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Abstract. Simulations of astrospheres around hot and cool stars have recently move into the
focus of scientific research. We describe here the differences between the astrospheres around
hot and cool stars. While those around the former are huge (on pc scales) because of their high
stellar wind momentum flow, those around cool stars are on a AU scale and the heliosphere can
be used as a standard. Here, we will compare the differences and commonalities between such
astrospheres.

1. Introduction
Every supersonic wind-driving star moving supersonically (superalvfénically) through the
interstellar medium exhibits a bow shock, an astropause and a terminations shock. The mass
flux of stellar winds around cool stars (mainly F,G,K stars) is usually small compared of those
around hot stars (O and B stars). The most detailed observations of an astrosphere around
a cool star are available for the heliosphere, the astrosphere around the Sun. Especially due
to the Voyager 1 spacecraft we have nowadays in situ observations from the region beyond
the heliopause (astropause). Some astrospheres of nearby cool stars could be observed in the
Lyman-α line [1, 2], the observations of the astrospheres of hot stars are mainly based on Hα light
(e.g., [3]). To understand these other astrospheres one has to transfer our detailed knowledge
of the heliosphere. But this has to be done with some care, because radiative cooling plays
an important role in the physics of astrospheres around hot stars, for which the characteristic
length scales are parsec, compared to hundreds of AU for those around cool stars.

In the following we use a model of the heliosphere as example for an astrosphere around a
cool star, which we compare to that of the astrosphere around the hot O star λ Cephei.

2. Astrosphere models
To model astrospheres we use the set of ideal Euler equations described in [4], in case of hot stars
including cooling and heating functions in the energy equation. While the ideal hydrodynamic
(HD) and and magneto-hydrodynamic (MHD) Euler equations are scale-invariant, this property
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is lost when adding either cooling and heating functions or a neutral component. Nevertheless,
it is in principle possible to use scale-invariance to compare astrospheres around cool and hot
stars, keeping in mind that this is only approximately true.

Thus neglecting the influence of neutrals and using the fact that cooling and heating functions
are not effective for cool star astrospheres, they can be modeled using ideal MHD, and the
heliosphere is used as the standard. For the astrospheres around hot stars we use the O star
λ Cephei with cooling and heating, also neglecting neutrals because of the high flux of ionizing
photons.

2.1. The heliosphere
The heliospheric large-scale structures is described with HD or MHD models of increasing
complexity (e.g., [5, 6, 7, 8, 9, 10, 11, 12]). We base our simulations on the Cronos code
with ideal (M)HD [13, 14, 15, 11, 4] using the following parameters [8] at 1 AU: vsw = 375 km/s,
nsw = 7 cm−3, Tsw = 7.364 × 104 K, whereas those for the ISM are vism = 26.4 km/s,
nism = 0.06 cm−3, and Tism = 6.53 × 103 K. As usual, an axisymmetric configuration forms,
which is characterized by the termination shock (TS) terminating the supersonic solar/stellar
wind, a bow shock (BS) on the upwind side, where the interstellar flow (as seen in the rest frame
of the Sun/star) changes from supersonic to subsonic speed, and a tangential discontinuity, the
helio-/astropause (HAP) in between. The inner helio-/astrosheath (IHAS) is the region between
the TS and the HAP, and the outer helio-/astrosheath (OHAS) that between the HAP and the
BS (see Fig. 1). The bow shock may not exist, when the fast magnetosonic wave speeds are
higher than the inflow speed [16, 17], but see also [18], who pointed out that heavier elements
can lower the fast magnetosonic speed.

To be comparable with the O-star astrosphere, we refer here to a heliosphere without neutral
interaction, that is the local ISM is completly ionized. It is very propable that the heliosphere
has or will pass through Such an environement during its passage around the galactic center [19].
Because the heliosphere is small compared to O-star astrospheres heating or coolling (described
below) does not play a role.

2.2. λ Cephei
In [20] we discussed in detail the hydrodynamic structure of the astrosphere of λ Cephei. In
Fig. 1 we now present a MHD model of λ Cephei: the stellar magnetic field is assumed to be 100
times large than the solar field [21], and a hypothetical spiral field at 1 AU is then also 100 times
stronger. This hypothetical field is then transported as a spiral magnetic field after [22] to the
inner boundary at 0.03 pc. For the undisturbed interstellar magnetic field (IMF) we assumed
a strength of 10µG [23], and a field orientation deviating from the inflow direction (along the
x-axis) by 45◦ in both ϕ and ϑ. Because the ram pressure of the interstellar medium (ISM)
ρismv

2
ism (with the ISM density ρ/mp = 11 cm−3, vism = 80 km/s and mp is the proton mass) is

higher than that of the IMF:

β =
8πρismv

2
ism

B2
ism

≈ 280 (1)

there is only negligible dynamical influence of the magnetic field and the λ Cephei astrosphere
is quite similar to a single-fluid hydrodynamic one. During the modeling it turned out that the
cooling function by [24] leads to unstable results, thus we used for the recent calculation that
by [25]. The model is shown in Fig. 1.

