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When a massive star is swung away from the stellar cluster in which it forms, a so-called
runaway stellar object is produced, and its surroundings is shaped as a bow shock which
can be observed. Such arc-like circumstellar nebula is the site of the star’s death via
a supernova explosion, and, the interaction of the supernova shock wave with its sur-
roundings results in an asymmetric supernova remnant. We investigate the synchrotron
appearance of those supernova remnants, by means of 2D magneto-hydrodynamical simu-
lations and radiative transfer calculations of the remnant left behind a 35 M fast-moving
star. The progenitor star evolves up to the Wolf-Rayet phase and the considered space
motion through the magnetised ISM is of 20 and 40 kms~!, respectively. The magnetic
field of the ISM has a stabilising effect regarding to the wind/ISM interface developing
in the tail of the pre-supernova stellar wind bubble. Radiative transfer calculations for
synchrotron radiation of our simulation models indicate that non-thermal radio emission
has characteristic features accounting for the morphology of our exiled remnants of Wolf-
Rayet progenitor stars. The synthetic prediction are qualitatively in accordance with

the non-thermal radio appearance of several remnants from massive progenitors such as
CTB109, Kes 17 and G296.5+10.0.
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1. Introduction

Wolf-Rayet stars are a possible final evolutionary phase of some > 20 Mg high-mass
stars. A fraction of Wolf-Rayet stars fast-move through their local ambient medium after
having been ejected from the stellar cluster they form in, and, sometimes, they can even
travel to the high-galactic latitudes, low-density regions of the ISM [1-4]. At the end of their
live, they experience a so-called core-collapse supernova explosion that happens inside of the
circumstellar medium pre-shaped by the strong winds of the progenitor star [5-7]. Expelling
strong, dense wind, runaway Wolf-Rayet-evolving stellar objects are first choice progenitor
candidates for the production of asymmetric core-collapse supernova remnants [8].

Indeed, amongst the several mechanisms at work in the shaping of core-collapse super-
nova remnants, the gas distribution generated by the stellar wind of the progenitor with
the ambient medium is of prime importance. Its level of complexity is proportional to the
initial progenitor mass at the zero-age main-sequence phase, i.e. higher-mass stars evolve
through a larger number of evolutionary phases, each of them releasing shells of enriched
gas, such as the red supergiant and Wolf-Rayet materials, into their stellar surroundings [9].
Famous example of such core-collapse supernova remnants are the Cygnus Loop nebula [10],
or RWC 86 [11], which both exhibit features that are in accordance with the characteris-
tics of an off-centered supernova explosion inside of the stellar wind bubble of an evolved
progenitor star animated by a fast, supersonic bulk motion.

In this study, we investigate the morphologies of supernova remnants from Wolf-Rayet
stars. By means of radiative transfer calculations, we predict their non-thermal radio syn-
chrotron emission maps. We detail the methods used to perform the simulations of synthetic
emission of supernova remnants of a runaway high-mass 35 Mg in Section 2. Our results
for the remnant structure and their emission are in Section 3. We present our conclusions
in Section 4.

2. Methods

We first simulate the interaction between the stellar wind of the moving progenitor
star, then the supernova happening in it, and, finally, we estimate the emission properties
of the supernova remnants for non-thermal synchrotron emission. The magnetohydrody-
namical simulations are performed with the PLUTO code [12-14] in a 2D fashion, using an
axisymmetric cylindrical coordinate system. We inject the stellar wind in a small region
centered onto its origin, and, the stellar wind properties are time-dependently interpolated
from pre-calculated evolutionary tracks [15]. The supernova remnant phase is calculated in
releasing in the circumstellar medium at the pre-supernova phase a core-collapse supernova
blastwave [16, 17|. Several passive scalar tracers permit to separate the different material
involved in our problem, i.e. the unperturbed ambient medium, stellar wind and supernova
gjecta. Then, for representative selected times of the supernova remnant’s evolution, we
reconstruct 3D emissivity cubes using the recipe of [18] and perform line-of-sight integra-
tion with the RADMC-3D code [19] to obtain normalised non-thermal synchrotron emission

maps.
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Figure 1: Number density field in our simulation of a supernova remnant of a runaway 35-Mg
star moving with v, = 20kms™! (see text for details).

3. Results

Fig. 1 shows the number density field of in our magneto-hydrodynamical model of a
supernova remnant of a 35 M, progenitor runaway star moving with v, = 20kms~!. The
ambient medium in which the star moves is of number density nigy = 0.78 cm ™3 and its
magnetization, parallel to the symmetry axis of the simulation and to the direction of stellar
motion, along the z-axis, is of strength 7 uG. The two inset boxes zoom on two particular
regions, the filamentary ejecta-wind-ISM interactions (left inset) and the unstable walls
of the wind cavity generated by the motion of the progenitor star (right inset). The red
contours mark temperature contours for 7 = 10% and 107 K, and, the blue lines highlight the
location of the remnant with a 10% contribution of ejecta in number density. The stellar
motion produced an elongated ~ 70pc channel which pierced the wind bubble formed
during the main-sequence phase of the star. The supernova shock wave has interacted with
the dense bow shock of the progenitor ahead of the direction of stellar motion, while it
expands freely in the opposite direction.

