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Abstract: The aim of this study is to compute the evolution of stellar wind cavities (astrospheres) in the
undisturbed interstellar medium (ISM) and calculate the supernova remnant (SNR) evolution in these cavities. A
fully 3D magneto-hydrodynamic model with Cartesian geometry is utilized. Using these simulations it will be
shown that, depending on parameters, the existence of such an initial cavity has a significant influence on the
dynamics of SNR evolution.
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1 Introduction
The interaction of stellar winds with their surrounding
interstellar medium (ISM) forms a cavity in the ISM. This
cavity (bubble) around stars is called the influence sphere
(astrosphere) of a star. It gives valuable information about
the evolution of the stellar winds encapsulated in these
bubbles. Also of importance is the impact these bubbles
have on the ISM during their evolution and the influence
on the evolution of supernova remnants (SNRs) [1]. Also
of interest is the transport and acceleration of particles,
like cosmic rays, in these astrospheres where these may
contribute to the low-energy part of the local interstellar
spectrum [2].

The focus of this work is to calculate SNR evolution in
these cavities and beyond. Shown are fully 3D magneto-
hydrodynamic results, using the numerical model of [3].
By applying this model with appropriate boundary and
initial conditions we show how the interstellar magnetic
field, which is compressed around the cavity when there is
relative motion between the star and the ISM, is dragged
along by a SNR blast wave when it expends further into the
ISM. This effect enhances the field in the forward shock
(blast wave of the SNR) for a few thousand years.

2 Model
The model used in this work is a full 3D MHD description
of the problem. The reader is referred to standard stellar
wind bubble texts such as [7, 8]. For details on the numerics
and full 3D MHD equations see [3]. This model solves in
cartesian geometry and due to computational constraints
the grid size are assumed to be 0.2 pc. Note that this model
does not include radiative cooling which is important in
stellar wind bubble evolution on timescales of the order of a
few tens of thousands of years e.g. [10]. Radiative cooling,
or better neutral particles, play a major role in developing
the shock structure. Taking into account neutral species,
especially hydrogen, it is well known, that the dynamics of
the shocks is changed dramatically, e.g. the shock distance
become much smaller, the stellar wind is slowed down by
mass and momentum loading, etc. See work done by [9].
This is well understood for solar type stars, but not for hot
stars and their astrospheres (interstellar bubbles) embedded
in HI regions. The modelling then requires that in all Euler

equations charge transfer terms have to be included, beside
heating effects.

However, by including cooling effects the stellar wind
will be surrounded by a thin dense shell, where the density
contrast between shell material and the undisturbed ISM is
much higher than 4 compared to the case where no cooling
is included. By neglecting cooling the density difference
between the shocked stellar material and undesturbed inter-
stellar material will be smaller compared to the case with
cooling. However, ultimately we are interested in the effect
of cavities on supernova remnant evolution and our model
results should be seen in this context. By including cooling
effects the effects of these cavities on SNR evolution will
be more pronounced due to the larger density difference
between the shell and interstellar material. Including the ef-
fects of neutrals, especially hydrogen is a subject of future
work.

The evolution of a star depends on its initial mass,
whether its a solar-like star (with mass ∼ 1M�) or massive
stars with masses in excess of 20M�. Different mass corre-
sponds to different mass-loss rates (densities) and different
outflow speeds resulting in different sizes of cavities. Fur-
thermore, these boundary conditions also change over time.
As mentioned above, we do not yet implement dynamic
changes in the outflow boundary conditions in our model.
Such changes in the mass-loss rate and outflow speed over
time will result in different computed cavity geometries and
densities as those presented in this work. We are therefore
interested in the geometrical extend of these cavities (to a
first order) and the effect of such pre-existing cavities on su-
pernova remnant evolution. The mass-loss rate of stars that
is used in this model is in the order of 10−5-10−6 M� y−1

e.g. [4, 5] and the stellar wind speeds are in the order of ∼
1000 - 3000 km s−1 e.g. [11]. For the initial and boundary
conditions of the SNR see e.g. [6].

