3. An overview of the radio emission from
G46.8–0.3

The so-called THOR+VGPS image of the SNR G46.8–0.3 at
1.4 GHz is presented in Fig. 1. The mapped region also shows
the H II region G046.495−00.241 at RA ' 19h17m28s, Dec '
11◦55′45′′ (J2000) reported in the WISE Catalog of Galactic H II
Regions (Anderson et al. 2014)4.

At radio wavelengths, G46.8–0.3 consists of an almost cir-
cular shell of ∼17′ in diameter centred at RA ' 19h18m04s,
Dec ' 12◦09′31′′. The SNR surface brightness at 1 GHz is
Σ1 GHz ' 8.3 × 10−21 W m−2 Hz−1 sr−1. Although about 1700
times fainter than Cas A (the brightest SNR in the Galaxy),
G46.8–0.3 still belongs to the large group of galactic SNRs
with intermediate values of Σ1 GHz (Green 2019). The bright-
ness distribution in G46.8–0.3 is not uniform but presents several
spots and filamentary structures throughout the SNR shell. The
brightest parts of the remnant are localised towards two well-
differentiated regions in the north and the south of the shell
which have the appearance of “caps” at opposite sides of the
3 https://nro-fugin.github.io/
4 Alternative names used in the literature to refer to this thermal source
are G46.5−0.2 (Kuchar & Bania 1990) and G46.495−0.25 (Quireza
et al. 2006).
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best-fit values.
In our study, we also adopted the absolute flux density scale

presented by Perley & Butler (2017) to tied fluxes for frequen-
cies between 50 MHz and 50 GHz, the range where the scale
is accurate to 3% and up to 5% for measurements at the ex-

treme frequency values. Table 1 contains all the flux density val-
ues for G46.8–0.3 covering about 2.5 decades in frequency from
30.9 MHz to 11.2 GHz. Only four fluxes in our list were not ad-
justed to this common scale because of the lack of information
about the calibrator sources in the original publications.

The integrated spectrum of G46.8–0.3 at radio frequencies
that we created is plotted in Fig. 2. The weighted best fit to the
data corresponds to a single power-law slope

Fig. 1. Radio view of SNR G46.8–0.3 at 1.4 GHz from combined THOR
and VGPS continuum data (Beuther et al. 2016). The colour scale varies
linearly and is in units of mJy beam−1. The angular resolution is 25′′ and
the sensitivity is 0.72 mJy beam−1. The bright source at the southwest
corner is the H II region named G046.495−00.241 in the WISE Catalog
of Galactic H II Regions (Anderson et al. 2014).

shell. The former is approximately 10′ × 3′ in size with two
spots at its sides towards RA ∼ 19h18m07s, Dec ∼ 12◦16′42′′
and RA ∼ 19h17m45s, Dec ∼ 12◦15′05′′. The latter is ∼5′ × 2′
in size, with the brightest part towards RA∼ 19h18m06s, Dec∼
12◦02′39′′. The filaments are mainly detected in the southern
half of the source and are aligned approximately in the southwest
to northeast direction. A featureless band of weaker emission
crosses the remnant from east to west in the northern half of
the shell. Additionally, a slight flattening of the shell boundary
can be noted along the southwestern border, as well as a small
dent in the northwest rim coincident with the western spot of the
bright northern feature. These features could suggest a deceler-
ation of the shock due to interaction with the surroundings. The
correlations of the radio shell of G46.8−0.3 with the molecular
component of the ISM is addressed in Sect. 5.

3.1. Global radio continuum spectrum

We updated the integrated radio continuum spectrum of G46.8–
0.3. For this purpose, we measured flux densities over the whole
extension of the source using publicly available images at low-
radio frequencies from GLEAM, along with others at higher
frequencies from THOR+VGPS, and GB6 (details of these
observations are in Sect. 2.1), and the Radio Continuum Survey
of the Galactic Plane at 10 GHz made with the Nobeyama Radio
Observatory (NRO, HPBW ∼2.′7, rms∼ 33 mJy beam−1, Handa
et al. 1987). We also combined our new flux determinations with
a carefully selected set of previously published estimates. While
compiling these data, we rejected flux measurements previously
reported with error estimates greater than 20%, as well as data
points showing a large scatter beyond the range of 2σ best-fit
values.

Table 1. Integrated flux densities on SNR G46.8–0.3 used to construct
the radio continuum spectrum of the source presented in Fig. 2.

Frequency Scaled flux Reference(MHz) (Jy)

30.9 93.9± 18.8 (∗) Kassim (1988)
38 100± 15 (∗) Holden & Caswell (1969)
83 57.7± 9.9 Kovalenko et al. (1994a)
88 70.9± 8.9 This work (GLEAM)
111 54.1± 9.8 Kovalenko et al. (1994a)
118 55.0± 6.2 This work (GLEAM)
155 41.5± 4.6 This work (GLEAM)
178 42.6± 6.4 Holden & Caswell (1969)
200 33.5± 3.4 This work (GLEAM)
400 28.0± 5.6 (†) Downes (1971)
408 22.7± 4.5 Holden & Caswell (1969)
610 22.9± 2.3 (†) Moran (1965)
610 21.5± 3.2 Holden & Caswell (1969)
960 16.0± 1.6 Trushkin (1996)
1400 17.0± 3.4 (†) Downes (1971)
1400 16.7± 2.5 Holden & Caswell (1969)
1414 17.7± 1.8 Altenhoff et al. (1970)
1420 15.9± 1.6 This work (THOR+VGPS)
1465 13.3± 0.1 Dubner et al. (1996)
2695 11.0± 1.1 Altenhoff et al. (1970)
2700 9.9± 1.5 Day et al. (1970)
2730 10.0± 0.9 Willis (1973)
3900 8.7± 0.9 Trushkin (1996)
4800 6.9± 0.2 Sun et al. (2011)
4850 6.9± 0.4 Condon et al. (1989)
4850 7.2± 0.4 This work (GB6)
5000 6.6± 0.7 Caswell & Clark (1975)
5000 5.6± 0.6 Angerhofer et al. (1977)
10 300 4.0± 0.8 This work (NRO)
11 200 5.1± 0.5 Trushkin (1996)

Notes. Fluxes were set to the absolute scale of Perley & Butler (2017)
(see text for details). (∗)No correction factor was applied to bring
the measurement to the Perley & Butler (2017) scale because the
corresponding frequency is outside its 50 MHz–50 GHz validity range.
(†)A correction to the absolute scale of Perley & Butler (2017) was not
applied due to the lack of information on the flux density calibrator
source.

In our study, we also adopted the absolute flux density scale
presented by Perley & Butler (2017) to tied fluxes for frequen-
cies between 50 MHz and 50 GHz, the range where the scale is
accurate to 3% and up to 5% for measurements at the extreme
frequency values. Table 1 contains all the flux density values
for G46.8–0.3 covering about 2.5 decades in frequency from
30.9 MHz to 11.2 GHz. Only three fluxes in our list were not
adjusted to this common scale because of the lack of information
about the calibrator sources in the original publications.