2.3. Comparison of the cool and hot models
2.4. The HD structure
For ideal HD shocks the structure of the heliosphere is well known (see [4] for an overview). On
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Figure 1. The standard
HD model without cooling is
shown in the upper panel.
The star S? is at the ori-
gin, SL denotes the sonic
line, BS, AP, and TS are
the bow shock, astropause
and termination shock, MD
is the spherical Mach disk,
with origin at C, TD and
RS are the triple point and
an additional tangential dis-
continuity. M is the Mach
number and ∆ the distance
between BS and AP (see [4]
for details). Astrospheres in-
cluding cooling (lower panel)
show an additional feature:
the outer astrosheath is split
in a cool and a hot one.

the contrary, astrospheres around hot stars with cooling functions show an additional feature, a
cool outer region between the bow shock and the astropause (the cool outer astrosheath, COA)
together with a hot region directly after the bow shock (the hot outer astrosheath, HOA) [26, 4].
The reason is that the cooling length is much shorter than the distance ∆ between the bow shock
and the astropause. This cooling results also in an huge increase in the number density close to
the astropause in the outer astrosheath. The cooling is also responsible for a shrinking of the
bow shock-astropause distance, see e.g., [4]

2.5. The MHD structure
In Fig. 2 we show a the model of the cool astrosphere in the left panel and that of the hot
astrosphere in the right panel. It can be clearly seen that the heliosphere is much more
asymmetric than the λ Cephei astrosphere. The reason is that in the ISM of the latter the
ram pressure dominates the magnetic field pressure. The ratio of these pressure, the plasma β
is usually used to describe the plasma properties. The ratio of the thermal pressure to that of
the magnetic field is valid in subsonic flows, but extending the fraction with the ram pressure,
we can use it also in the supersonic case:

β =
8πP

B2
=

2

γ

γP

v2ρ

4πρv2

B2
=

2

γ

M2
A

M2
c

=
2

γ

v2c
v2A

(2)

with the Alfvén speed vA, the sound speed vc, and the respective Mach numbers MA,Mc. The
values are displayed in Table 1. It can be seen that for the ISM around the heliosphere the
plasma β is small, while for that around λ Cephei is larger than one. Thus the ram pressure is
dominated by the magnetic field pressure in the case of the heliosphere while it dominates that
of the magnetic field in the case of λ Cephei. Therefore, the heliosphere is asymmetric because
of the asymmetric magnetic field pressure, while the λ Cephei astrosphere is symmetric because
here the symmetric ram pressure dominates.
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Figure 2. MHD model of the heliosphere (left panel) and λ Cephei (right panel). The star
is in the origin. The solid (yellow and green) walls are the region where the number density is
between 0.01 and 0.5 cm−3, which is approximately the astropause in both cases. The tubes are
the magnetic field lines, and the plane is perpendicular to the inflow. The axis orientation is
given in the lower left corner in both panels. In the left figure one sees nicely the inner part with
Parker type field lines (the closed ones) and the wrapping of field lines around the heliopause.

Table 1. Comparision of the charateristic parameters between the helio- and an astrosphere.

heliosphere astrosphere
VA 27.3 6.7 km/s
cs 9.5 11.4 km/s
MA 0.97 11.9
Mc 2.8 7.0
β 0.14 3.5

Also in the MHD model the distance between the bow shock and the astropause decreases
when cooling is effective (not shown here).

3. Recombination rate
We are here only interested in the projection of a model astrosphere onto the sky, thus we do
not discuss the details of the λ Cephei model. But take the number density n and temperature
T of the model to calculate the Hα volume recombination rate R:

R = 2 · 10−10T−4/3n2dr[cm3s−1] (3)

while dr is the path element chosen to be constant. In principle, one has to calculate the path dr
throughout each cell, but the error assuming a constant dr is sufficiently small for the approach
described below, because we are only interested in the principle effects.