3 Discussion
In this work we show the effect that the SNR blast wave
have on the interstellar magnetic field (which may be
wrapped around a stellar wind cavity) as this shock travels
out of the stellar wind cavity into the interstellar medium.
Before this is shown we first concentrate on the density.
Figure 1 shows computed SNR evolution without and with a
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Fig. 1: Computed SNR evolution without and with a stellar wind cavity in terms of density. The different panels shows
different simulation times as indicated in terms of years. The left side, e.g. 0-30 pc of each panel corresponds to SNR
evolution without a stellar wind cavity present and the right side, e.g. 30-60 pc corresponds to similations with a stellar wind
cavity present. These are shown side by side for easy comparison. Note that the density of the ambient medium is 10−24 g
cm−3 with temperature of 50000 K and a relative velocity of 100 km s−1 (translating in a wind blowing from bottom to top)
is assumed. Also note that the colour coding of the contour plots is logarithmic as indicated by the legend on the colourbar.

Fig. 2: Computed SNR evolution without and with a stellar wind cavity in terms of magnetic field strength. Note that
only an interstellar magnetic field is specified with the direction perpendicular to the plane shown in the contour graphs.
The different panels shows different simulation times as indicated in terms of years. The left side, e.g. 0-30 pc of each
panel corresponds to SNR evolution without a stellar wind cavity present and the right side, e.g. 30-60 pc corresponds to
similations with a stellar wind cavity present. These are shown side by side for easy comparison. Note that the field is
0.03µG (to be dynamically unimportant) in the undesturbed ISM.
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stellar wind cavity in terms of density. The different panels
shows different simulation times as indicated in terms of
years. The left side, e.g. 0-30 pc of each panel corresponds
to SNR evolution without a stellar wind cavity present and
the right side, e.g. 30-60 pc corresponds to similations with
a stellar wind cavity present. These are shown side by side
for easy comparison. Note that the density of the ambient
ISM medium is 10−24 g cm−3 with temperature of 50000
K and a relative velocity of 100 km s−1 (translating in a
wind blowing from bottom to top) is assumed. Also note
that the colour coding of the contour plots is logarithmic as
indicated by the legend on the colourbar and that the graphs
are cut-off for all values above 55 pc on the vertical axis.
This is because of the complicated boundary conditions in
the model where an outflow condition is crudely enforced
in the last few gridpoints in this direction.

Shown in the top left panel is the results afer 500 y
of simulation time. Shown in the right part of this figure
(e.g. 30-60 pc) is a typical geometry for a stellar wind
bubble. Note that the SNR blast wave have just reached
the boundary of the stellar wind cavity and have already
moved over the termination shock. However, the boundary
(Astropause) are still visible and also a bow shock is present.
Note again that readiative cooling is not included. As time
increases the SNR blast wave moves into the undesturbed
ISM but the bullet shaped structure is still visible.

As shown in Figure 1 is that if there is a relative speed
between the star and the interstellar medium a bullet-shaped
structure of the stellar wind cavity is expected with the
interstellar magnetic field wrapped around this structure.
This will in turn lead to a region of compressed (enhanced)
field with it’s position depending on the magnetic field
orientation

Figure 2 shows computed SNR evolution without and
with a stellar wind cavity in terms of magnetic field strength.
Note that only an interstellar magnetic field is specified
with the direction perpendicular to the plane shown in the
contour graphs. The different panels again shows different
simulation times as indicated in terms of years. Again the
left side, e.g. 0-30 pc of each panel corresponds to SNR
evolution without a stellar wind cavity present and the right
side, e.g. 30-60 pc corresponds to similations with a stellar
wind cavity present. Note that the magnitude of the field in
the undesturbed interstellar magnetic field is 0.03µG to be
dynamically unimportant. Also note the colour coding of
the contour plots as indicated by the legend on the colourbar.

From these figures the forward shock of the SNR is
clearly visible as this wave moves outward and in the
process compress the field. Initially, for the scenario with
the stellar wind cavity, the FS is expanding faster compared
to the scenario with no cavity. As the blast wave enters the
region where the interstellar field is already enhanced in
front of the stellar wind cavity, it enhances the field even
more. This will be quantitatively discussed in more details
below. However, after some 5000 y and beyond the FS
radius for the scenario with no stellar wind cavity become
larger compared to the scenario with a cavity assumed as an
initial condition. This because of the interaction of the FS
with the astropause where energy is removed via a reflection
wave which is driven back to the interior, as discussed
above.