The integrated spectrum of G46.8–0.3 at radio frequencies
that we created is plotted in Fig. 2. The weighted best fit to the
data corresponds to a single power-law slope α = −0.535±0.012
(S ν ∝ να). This integrated spectral index is compatible with
what is expected for a middle-aged shell-type SNR accelerat-
ing radio-emitting electrons via a first-order Fermi mechanism.
Compared with previous determinations made for G46.8–0.3,
our result is largely consistent with those by Kovalenko et al.
(1994b; α = −0.53± 0.10), Dubner et al. (1996; α ∼ −0.53), and
Sun et al. (2011; α = −0.54± 0.02), but is flatter than the spectra
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best-fit values.
In our study, we also adopted the absolute flux density scale

presented by Perley & Butler (2017) to tied fluxes for frequen-
cies between 50 MHz and 50 GHz, the range where the scale
is accurate to 3% and up to 5% for measurements at the ex-

treme frequency values. Table 1 contains all the flux density val-
ues for G46.8–0.3 covering about 2.5 decades in frequency from
30.9 MHz to 11.2 GHz. Only four fluxes in our list were not ad-
justed to this common scale because of the lack of information
about the calibrator sources in the original publications.

The integrated spectrum of G46.8–0.3 at radio frequencies
that we created is plotted in Fig. 2. The weighted best fit to the
data corresponds to a single power-law slope

Fig. 2. Updated integrated radio continuum spectrum of SNR G46.8–
0.3 constructed using fluxes listed in Table 1. Blue circles correspond to
fluxes extracted from the literature, whereas the green squares are our
new measurements obtained from radio surveys (see text for details).
The solid line is the best-fitting curve to the weighted data and yields a
spectral index α = −0.535 ± 0.012 (S ν ∝ να). Shaded regions represent
the variation of the best-fit values at 1- and 2-σ levels.

measured by Kassim (1989a; α ∼ −0.6) and Taylor et al. (1992;
α = −0.72 ± 0.14, estimated using only flux density values at
327 MHz and 4.8 GHz). We consider that our spectrum notably
improves on the previous ones published for G46.8–0.3, most of
them with larger relative error in the spectral index determina-
tion. This is essentially a consequence of the fact that we have
filled gaps along the radio frequency domain by compiling twice
as many flux density values as Kovalenko et al. (1994b) and Sun
et al. (2011), as well as setting the majority of the measurements
to the most accurate absolute flux density scale presented to
date.

3.2. Local variations of the spectral index across G46.8–0.3

We present the spectral index maps between 200 MHz and
1.4 GHz and between 1.4 GHz and 4.8 GHz in Figs. 3a and b,
respectively. An explanation of how these maps were constructed
is presented in Sect. 2.1. Uncertainties for the local spectral index
measurements on both maps are not higher than 0.1. We do not
attempt to quantify the remaining parameter errors because we
have no access to the collection of calibrated radio visibilities to
match the data at each frequency before constructing the spectral
maps. Nevertheless, the spectral images we are presenting here
are still useful for tracing local trends in the radio domain. Some
contours of the 12CO (J = 1–0) line emission are over-plotted on
the spectral maps for reference.

As revealed in Fig. 3a, the distribution of spectral index val-
ues in the 200 MHz–1.4 GHz map is essentially flat, with a
mean value α ∼ −0.3 over a horseshoe-like shape (in yellow-
greenish shaded) that seems to align with the molecular material
into which the SNR shock front is running, which is an issue
we revisit in Sect. 5. The spectrum becomes slightly steeper
(α ∼ −0.45) towards the north portion of the remnant. By com-
parison, the spectral indices between 1.4 and 4.8 GHz appear to
be more uniformly distributed and steeper than at lower frequen-
cies ranging from 200 MHz to 1.4 GHz. A moderately flatter spot
(α ∼ −0.5) is also noticeable in the 1.4/4.8 GHz map towards the
eastern side of G46.8–0.3.

There seems to be a general trend in our spectral index maps
of a slight concave-down behaviour (i.e. a steeper spectrum to
higher radio frequencies). We recognise that the maps do not
have sufficient sensitivity to be able to decipher whether or not

this signature primarily occurs in the brightest portions of the
remnant. If so, it might be a consequence of a higher effec-
tive shock compression undergone by low-frequency electrons
in the interaction with adjacent clouds, which can cause local
increases in the magnetic field strength and/or the particle den-
sity. Even if this scenario is true for the case of G46.8–0.3
it has no measurable effect on the integrated spectrum of the
source, which as shown in Sect. 3.1 is well fitted by a single
power law (see Fig. 2). There are a few cases of SNRs show-
ing a steepening at high radio frequencies in their integrated
spectra, with frequency cut values varying from at around a
few MHz up to GHz (e.g. Galactic SNRs S147, Xiao et al.
2008 and HB 21, Pivato et al. 2013, and J0527–6549 in the
Large Magellanic Cloud, Bozzetto et al. 2010). All of them are
evolved SNRs for which the observed global spectral form was
explained in the standard diffusive acceleration shock theory by
the compression of the Galactic magnetic field in dense inter-
stellar regions combined or not with a possible contribution of
synchrotron losses of the high-energy electrons (see Urošević
2014 and Xiao et al. 2008 for a review of this subject). However,
we consider the occurrence of synchrotron losses in G46.8–0.3
unlikely. Indeed, the radiative cooling time of GeV electrons pro-
ducing radio synchrotron emission in a magnetic field B scales
as tsyn ≈ 1.3 × 1010 (B/µG)−2 (E/GeV)−1 yr (Gaisser et al. 1998)
and in the case of G46.8–0.3 is found to be tsyn ∼ 5 × 106 yr.
In this calculation, we assume E = 3 GeV for the energy of the
electrons, along with an interstellar magnetic field strength in
the clouds of BISM ' n1/2 µG (Hollenbach & McKee 1989) and
B = 4BISM ∼ 30 µG in the upstream region because of the shock
compression in a gas with a mean molecular hydrogen den-
sity n ∼ 50 cm−3 (obtained from Table 2 presented below). We
notice that our tsyn estimate is absolutely comparable with typi-
cal values derived for SNRs evolving in relatively dense ambient
medium (see e.g. Fig. 5.3 in Aharonian 2004). However, as we
show in Sect. 4.2, it is much larger than the age of the SNR
(tSNR ∼ 1 × 104 yr). More sensitive radio observations towards
G46.8–0.3, particularly at the low-frequency band, are required
to confirm the validity of our analysis of local variations in the
spectral index before coming to any firm conclusions.

4. Results of the H I data

Figure 4 displays the H I intensity in a velocity range from 10 to
66 km s−1 superposed on the 1.4 GHz radio continuum emission
from G46.8–0.3 and the nearby H II region G046.495−00.241.