Because of the low β the compression ratio of the ISM is about 20 similar to the hydrodynamic
model, see [20]. The number densities between the bow shock and the astropause range from
44 to 240 cm−3. In this region, the COA, the temperature is similar to that in the ISM, and
thus from this region, the highest flux of Hα radiation is emitted. This is easily explained by
Eq. 3 which is proportional to the square of the density and decays with the temperature to
power -4/3. Thus in the region between the astropause and the termination shock, the region of
the shocked stellar wind, the recombination rate can be neglected, because of number densities
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below 10−2 cm−3 and temperatures above 107 K. Because of the high photon flux close to the star
we can neglect the recombination rate inside the termination shock as well. The recombination
rate in the ISM is at least a factor 16 lower than in the COA. From our line-of-sight (LOS)
integrations we found, that the contribution of he other regions is orders of magnitudes below
that of the COA. Thus, we can safely neglect them, and in the following we present only the
recombination rate in the COA.

4. Rotations
We shifted the model data to its position in the sky (distance 600 pc, b = 2.61◦, l = 103.83◦)
and rotated it around the y- and z-axis in steps of 45◦ each. Because the model is approximately
symmetric around the x-axis a rotation about this axis does not give new information and thus
is left out here. Nevertheless, if the axisymmetry around the x-axis is broken, these rotations
needed to be discussed also (see for example heliospheric models by [27], [28]) Due to the small
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Figure 3. The projection of the λ
Cephei MHD model onto the sky. The x-
and y-axes denote the galactic longitude
and latitude. The color bar gives the
logarithmic column recombination rate in
cm2/s. This shape is not rotated.

projection area of ≈ 3◦ × 3◦ on the sky, perspective distortions can be neglected, allowing for
the use of a simple orthographic projection. In Fig. 3 we show the projection of λ Cephei with
no rotation.

In Fig. 4 we show the rotated astrosphere, but without any notation on the axes, because we
are only interested in the shape. The axes notation are the same as in Fig 2. The rotation is
denoted by the triple (α, δ, γ), where α, δ, and γ are the rotation angles around the x-,y-, and
z-axis, respectively.

In Fig. 4 we show the rotation around the z-axis in steps of 45◦

A more detailed discussion for these projection features will be given in an upcoming
publication.

With these simple rotations, we can get structures, like [29] described for the Herschel infrared
observations as “fermata” and “irregular”. The “eyes” and “rings” we do not see, because for
the eyes we have to include an inner region, and especially the star itself, and the rings are
astrospheres with no relative motion with respect to the ISM.

Some of the projections presented above do even look like a bow shock structure.

5. Cosmic rays
In [30] we discuss the propagation of high energetic cosmic rays (above TeV) through an λ Cephei
like astrosphere 600 pc away from the observer. We found that such an obstacle modulates the
cosmic ray flux (CRF) at the observer. In Fig. 5 a variation along the azimuthal angle is shown
where the astrosphere is located at 45o and the above mentioned distance. It can be seen
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(0,0,45) Delta Persei (0,135,180) HD 48099

Figure 4. Rotation around the z-axis and observed bow shocks. The rotation angles are given
in the brackets below the panels as well as the identifier for the stars. Both images are
obtained in the WISE 22µ infrared band and closely resemble the basic structure
of one projected line emission image. The large scale morphology of the WISE
22µ images correlate reasonable well with the morphology observed in ionized gas
(Bomans et al., in prep.) and can therefore be used as proxy for ionized gas.

that there is a variation in the 0.1% range as observed by the large area telescopes e.g., [31].
Moreover, the minimum of the CRF is not at the position of the obstacle. The reason is that

0 50 100 150 200 250 300 350
0.997

0.998

0.999

1.000

1.001

1.002

1.003

Figure 5. Variation of the cosmic
ray flux at Earth for an obstacle
with a radius of 10 pc at 600 pc and
an angular offset of 45o. On the x-
axis the observer angle φ is given,
while on the y-axis the relative flux
variation is shonw. To guide the eye
the two red lines denote the 0.1%
level.

the perpendicular diffusion cannot be detected due to the magnetic field being aligned along
the y-axis. Due to the latter the position of the minimum CRF varies with the position of the
obstacle, for details see [30].

6. Conclusion
We have used a model of λ Cephei to study the projection effects of astrospheres onto the sky.
We find that with a single model the principle shapes of a lot of astrospheres can be explained
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including asymmetric and irregular ones. We have integrated the Hα recombination rate, which
gives a nice representation of the cool outer astrosheath in the Hα light. It may be possible to
use other processes, like bremsstrahlung in the hot inner astrosheath, a region, where the stellar
wind is subsonic but the temperatures are above 107 K.

The astrospheres around hot stars can also act as sinks for the high energy cosmic ray flux.
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