Figure 3 shows the effect of this blast wave on the
interstellar magnetic field in more detail. Shown here is
a cut along the vertical axis of Figure 2. The normalized
magnetic field magnitude is shown as radial profiles for

Fig. 3: Shown here is a cut along the vertical axis of Figure
2. The normalized magnetic field magnitude is shown as
radial profiles for different time steps. These are indicated
by positions (a) to (f) in the top panel. The solid line
corresponds to SNR evolution including a stellar wind
cavity and the dashed lines without. Positions (c) and (d)
shows to the peaks (due to the compression via the blast
wave) in the radial profile corresponding to 500 y, positions
(b) and (e) to 5000 y and positions (a) and (f) to 15 000 y.
Note that the solid lines are only visible in one direction due
to the bullet-shape structure of the stellar wind cavity. The
bottom panel shows the ratio between the peaks (although
at different radial distances) of the scenario with the stellar
wind cavity and without as a function of time.
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different time steps. These are indicated by positions (a)
to (f) in the top panel. The solid line corresponds to SNR
evolution including a stellar wind cavity and the dashed
lines without. Positions (c) and (d) shows the peaks (due
to the compression via the blast wave) in the radial profile
corresponding to 500 y, positions (b) and (e) to 5000 y and
positions (a) and (f) to 15 000 y. Note that the solid lines
are only visible in one direction due to the bullet-shape
structure of the stellar wind cavity.

Shown in Figure 3 is that as the SNR evolves into the ISM
when no cavity is present (dashed line) that the compression
of the field increases and then settles around a factor of ∼
4, which is to be expected from high Mach number shocks.
For the solid line scenario this is not the case where the
values exceed 4 initially. This is because of the interstellar
field which is already compressed in front of the stellar
wind cavity due to relative motion and values should be
larger compared to the case of no cavity present. However
interesting is that as time moves on this field of this scenario
become smaller in magnitude due to the interaction of the
blast wave with the AP as discussed above.

The bottom panel of Figure 3 shows the ratio between
the peaks (although at different radial distances) of the
scenario including an intial stellar wind cavity and without
as a function of time. Shown here is that initially the field in
the FS is larger for the scenario including the stellar wind
cavity up to ∼ 7000 y, but thereafter become less due to the
interaction with the AP. The results shown in Figure 3 is
for a large plasma beta meaning that the magnetic field will
have little influence on the dynamics of the system. When
this field is increased so that the magnetic field pressure
becomes more important these conclusions will change.

Figure 4 shows evolution of a SNR within a stellar wind
cavity for two different simulation times, 5000 y (top panel)
and 10 000 y (bottom panel). The left side, e.g. 0-30 pc
of each panel corresponds to SNR evolution with a stellar
wind cavity present and a interstellar magnetic field strenght
of 15µG assumed in the model and the right side, e.g. 30-
60 pc corresponds to similations with a stellar wind cavity
present and a interstellar magnetic field strenght of 0.03µG
(as in Figure 2) assumed in the model. Note the colorbars on
each side of the figure indicates the field strength and that
the undesturbed ISM field strenght for the left side of each
panel is 500 times larger. The ratio between maximum and
minimum values shown in the colour coding is the same in
all for easy comparison.

Shown in Figure 4 (for both 500 y and 10 000 y) is that
when the magnetic pressure becomes more important the
enhancement of field outside the stellar wind cavity is not
that pronounced. This is because the addition of magnetic
pressure decreases the compression of both the field and
fluid. Also the ratio between the undesturbed ISM density
and the post-shocked density is smaller. Therefore the effect
of enhancing the field, larger than a factor of 4 (as discussed
above) is depending on the plasma beta with the largest
effect when the field pressure is much weaker compared to
the plasma pressure.
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Fig. 4: The evolution of a SNR within a stellar wind cavity
for two different simulation times, 5000 y (top panel) and
10 000 y (bottom panel). The left side, e.g. 0-30 pc of each
panel corresponds to SNR evolution with a stellar wind
cavity present and a interstellar magnetic field strenght of
15µG assumed in the model and the right side, e.g. 30-60 pc
corresponds to similations with a stellar wind cavity present
and a interstellar magnetic field strenght of 0.03µG (as in
Figure 2) assumed in the model. Note the colorbars on each
side of the figure indicates the field strength and that the
undesturbed ISM field for the left side of each panel is 500
times larger. The ratio between maximum and minimum
values shown in the colour coding is the same in all for easy
comparison.
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