The interstellar hydrogen appears to be distributed all around
the rim of G46.8–0.3 throughout the velocity interval presented
in Fig. 4. Over the SNR shell, the brightness temperature of the
H I decreases significantly as compared with values observed
outside the G46.8–0.3 boundary. There are H I local depressions,
which are especially noticeable towards the northern and south-
ern parts of the SNR shell. We checked that the spectra extracted
from these regions show clear signs of absorption. Due to their
morphological correspondences with the brightness continuum
emission from the remnant, we argue that these features cor-
respond to absorbing atomic gas located in front of G46.8–0.3
relative to the line of sight. There is also a faint belt-like feature
of H I, seen for velocities greater than ∼30 km s−1 crossing the
remnant from northeast to northwest. We find no signs of strong
absorption (only a 3σ signal) in the H I profiles (not presented
here) obtained in this region. Of course, the low surface bright-
ness of the remnant could be limiting the absorption, but also
means that most of the atomic gas forming the belt-like feature
could be placed on the far side of the SNR. In the southwest of
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Fig. 3. Spectral index maps for SNR G46.8–0.3 constructed between (a) 200 MHz and 1.4 GHz and (b) 1.4 and 4.8 GHz. The images used are from
GLEAM, THOR+VGPS, and GB6 surveys (see Sect. 2.1). Regions with flux densities lower than 4σ level of the respective rms noise in each image
were clipped. The colour scale displayed to the right indicates the spectral index measured (with a 4′ resolution) over the SNR at both frequency
bands. Dark and light green contours represent the intensity of the FUGIN 12CO (J = 1–0) molecular line emission (at a 2′ spatial resolution)
integrated in the 30–50 km s−1 (levels: 500 and 800 K km s−1) and 50–66 km s−1 (levels: 1100 and 1400 K km s−1) ranges, respectively. A detailed
treatment of the molecular features associated with G46.8–0.3 is presented in Sect. 5.&A proofs:

Fig. 4. Velocity channel maps of the H I emission in SNR G46.8–0.3 from VGPS spectral line data overplotted with the THOR+VGPS contours
(levels: 70, 120, and 150 mJy beam−1) of the radio continuum radiation from the remnant and the H II region G046.495-00.241. For comparison,
the radio continuum image was smoothed to the 60′′ spatial resolution of the H I data. Before constructing the maps presented in the figure, an
appropriate mean background level was subtracted from each H I velocity channel. The integration velocity range is indicated in the bottom left
corner of each panel. All the velocity ranges are displayed with the linear colour scale in units of K km s−1 shown in panel a.

the remnant, the H I is seen in absorption against the continuum
radiation from the nearby H II region G046.495−00.241.

In summary, the distribution of the neutral gas towards
G46.8–0.3 does not show evidence for neighbouring structures
that may have been impacted by the SN shock. In addition,
no signatures for material swept up due to the activity of the
remnant or its progenitor are observed. If an expanding H I struc-
ture were present, it would be observed in a reduced velocity
interval of the atomic distribution as a region of low emission
surrounded by a shell completely or partially correlated with
the outer boundary of the SNR. A structure of this kind is
not observed in the case of G46.8–0.3. Our analysis based on
VGPS data confirms the previous result obtained by Park et al.
(2013) in the direction of G46.8–0.3 using lower spatial reso-
lution (HPBW = 3′.35) 21 cm line data from the Inner-Galaxy
Arecibo L-band Feed Array (I-GALFA) H I survey (Gibson et al.
2012).

4.1. Newly derived distance for SNR G46.8–0.3 and the
nearby H II region G046.495-00.241

There is no agreement on the estimates for the distance to G46.8–
0.3 reported in the literature. Sato (1979) suggested a distance
between 6.8 and 8.6 kpc from the analysis of H I absorption.

Later, Ranasinghe & Leahy (2018) from the analysis of H I spec-
tral features, proposed lower and upper limits of the distance of
5.7 and 11.4 kpc. More recently, Liu et al. (2019) listed a distance
of 6.4 kpc through the detection of a hydrogen radio recombina-
tion line (RRL) using data from the Survey of Ionized Gas of
the Galaxy carried out with the Arecibo telescope (SIGGMA,
Liu et al. 2013).

In order to improve the distance estimate to our target and to
obtain a more complete picture of the physical association with
the rich ambient medium – which we discuss later in Sect. 5 –,
we begin with a discussion of the properties of the H I spectrum
seen against the remnant. To do so, we used the H I cube from
the VGPS. Figure 5a shows H I emission and absorption pro-
files for G46.8–0.3. The emission spectrum was obtained in the
line of sight directly towards the bright southern portion of the
source, while the absorption spectrum was constructed by sub-
tracting the emission profile from a spectrum averaged over a
set of regions close to the remnant. Firstly, we mention that the
absence of any absorption feature at negative velocities in the
spectrum5 means that the SNR is inside the solar circle. Thus,
according to the circular rotation curve model of the Galaxy by
Reid et al. (2014), an upper limit on the distance of ∼11.4 kpc
5 We recall there is no kinematic distance ambiguity for the H I gas in
the first quadrant of the Galaxy at negative velocities.
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Fig. 5. H I line emission (green curve) and absorption (violet curve)
spectra against (a) G46.8−0.3 SNR and (b) G046.495−00.241 H II
region. The solid vertical line in each panel marks the velocity of the
tangent point at the longitude of the sources according to the Reid
et al. (2014) Galactic rotation curve, whereas the dashed vertical line in
panel b is for the hydrogen RRL at 58.4 km s−1 from G046.495−00.241
recorded in Liu et al. (2019). The horizontal shaded regions indicate the
rms noise level of ∼4 K in the H I absorption spectra.

(which approximately corresponds to a radial velocity of
0 km s−1) can be established. Secondly, we detect absorption up
to the velocity of the tangent point, which at the longitude of
the SNR is around 65 km s−1 (Reid et al. 2014). This represents
a lower limit on the distance of ∼5.7 kpc. The H I absorp-
tion beyond the tangent point velocity probably corresponds to
velocity perturbations near the tangent point, caused for instance
by expansion of the SNR. Additionally, we stress that signifi-
cant and continuous absorption is observed from the velocity of
∼ 40.4 km s−1 to that of the tangent point, which might even
imply that a better estimate of the minimum distance is the far
side distance for ∼40.4 km s−1. Therefore, we assign a kine-
matic distance of 8.7 ± 1.0 kpc to the remnant. The error in our
measurement is primarily caused by uncertainties in determining
radial velocities along the line of sight, departures from circular
motions of the Galaxy, as well as uncertainties associated with
the selection of the rotation curve and solar motion. All of these
contributions were added in quadrature in our calculations.

Now, we turn our attention to the H II region
G046.495−00.241 seen in the area mapped in Fig. 1 as a
bright source with an angular diameter of ∼7′. The centre of
this source and that of the remnant are separated from each
other by approximately ∼16′.4. In order to revisit the kinematic
distance to G046.495−00.241, in Fig. 5b we present absorption
and emission profiles that we have constructed using spectral
line VGPS observations directed to the central portion over
the thermal source. The velocity for the H II region deduced
in Liu et al. (2019) from hydrogen RRL is 58.4 km s−1. The
corresponding near and far distances inferred with the rotation
curve of Reid et al. (2014) are 4.2 and 7.3 kpc, respectively. As

revealed in Fig. 5b, the H I spectrum exhibits absorption at the
∼4σ level beyond the RRL velocity up to the velocity of the
tangent point, which at the Galactic longitude of the H II region
is ∼65.6 km s−1. Therefore, we placed the thermal source at the
far distance of 7.3± 1.2 kpc, in accordance with the distance
that we established in Sect. 5 to the molecular emission spatially
coincident with it. We find that our distance determination is
markedly consistent with the 7.8 kpc value reported by Quireza
et al. (2006) from measurements of intensity and width in helium
RRL data, but incompatible with those provided by Kuchar
& Bania (1990) (d = 3.9 kpc) obtained using H I absorption
spectrum with data from the Boston University-Arecibo Galactic
H I Survey, Anderson & Bania (2009; d = 3.8 ± 0.6 kpc) based
on a combination of H I and CO sky surveys, and Anderson
et al. (2014; d = 4.7 ± 0.1 kpc) in their WISE census of H II.