Fig. 2 is as Fig. 1 for our simulation model with v, = 40kms~!. Since the progenitor
star moves faster, its circumstellar medium adopts a cone-like shape rather than a large
scale bow shock. The elongation of the cavity of stellar wind is more pronounced, and no
trace of the pre-main-sequence stellar wind bubble remains within the ~ 100 pc-long trail
of the stellar surroundings at the pre-supernova time. At the plotted time instance, the
supernova shock wave has interacted against the walls of the cavity, creating long, dense
filaments. It interacts with the former bow shock, expanding into the unperturbed ambient
medium while recovering sphericity, and, it is quickly channelled into the unshocked wind.
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Figure 2: As Fig. 1 for our progenitor moving with v, = 40kms~!.

In Fig. 3 we plot emission maps for non-thermal radio synchrotron emission of the
remnant model with velocity v, = 20kms™!, shown at several evolutionary times, and
for different viewing angles, 6,,s. Once distorted by the interaction with its circumstellar
medium, the supernova shock wave is well traced by the non-thermal radio radiation. When
the expanding shock wave arrives at the unperturbed ISM, it becomes bright. The radio
arcs are larger than at time 20 kyr and the brightest region on the sides adopt a bilateral
morphology. For an inclination angle 6,5 = 45° the remnants look rounder. One and the
same remnant can appear with bilateral or arced structures depending on the viewing angle.
For O, = 90° the observer’s line-of-sight is aligned with the direction of stellar motion,
and the projected remnant appears as a ring-like structure in the sky, because of the 2D
nature of the magneto-hydrodynamical models.

In Fig. 4 we show the emission maps corresponding to the simulation with progenitor
speed v, = 40kms~ 1. At time 6kyr after the explosion, the shock wave has already been
greatly distorted by the Wolf-Rayet circumstellar material and has lost sphericity to become
an ovoid-like structure. Later in time, the shock wave adopts a hour-glass-like shape that
appears spherical in the radio map for 6,5 = 45° and to a lesser degree at Oy, = 0°. After
40 kyr, the remnant has an bulb-like morphology which arises from both the shock wave
expansion into the ISM and the channeling of the shock wave into the low-density cavity
of unshocked stellar wind in the tail. The radio intensity peak shifts to the location where
the shock wave intercepts the trail of stellar wind (Fig. 4d,e). We would observe a series of
concentric rings for 0,5 = 90°, each of them corresponding to a ring in the trail of shocked
stellar wind interacting with the channelled supernova shock wave.
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Figure 3: Emission maps of radio synchrotron intensity plotted in normalised units for our simula-
tion of supernova remnants moving with velocity v, = 20kms™! at times 6 kyr (top panels), 40 kyr
(middle panels), and 80 kyr (bottom panels) after the explosion of the supernova, respectively. The
viewing angle between is 0,ps = 0° (left panels), 05 = 45° (middle panels), and 6,5 = 90° (right

panels).
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Figure 4: As for Fig. 1 for a stellar motion of v, = 40kms~!.

Our models are qualitatively consistent with the radio appearance of several remnants
of high-mass progenitors [8]. Particularly our model with v, = 20kms™! fits the bilateral
supernova remnant G296.5+10.0 [20] has been constrained to by expanding in magnetised
ISM and to host a neutron star. The shell-type remnants CTB109 and Kes 17, of 30 Mg and
20-40 M, progenitors, respectively, are consistent with our simulation with v, = 40 kms~!
from which we produced shelled supernova remnants [217 |.
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4. Conclusion

The explosion of a core-collapse explosion into the circumstellar medium of a runaway
massive Wolf-Rayet star generates complex remnant nebula. It is made of a succession
of magneto-hydrodynamical shocks, contact discontinuities between the different stellar
winds of the defunct progenitor and supernova ejecta, respectively. The mixing of mate-
rials therein is efficient when the supernova blastwave is reverberated towards the center
of the explosion after having interacted with the circumstellar medium of the progenitor.
Such region are believed to the site location of non-thermal particles acceleration. Combin-
ing magneto-hydrodynamical simulations and radiative transfer calculations, we produce
synthetic non-thermal radio-intensity maps revealing series of large-scale arcs and filaments
in projection, which we interpret as being the typical characteristic of supernova remnants
from runaway Wolf-Rayet stars. These radio emission maps are qualitatively similar to
the morphology of many observed core-collapse supernova remnants like CTB 109, Kes 17
and G296.5410.0 which have probably been produced by 25-40 M, stellar progenitors that
might have experienced a Wolf-Rayet evolutionary phase [8].
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