4.2. Age estimate for G46.8–0.3

Taking into consideration the 8.7 ± 1.0 kpc distance to G46.8–
0.3 that we determined in this work and its angular radius '8.′5
measured from the 1.4 GHz THOR+VGPS image, the physical
radius of the SNR is approximately RSNR ' 21.5 pc. We used this
result to estimate the dynamical age of the remnant by employing
evolutionary models. To this end, we note that in surveys such
as VTSS6 (Dennison et al. 1998), DSS7, APASS8, or IPHAS9

(Barentsen et al. 2014) there is no appreciable optical emission
in apparent association with G46.8–0.3, indicative of radiative
shocks. Also, no X-ray emission was detected associated with
the SNR in the only observation (∼9.9 ks) for this remnant avail-
able in the Chandra Data Archive10. Nevertheless, although it is
not a strong constraint on age, the large size of G46.8–0.3 could
suggest that it is an evolved object. Under this interpretation, we
hypothesise that the remnant is in the later adiabatic expansion
stage of its evolution. We caution that, although it can be reli-
able in terms of the order of magnitude, our modest estimation
of the age of G46.8–0.3 suffers from large uncertainties derived
from the assumed parameter values and the assumption of its
current evolutionary stage. According to the numerical approach
of Cox (1972), for a Sedov-Taylor (ST) blast wave shock with
a specific heat ratio γ = 5/3, the age for G46.8–0.3 given by
tSNR = 14.5 (RSNR)5/2 (n0/E51)1/2 is about tST

SNR ∼ 1 × 104 yr. In
the calculations above, E51 is the kinetic energy of the explo-
sion normalised to the canonical value 1051 erg, assumed to be
E51 = 1 in this work11, while n0 is the pre-shock number den-
sity for which we adopted n0 ∼ 0.1 cm−3, a value of reference
between a typical density inside a wind bubble excavated by the
stellar progenitor (n0 ∼ 0.01 cm−3) and that of the diffuse inter-
cloud gas (n0 ∼ 1 cm−3) (Inoue et al. 2012). In addition, the
expansion velocity of the SN shock during the adiabatic phase
is vs ≈ 13.4 × 104 (tS T

SNR)−3/5 (E51/n0)1/5 km s−1 ∼ 845 km s−1.

6 The Virginia Tech Spectral-Line Survey, http://www1.phys.vt.
edu/~halpha/#Images
7 The STScI Digitized Sky Survey, https://archive.stsci.edu/
cgi-bin/dss_form
8 The AAVSO Photometric All-Sky Survey, https://www.aavso.
org/apass
9 The INT Photometric Hα Survey of the Northern Galactic Plane,
https://www.iphas.org/
10 The non-detection of X-ray emission would support that the SNR has
significantly cooled.
11 By applying spherically symmetric SNR evolution models to a sam-
ple of 43 objects in the Galaxy with X-ray observations and reliable
distance estimates, Leahy et al. (2020) calculated a mean value ∼4 ×
1050 erg for the energy released in a SN event.
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Fig. 6. Overall CO spectra covering the SNR G46.8–0.3 region. The
three shaded areas correspond to LSR velocity ranges for which there
is good spatial correspondence between the molecular matter and the
remnant (see discussion in the text). The velocity of the tangent point
(∼65 km s−1, Reid et al. 2014) is marked with a black vertical line.

Following the approach presented by Blondin et al. (1998), the
transition time to the radiative phase will occur at ttr ≈ 2.9 ×
104 E4/17

51 n−9/17
0 yr ∼ 1×105 yr, with a velocity of the shock wave

vs ≈ 260 E1/17
51 n2/17

0 km s−1∼ 200 km s−1.

5. Results of the CO data

5.1. Morphology of the CO molecular gas components

Figure 6 depicts the average spectrum of the 12CO and 13CO (J =
1–0) molecular lines over a circular region of radius 14′ concen-
tric with the remnant G46.8–0.3. Multiple velocity components
are evident towards the SNR in the range of ∼10–65 km s−1.
In what follows, we investigate the spatial distribution of the
molecular gas around G46.8–0.3 traced by CO isotopologues,
leaving a discussion of the spectral characteristics of the molec-
ular ambient matter to Sect. 5.2. We have omitted the analysis
of the molecular gas responsible for the very narrow (FWHM
∆v ' 2.5 km s−1) emission feature at ∼7 km s−1 because we find
no evidence of association with the SNR.

In Fig. 7, we present three-colour integrated intensity maps
of the molecular environments in the direction of G46.8–0.3
(12CO J = 1–0 in red and 13CO J = 1–0 in green) obtained
by FUGIN, together with the SNR radio synchrotron emission
at 1.4 GHz (in blue) as traced by THOR+VGPS data. In such
a representation, 12CO observations typically delineate emission
mostly coming from low-density gas in the outer layers of the
cloud, while the 13CO data generally trace optically thin emis-
sion from denser regions. The mapped CO emissions correspond
to molecular structures for which we consider there is a convinc-
ing match with the remnant. They are in three velocity intervals:
10–30 km s−1, 30–50 km s−1, and 50–66 km s−1. The molec-
ular matter in these velocity intervals is hereafter referred to
as Regions A, B, and C, respectively. According to their kine-
matical properties, which are analysed in detail in Sect. 5.2, the
regions are also separated into subareas or clouds. In the nota-
tion adopted throughout this work12, each cloud is labelled with
a capital letter (A, B, or C), a number referencing the distance
to the cloud, and the letters N, E, W, SW, or C depending on
whether the cloud is located to the north, east, west, or south-
west of the remnant or at its centre, while the H II abbreviation
is added for the gas immersed in the G046.495−00.241 region.

12 Our notation is similar to that adopted by Sano et al. (2017) in their
study of RCW 86 SNR.

Fig. 7. Colour representation of the molecular ambient gas towards SNR
G46.8–0.3 traced by the 12CO J = 1–0 (in red) and the 13CO J = 1–
0 (in green) rotational line emissions. Yellow regions are areas where
both CO isotope emissions overlap. The SNR radio continuum radia-
tion at 1.4 GHz from THOR+VGPS surveys is represented in blue. The
velocity range used to integrate the CO intensity is shown in the bottom
left corner of each panel. The name of the discovered molecular fea-
tures and their kinematic distances are also labelled. White continuous
polygons enclose structures associated with G46.8–0.3. Non-associated
clouds localised at the far distance of their central velocity are encircled
by green continuous polygons, whereas foreground molecular gas along
the line of sight is inside orange dashed polygons. Numbers from 1 to 9
spread out in panels a–c indicate the test regions used to construct the
spectra presented in Fig. 8.
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As shown in Fig. 7a, the gas in Region A at velocities in the
10–30 km s−1 range comprises two molecular components dis-
tributed around the SNR shell. These are: (i) the cloud named
A-10N and (ii) the cloud A-10SW. The former closely follows
the northern edge of the remnant. In addition, part of this gas
appears to be projectionally embedded in the synchrotron emis-
sion from the remnant encompassing a distortion observed in the
outer envelope of the SNR shell at the position RA∼ 19h17m45s,
Dec ∼ 12◦15′40′′. This correspondence is compatible with a
shock wave of the SNR interacting with the ambient matter. The
molecular concentration also extends outside the northern limb
of the remnant towards the southwest. The second molecular
component, labelled A-10SW, consists of a set of clumps con-
centrated on the southwest edge of the SNR, exactly at the site
where the shock front is flattened.

For intermediate velocities, 30–50 km s−1, the ambient
medium in Region B can be divided into three main zones
(Fig. 7b): (i) the molecular concentration towards the east,
including the clouds B-3E and B-8E, which correlates with the
limb of the remnant and extends out about 20′ in the north-
east direction beyond the shock front; (ii) the molecular gas
distributed in the interior of the SNR shell in a northeast-
southwest orientation, labelled cloud B-9C, which appears to
pass through bright patches of the radio continuum emission;
and (iii) the western region comprising clouds B-3W and B-8W,
which seems to be part of a molecular wall in the environment
of our target source.

At the highest velocities, 50–66 km s−1, there is molecular
gas seen in projection all around the remnant (Fig. 7c). The best
match is observed towards the east where the CO in the C-6E
region closely follows the edge of G46.8–0.3. The spatial cor-
relation with the remnant decreases in the western half of the
map, where the cloud C-4W is observed outside the SNR shock
front, but still around it. Towards the southwest is the molecu-
lar gas concentration named C-7.5HII, probably the birthplace
of the star-forming H II region G046.495−00.241.

Figure 7 also reveals that all the identified molecular regions
contain multiple enhancements where the 13CO J = 1–0 line
emission is detected at levels higher than 5σ in coincidence with
local maxima in the 12CO emission. The 13CO excess noticeable
in the clouds A-10N, A-10SW, B-8E, and B-9C seen in pro-
jection onto the radio shell of G46.8–0.3 may indicate strong
compression of the molecular gas due to interaction with the
SNR shock front.

At first glance, G46.8–0.3 seems to be embedded within a
dense molecular cavity. The existence of an almost complete CO-
line cavity at 52 km s−1 associated with the remnant was already
proposed by Sofue et al. (2021) based on the FUGIN survey of
12CO- and 13CO (J = 1–0)-line channel maps, the same data we
used in the current work. These authors did not determine the
kinematic distance to the structure but mentioned possible near
and far values of 3.9 and 7.1 kpc, respectively. On the basis of
an CO–H I combined spectral analysis, in the following section
we determine the distance to each molecular structure unveiled
in our work and hence we revisit the hypothesis of a cavity in the
molecular medium around G46.8–0.3.

5.2. Kinematics of the CO molecular gas components

Here, we focus on determining the kinematic distances to the
uncovered molecular structures comprising regions A-C shown
in Fig. 7. To achieve this we extracted multiple H I and CO
emission and absorption spectra covering the complete exten-
sion of each cloud, some of which are presented in Fig. 8. The

test areas corresponding to our examples are marked with num-
bers from 1 to 9 in Fig. 7. In Table 2, we report average physical
properties (peak intensity, velocity, line-width, angular size, col-
umn density, mass, and number density) computed over each CO
structure unveiled in this work. Column densities and masses
were calculated from the expressions presented in Sect. 2.2 and
using the distance estimates provided here.

The sources of uncertainty in our distance results computed
from CO–H I combined spectra are the same as those of our dis-
tance determination to the SNR and the H II region derived in
Sect. 4.1 from H I profiles only. As listed in Table 2, the final
error in the measured distances to the molecular clouds is better
than 10%, with the exception of those located at the near-side
or close to the tangent point, for which the mean error is ∼33%.
On the other side, the final error in the measured distances to
the molecular clouds combined with both the error of at least
30% in the CO-to-H2 conversion factor (Bolatto et al. 2013) and
the uncertainties in isolating overlapping regions of sky translate
into errors in the calculated properties (i.e. column densities of
each velocity component and mass) of the interstellar gas. See
further details in Table 2.

5.2.1. Region A: 10–30 km s−1

Now, we analyse the molecular gas inside Region A, spatially
correlated with the northern and the southwestern edges of
G46.8–0.3 (Fig. 7a). The spectra corresponding to the selected
areas over this region appear in Figs. 8a, b. The excellent cor-
respondence between the southern part of the molecular gas
emission from the cloud named A-10N and the 1.4 GHz bright-
est emission from G46.8–0.3 is consistent with an interaction
zone between the remnant and its immediate environment. If
so, the distance to the molecular region should agree with that
established for the SNR (8.7 ± 1.0 kpc, see Sect. 4.1). The 12CO
spectrum over the A-10N cloud seen (in projection) immersed
in the radio shell of the SNR exhibits a peak at ∼15 km s−1

with a 13CO counterpart. Using the flat rotation curve model
of Reid et al. (2014), the kinematic distances associated with
this velocity are 1.0 and 10.2 kpc. In addition, the H I 21 cm
profile in the molecular component exhibits dips correspond-
ing to CO emission lines at velocities up to the velocity of
the tangent point, the maximum velocity that the foreground
clouds can have. The observed CO-H I anti-correlation can be
explained in terms of foreground molecular clouds along the
line of sight absorbing the continuum radiation from the SNR
(Roman-Duval et al. 2009). Therefore, we assigned a far side
distance of 10.2 ± 0.7 kpc to the investigated cloud. If the cloud
were located at the near position of its velocity, absorbed features
would be observed in the H I profile correlated with CO emis-
sion lines up to the velocity of the clump only. We also notice
the 12CO line profiles in Region A deviate to higher velocities
relative to the 13CO line maximum intensity. This is not surpris-
ing, as the latter is a more faithful tracer of the denser regions in
the molecular gas. At this stage, we note that the spectra (not
presented here) constructed over the molecular gas extending
beyond the SNR boundary confirm that the A-10N cloud is a
single structure placed at ∼10 kpc. Therefore, taking into con-
sideration that we have established the location of the SNR at
8.7± 1.0 kpc, we interpret the asymmetry in the 12CO line emis-
sion (line FWHM ∆v ' 6.5 km s−1) as a sign of perturbation
caused by the SNR shock wave penetrating into the most mas-
sive (∼214 × 103 M�) cloud interacting with G46.8–0.3, which
is physically located at the backside of the remnant. The strik-
ing morphological correspondence between the molecular gas
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Fig. 8. Collection of composite spectra of the CO (J = 1–0) and H I 21 cm line emissions towards test areas over the molecular structures discovered
in the direction of SNR G46.8–0.3, as shown in Fig. 7. The correspondences between the molecular and atomic emissions were used to determine
the kinematic distance to individual clouds (see analysis in Sect. 5.2). The shaded zones in yellow highlight the CO peak and the LSR velocity in
the region we are interested in. The blue vertical line in each spectrum indicates the velocity of the tangent point according to the rotation curve
model of Reid et al. (2014). For the remaining spectra (not shown here) used in our analysis, we found approximately the same behaviour in each
region as that exhibited by the spectra presented here.

and the radio boundary also further supports the shock–cloud
interaction idea.

Upon inspection of the molecular gas in Region A, we
noticed that the spectra constructed over the western extreme
of the northern cloud, that is, where it curves to the south (at
RA ∼ 19h17m15s, Dec ∼ 12◦15′20′′, see Fig. 7a), display a CO
emission peak at ∼16 km s−1 correlated with H I self-absorption
against warm 21 cm backgrounds (emitting at the same velocity
as the cloud). This behaviour implies that this part of the sur-
veyed Region A, referred to as A-1N, is at the near distance of
1.1 ± 0.6 kpc. We estimated that the mass of this gas only rep-
resents a small fraction (<1%) of the molecular material in the
north brightening in the velocity range 10–30 km s−1.

As shown in Fig. 7a, the molecular gas in Region A also com-
prises bright clumps in the southwest (cloud A-10SW), where
the rim of G46.8–0.3 clearly deviates from a circular geometry.
The CO profile presented in Fig. 8b was obtained in a test area
just outside the SNR over the clump with a central velocity of
∼19 km s−1. The correlation of the CO peak with a maximum in
the H I emission indicates that this part of the molecular region
resides at the far position of 10.1 ± 0.6 kpc.

5.2.2. Region B: 30–50 km s−1

Over the CO material brightening between 30 and 50 km s−1

in the eastern area outside the remnant we find spectra show-
ing H I self-absorption features at ∼41 km s−1 (Fig. 8c) and
others revealing CO peak intensities at ∼48 km s−1 coincident
with H I maxima (Fig. 8d). This means that the ambient mat-
ter eastwards of G46.8–0.3 results from a chance coincidence
of near-side (cloud B-3E at 2.8± 0.8 kpc) and far-side (cloud
B-8E at 8.2± 0.7 kpc) components superposed along the line

of sight. At RA ∼ 19h18m30s, Dec ∼ 12◦13′00′′, the molecular
emission bends to the west and overlaps the eastern portion of
G46.8–0.3. The spectral properties over this zone (spectra not
included in Fig. 8) indicate that it is an extension of the molecu-
lar material outside G46.8–0.3. Indeed, for the near-side gas, the
cold H I embedded in the foreground molecular clouds absorbs
the continuum radiation from the SNR and produces spectral H I
21 cm absorption lines up to a velocity of around 41 km s−1 of the
material we are interested in, while over the far-side, component
H I 21 cm valleys corresponding to CO emission line features
are observed up to the velocity of the tangent point. We also
estimated that the amount of gas in the near-side component con-
stitutes ∼10% of the total material in the eastern region shown in
Fig. 7b. As opposed to the incidental near- and far-side overlap of
the CO structures in the east of the SNR, the spectral properties
of the central B-9C cloud, which appears embedded in the SNR
shell (RA ∼ 19h18m00s, Dec ∼ 12◦06′10′′) at a velocity of about
40 km s−1, allow us to conclude that it corresponds to a single
cloud at the far kinematic distance of 8.7 ± 0.6 kpc. As an exam-
ple, Fig. 8e presents a spectrum extracted over this central area.
The obtained distance to the cloud is fully compatible with the
distance we measured for G46.8–0.3 and therefore we interpret
the enhanced filaments of radio continuum emission as a trace
of the SNR shock impacting on the relatively dense (∼40 cm−3)
B-9C cloud. It is worth mentioning that we find little evidence of
disturbance in the profiles of the CO extracted over the molecu-
lar gas superimposed on the remnant. However, this result does
not rule out an association with G46.8–0.3.

Finally, we mention that near and far molecular compo-
nents with line-of-sight coincidence were detected westwards
of G46.8–0.3 at a velocity of ∼48 km s−1 (spectra not shown
here). These cloud components are inside the regions we denote
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Table 2. Measured and derived properties for the molecular structures identified in the direction of SNR G46.8–0.3.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Velocity Molecular Distance Tpeak vLSR ∆vFWHM Size NH2 Mtot nH2

SNR/MC
range cloud association

(km s−1) (MC) (kpc) (K) (km s−1) (km s−1) (arcmin2) (1021 cm−2) (103 M�) (cm−3)

10 – 30
A-1 N 1.1± 0.6 5.7 15.5 6.9 8× 5 4.7 0.4 760 No
A-10 N 10.2± 0.7 3.6 18.7 6.5 22× 10 3.3 214 23 Yes
A-10SW 10.1± 0.6 4.3 19.3 6.7 7× 4 2.7 13 55 Yes

30 – 50

B-3 E 2.8± 0.8 3.5 41.0 5.3 19× 11 2.7 10 70 No
B-8 E 8.2± 0.7 3.3 47.1 4.3 21× 7 5.4 106 52 Yes
B-9 C 8.7± 0.6 3.2 40.8 4.5 9× 7 2.5 23 40 Yes
B-3 W 3.3± 0.9 4.8 48.2 3.8 7× 5 3.1 2.7 175 No
B-8 W 8.2± 0.7 5.3 46.9 6.0 15× 10 4.7 107 50 No

50 – 66
C-6 E 6.3± 2.0 4.5 63.4 7.5 33× 8 7.4 160 65 Uncertain
C-4 W 4.2± 1.8 4.9 57.5 10.6 20× 9 9.6 90 180 No
C-7.5 HII 7.5± 1.2 5.3 56.1 8.8 27× 7 9.8 255 86 No

Notes. The reported values are relative to the 12CO J = 1–0 line transition and represent averages obtained over the entire extension of each
individual cloud. The detailed analysis of the spectral characteristics of the molecular gas is presented in Sect. 5.2. Columns (1)–(2): velocity
intervals and names corresponding to the CO clouds identified in this work. For reference, see Fig. 7. Column (3): kinematic distances to each
cloud computed from CO and H I line emission and absorption spectra. The atomic and molecular data come from the VGPS and FUGIN surveys,
respectively. Columns (4)–(6): peak intensity (Tpeak), line-of-sight velocity (vLSR), and line width (full width at half maximum, ∆vFWHM), respec-
tively. Velocity measurements have a mean associated error of 7.6 km s−1, as explained in Sect. 2.2. The reported estimates were calculated by
fitting Gaussian functions to the CO-H I spectra. Column (7): average dimensions (height×width) of each CO cloud. Columns (8)–(9): molecular
hydrogen column density (NH2 ) and total mass (Mtot) of the clouds. Both magnitudes were calculated using expressions given in Sect. 2.2. The
mean percentage error in our estimates of NH2 and Mtot are, respectively, ∼35% and ∼50% (for the interacting clouds); see discussion in Sect. 5.2.
Column (10): number density of the molecular hydrogen computed from the expression nH2 = NH2/L by assuming a path length along the line of
sight, L, equivalent to the mean linear size of each cloud listed in Col. (7). The error in nH2 is typically 40%. Column (11): classification of the
physical association between the SNR G46.8–0.3 and the discovered CO clouds based on the analysis presented in Sect. 5 of this work.

B-3W and B-8W, respectively. As shown in Fig. 7b, this ambient
medium was not overtaken by the SNR shock. We determined
that approximately only 3% of the surveyed gas in the west is at
the near position of 3.3± 0.9 kpc forming the cloud B-3W, while
the remaining material is at 8.2 ± 0.7 kpc inside the cloud B-8W
(see Table 2).

5.2.3. Region C: 50–66 km s−1

To analyse the molecular material in Region C we divided it
into three areas of differing spectral properties. The first zone
comprises the gas forming the large eastwards structure (cloud
C-6E). Towards the western half of the field is the second
molecular component (namely C-4W zone). In this region, at
a distance of up to ∼18′ from G46.8–0.3, the CO (J = 1–0)
line emission is significantly detected from RA ∼ 19h17m45s,
Dec ∼ 12◦27′00′′ to RA ∼ 19h17m00s, Dec ∼ 12◦00′00′′ (see
Fig. 7c). Lastly, the third important area corresponds to the gas
seen projected onto the G046.495−00.241 H II region (the C-
7.5HII cloud). Before describing the spectra, we point out that
because of the small velocity difference measured in the pro-
files of the C-6E and C-4W areas between their CO peaks and
the tangent point (vTP ∼65 km s−1, derived from the Reid et al.
2014 model) it is not simple to conclusively determine whether
the clouds are at the near or the far position. Even though
arguments based on morphological correlations and spectral cor-
respondences between the CO and H I gases indeed may help to
estimate their locations along the line of sight, the uncertain-
ties are significantly larger than those associated with the A and
B clouds. Therefore, our interpretation of the spectral features
obtained over the east and west areas in Region C should be

regarded with care. As we discuss below, the situation is different
for the C-7.5HII zone because the H II region – whose distance
was determined in Sect. 4.1 – sits inside the molecular gas.

The CO profiles over the portion of the cloud C-6E super-
posed on the SNR shell show maxima at around 64 km s−1

correlated with H I absorption dips. This spectral condition
(observed at almost the same velocity as that of the tangent point)
could indicate that the molecular emission occurs at a kinematic
distance of 6.3± 2.0 kpc associated with the mean central veloc-
ity measured in the region. This estimate is, within uncertainties,
in reasonable agreement with the distance to G46.8–0.3. A key
point to note is that many of the spectra we constructed over
the narrow portion of the C-6E cloud superposed on G46.8–
0.3 were found to be broadened (FWHM line ∆v∼ 9 km s−1;
see example in Fig. 8f). Analogous spectral features have been
found in other known SNR–molecular cloud interactions and
were interpreted as the result of turbulent motions in the shocked
gas (e.g. W44, Seta et al. 2004; G347.3–0.5, Moriguchi et al.
2005; Kes 69, Zhou et al. 2009; G357.7+0.3, Rho et al. 2017;
HB 3, Rho et al. 2021). We also found a similar line broaden-
ing in the CO spectra constructed over the portion of the C-6E
cloud immediately outside the SNR forward shock. In this case,
the spectra exhibit strong CO emission lines with peak intensi-
ties at around ∼63 km s−1 without associated H I self-absorption
features (see the representative profiles in Fig. 8g). Therefore,
from our spectral analysis on the C-6E region we conclude that
it is a single cloud located at 6.3 ± 2.0 kpc. Taking into account
the distance we measure to G46.8–0.3 and the large uncertain-
ties in our distance determination to the molecular gas in the
C-6E zone, we cannot completely discard the possibility that the
cloud is located in the immediate foreground relative to the SNR.
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The good spatial agreement of C-6E with the outer part of the
remnant may be considered additional evidence for a possible
physical relationship between them.

Interestingly, we find that the spectral properties over the
western part of Region C change from those observed in the east.
Indeed, the profiles extracted over the gas forming the C-4W
cloud display CO peaks at a mean central velocity of ∼58 km s−1,
and all of them are correlated with H I absorption dips (Fig. 8h).
We interpret this result as indicative of cold H I gas within a
molecular structure placed at the near distance of 4.2 ± 1.8 kpc,
which is absorbing the warmer H I emission from the ISM at the
same velocity as the CO cloud. Regarding the C-7.5HII zone,
where the CO emission is brightest, the spectra present a peak
at ∼56 km s−1 with broad emission lines of∼ 9 km s−1 (see e.g.
Fig. 8i). The position of the maximum CO intensity in accor-
dance with both the radio recombination line velocity of the
H II region (58 km s−1, Liu et al. 2019) and the atomic neu-
tral gas seen in absorption against the background provided by
the H II region led us to conclude that the molecular gas in this
region forms the natal cloud of the star formation activity in
G046.495−00.241.

Finally, we point out that our detailed analysis of the spa-
tial distribution of the molecular structures forming Region C
(including clouds located over a large distance interval ∼4–
8 kpc) is not in agreement with the existence of a partial
CO-line shell formed around G46.8–0.3 at the radial velocity of
52 km s−1, as proposed by Sofue et al. (2021). In their study,
our target source is part of an extensive list made on the basis of
morphological inspection, including the identification of approx-
imately 60 candidates to molecular cavities and shells towards
Galactic SNRs.

6. GeV γ-rays in the field of G46.8–0.3

The latest version (Data Release 2) of the Fermi Large Area
Telescope Fourth Source Catalogue (4FGL)13 records an 8.1σ
detection of a γ-ray excess in the 100 MeV–1 TeV band, labelled
4FGL J1918.1+1215c, towards the eastern half of G46.8–0.3 (first
report in Abdollahi et al. 2020). The spectrum of this source is
well fit by a power law dN/dE = φ0E−Γ, with a differential flux
φ0 = (1.59 ± 0.25) × 10−12 cm−2 s−1 MeV−1 at E0 = 1099 MeV
and a photon index Γ = 2.65 ± 0.08, comparable to values mea-
sured in other SNRs with molecular cloud interactions (e.g.
Kes 79, Auchettl et al. 2014; G290.1−0.8, Auchettl et al. 2015;
W51C, Jogler & Funk 2016; W28, Cui et al. 2018).

Neither pulsars nor their associated wind nebulae are
detected towards the γ-ray region in G46.8–0.3, which could
explain the GeV emission. Motivated by the spatial correlation
projected in the sky between the molecular cloud–SNR interac-
tion zone and the Fermi source, we tested the possibility that
the observed γ-ray flux results from neutral pion decay emission
produced by collisions of hadronic cosmic rays with dense tar-
gets in the surrounding medium. To investigate this matter, given
the limited spatial resolution of the γ-ray observations, we con-
sider the large region ∼30′×19′ in size corresponding to the 95%
confidence level (CL) of the GeV source location (for compari-
son, the diameter of the SNR is ∼17′). As illustrated in Fig. 9
the area of interest comprises portions of the molecular mate-
rial embedded in the A-10N, B-8E, and B-9C ambient clouds
unveiled in this work. To estimate the proton column density Np

we computed the integrated column density of H2 from the 12CO

13 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
10yr_catalog/

Fig. 9. Grey-scale image (in mJy beam−1) corresponding to the radio
continuum emission from the shell of G46.8–0.3 overlaid with the 12CO
(J = 1–0) line emission from Regions A (in cyan, ∆v = 10–30 km s−1,
levels: 40, 70, 100 K km s−1) and B (in yellow, ∆v = 30–50 km s−1,
levels: 55, 80, 105 K km s−1) around the SNR. The velocity range of
the plotted clouds is the same as in Fig. 7. The plus symbol and ellipses
illustrate the best localisation and the 95%/68% confidence contours
of the γ-ray emission detected by Fermi-LAT. The enclosed molecular
areas corresponding to the A-10N, B-8E, and B-9C clouds were used in
Sect. 6 to calculate the total proton content.

line emission within the velocity ranges corresponding to these
interacting clouds (see discussion in Sect. 5). Because of the
uncertainty surrounding the association of G46.8–0.3 with the
molecular material forming the C-6E region, we decided not to
include any contribution from this matter in the following esti-
mation. Using the relations presented in Sect. 2.2 we obtained
Np ' 2NH2 ' 2 × 1022 cm−2. We then estimated the proton den-
sity np = Np/L by adopting a path length L ∼ 24.′5 ' 64 pc
through the γ-ray emission, equivalent to the mean of the major
and minor axes of the 95% CL ellipse that we assumed to be
located at 9 kpc (i.e. the average distance for the interacting
A-10N, B-8E, and B-9C molecular clouds; see Table 2). The
resulting total proton content is therefore np ∼100 cm−3. Regard-
ing a possible contribution from the atomic gas phase, as the
analysis of the H I distribution around the location of G46.8–0.3
did not reveal convincing structures associated with the source
(see Sect. 4), it was not incorporated into the calculation above.
For this reason, we are aware that the derived proton density
for the GeV region represents a lower limit. When taking into
account the contribution (integrated in the region of the molec-
ular clouds) of the H I gas to the proton density, we find an
increase of 30%. Nevertheless, the exclusion of the atomic com-
ponent does not significantly change our conclusion presented
below on the energetics of cosmic rays in the region of G46.8–
0.3. We also mention that our analysis does not incorporate
the contribution of the ionised hydrogen to the column density
because we do not find significant IR counterparts in the region
of interest.

The amount of energy injected into accelerated hadrons W tot
p

can be estimated from the relation between the luminosity of the
GeV source Lγ and the characteristic cooling time of protons
through the neutral meson-production channel tpp→π0 , which in
turn depends on the proton density (Aharonian et al. 2006). At
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the adopted distance d = 9 kpc, we obtain Lγ(E > 1 GeV) =

4 π d2 wγ ' 5 × 1034 erg s−1, where wγ ' 5 × 10−12 erg cm−2 s−1

is the γ-ray energy flux for E > 1 GeV. On the other hand, for
the total proton density we measure in the 95% CL region of
the Fermi detection, the cooling time of protons is found to be
tpp→π0 ≈ 1.4 × 108(np/cm3)−1 yr ∼ 1.4 × 106 yr. Therefore, the
total energy of cosmic rays required to produce the observed γ-
ray flux in the region of SNR G46.8–0.3 is W tot

p ∼ tpp→π0 Lγ '
2.2 × 1048 erg. This value for W tot

p corresponds to∼ 0.2% of the
canonical E ' 1051 erg SN energy and provides support to the
interpretation that G46.8–0.3 could be the radio counterpart of
the Fermi source produced via a hadronic process. We notice that
a similar condition remains valid for a less conservative case of
analysis in a smaller region corresponding to the 68% CL of the
γ-ray detection.

Taking into account our estimation of the age of G46.8–0.3
and the properties of its environment revealed in this work, our
value for W tot

p agrees well with those obtained for other inter-
acting SNRs spatially correlated with γ-ray emission at GeV
and/or TeV energies. We encourage the reader to consult the
detailed information about this topic presented by Sano et al.
(2021). It is important to note that though relatively simplis-
tic, our analysis suggests that G46.8–0.3 is outside of the linear
correlation proposed by these latter authors between the energy
of cosmic-ray protons and the age of the accelerator. Certainly,
the existence of any evolutionary tendency is an important issue
that should be investigated on the basis of a larger sample
of SNRs. Additionally, a more comprehensive study involving
effects due to particle diffusion away from the SNR shell and/or
re-acceleration of pre-existing cosmic rays inside the shock-
compressed clouds is required in order to obtain a clearer picture
of the γ-ray emission from G46.8–0.3.

Finally, with the abundant interstellar matter in the vicinity
of G46.8–0.3 still in mind, we cautiously note that on the basis
of the current information we have for the GeV γ-ray flux in the
direction to the remnant, a contribution to the high-energy emis-
sion from bremsstrahlung γ-rays of relativistic electrons could
also be likely. The critical aspect in modelling the occurrence
of this physical process is the requirement of high electron-to-
proton ratios of about 0.2, larger than the 0.01 value estimated
from cosmic-ray abundances (Gaisser et al. 1998). Even with
this caveat, there remain some examples in the literature where
electron–electron or electron–ion interactions partially explain
the γ-rays in the Fermi-LAT energy band via bremsstrahlung
radiation (see e.g. Kes 41, Supan et al. 2018; HB21, Ambrogi
et al. 2019). For the environment of the SNR G46.8–0.3, the
cooling timescale due to bremsstrahlung losses is found to be
tbr ≈ 4 × 107 (np/cm3)−1 yr ≈ 4 × 105 yr (Aharonian 2004). This
is greater than the estimated age of the SNR (see Sect. 4.2)
and leads to a realistic total relativistic particle energy of
W ∼ 6.3 × 1047 erg.

7. Summary and conclusions

This work focuses on determining the properties of the radio
continuum emission from the SNR G46.8–0.3, along with those
of the atomic and molecular constituents in the surrounding
medium. By assimilating new integrated flux densities that
we measure from recently published 88–200 MHz GLEAM
maps and others from surveys at 1.4, 4.8, and 10 GHz into
a collection of data carefully selected from the literature, we
have constructed the most complete version of the radio spec-
tra for G46.8–0.3 available to date covering a broad range in

frequency (30.9 MHz–11.2 GHz). A simple power law with an
α = −0.535± 0.012 slope provides the best fit to the set of fluxes
measured over the remnant in the radio domain. The straightness
of the spectrum implies there is no ionised gas localised either
inside the remnant, in its proximity, or in more distant ISM along
the line of sight able to absorb the radio emission from G46.8–
0.3, which would cause a deviation from a power law at the
lowest frequencies. Although the integrated spectrum is well fit
by a simple power law, our analysis of the local variations in the
radio spectral index with position and frequency over G46.8–0.3
suggests a possible steepening at approximately 1 GHz. To deter-
mine the reality of any potential spectral curvature within small
regions over G46.8–0.3, it is necessary to analyse high-quality
radio data over a large frequency range correctly matched in the
uv-domain.

No H I structures are found to be physically linked to G46.8–
0.3. On the basis of neutral hydrogen absorption and emission
spectra, we determine that the remnant is located at a distance of
8.7 ± 1.0 kpc, and from evolutionary models we also argue that
G46.8–0.3 was created in a stellar explosion, likely occurring
∼1 × 104 yr ago.

Additionally, we provide for the first time a robust estima-
tion of the distance to the molecular clouds lying in the direction
of the SNR and present compelling signatures in the 12CO and
13CO (J = 1–0) line emissions of interaction between the for-
ward shock of G46.8–0.3 and dense (with ∼100 × 103 M� and
∼50 cm−3 average mass and density, respectively) molecular
clouds distributed over the centre of the remnant, as well as along
its northern, eastern, and southeastern edges. According to our
findings, G46.8–0.3 can be added to the list of evolved remnants
in our Galaxy with signs of interaction with molecular struc-
tures. Line emission observations of higher CO transitions with
respect to the J = 1–0 rotational line are of interest to quanti-
tatively analyse variations in CO line ratios resulting from both
environmental and local shock conditions in the clouds. Unfor-
tunately, at the time we made the analysis there were no images
available from The CO High-Resolution Survey (COHRS) 12CO
(J = 3–2) maps covering the complete extension of the remnant.

In line with the evidence we present in this work on the physi-
cal relationship between G46.8–0.3 and its surroundings, we also
discuss an explanation of the γ-ray flux at GeV energies via neu-
tral pion decay after hadronic collisions, which we find to be
plausible as this process requires only a few percent of the total
energy released in the stellar explosion creating G46.8–0.3. Fur-
thermore, although very simplistic, our analysis also indicates
that electron-dense medium interactions resulting in high-energy
bremsstrahlung radiation cannot be conclusively ruled out at this
stage. Compilation of the radio fluxes that we present here is
necessary as an anchor at the lowest energies for the broad-
band spectral energy distribution of G46.8–0.3. Its inclusion
is crucial to characterising the physical process responsible for
the high-energy particle production in this remnant, which we
demonstrate belongs to the reduced group of evolved interacting
SNRs. Future γ-ray observations providing complementary data
with increased sensitivity and spatial resolution in the multi-GeV
Fermi energy range and at higher energies are also of interest in
properly determining the spectral behaviour for G46.8–0.3.
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