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ABSTRACT

Aims. The asymptotic giant-branch, long-period variable star Mira exhibits a 4 parsec long cometary tail in the far-ultraviolet. We
address the issue of the origin of this structure and its emission process by simulating the transition of this star from the interstellar
medium to the Local Bubble, which is a tenuous, high-pressure medium.
Methods. We use the hydrodynamic and the magnetohydrodynamic modules of the PLUTO astrophysical code to carry out our
simulations. We study the system without a cooling function, with a simplified exponential cooling function, and with a simplified
nonequilibrium cooling function.
Results. We find evidence that magnetohydrodynamics constrain the shape of the cometary tail and explain features of its far-
ultraviolet emission. We suggest an emission process that involves C0 excitation through inelastic electron collisions and a two-photon
continuum to explain the luminosity of Mira’s tail.

Key words. radiation mechanisms: thermal – stars: AGB and post-AGB – ISM: magnetic fields – methods: numerical –
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1. Introduction

The Dutch amateur astronomer, David Fabricius (1564–1617),
recognized in 1596 that o Ceti (Mira) is a long-term variable star
(Hoffleit 1997). It was surprising to find a star that could vary its
brightness on a semiregular basis at that time. Even as the pro-
totype for a class of variable stars, Mira continues to hold sur-
prises that are a consequence of its stage in evolution, its proper
motion, and its location. It is now understood that Mira is a bi-
nary system with component A undergoing an asymptotic giant
branch (AGB) phase with enhanced mass loss. Mira B is less lu-
minous and may be either a white dwarf (Sokoloski & Bildsten
2010) or a main sequence star (Karovska et al. 1997). Mira is
also notable for its proper motion with respect to the interstel-
lar medium (ISM). Mira moves at a speed of ∼125 km s−1 based
on a distance to Earth of 107 pc, (Knapp et al. 2003), although
there is a more recent revision to the distance to 92 pc with a
corresponding speed of ∼106 km s−1 (van Leeuwen 2007). The
Galaxy Evolution Explorer (GALEX) experiment has discov-
ered that Mira has a tail visible in the far-ultraviolet (FUV),
which covers 2◦ of the sky (Martin et al. 2007). At the distance
given by Knapp et al. (2003), Mira appears to be surrounded by
bowshock that is 0.1 pc in diameter. The tail is notably narrower
than the bowshock, and it extends to about 4 pc. Spectroscopic
studies suggest that knots found on the tail are shocked and ion-
ized by post-bow-shock flow. The best fit for grism imaging of
the tail is H2 emission. Martin et al. (2007) concluded that col-
lisional excitation of H2 by hot electrons in a post shock gas
must be responsible for the emission. The authors point out that
this is consistent with Mira’s motion through the ISM. The knots
themselves may be a record of the mass-loss history of the star,
as material is stripped by the ram-pressure from the ISM.

An issue with Martin et al. (2007)’s observations is the tail’s
long-lived UV emission. The total FUV luminosity of the bow
shock and tail is on the order of 1032 erg s−1. Based on the

motion of Mira and the GALEX observations, the authors’ es-
timated age of the tail is 30 kyr. If the tail is formed by ma-
terial that has been stripped by ram-pressure when Mira plows
through the ISM, this material should have cooled off enough,
so that no UV emission would be observed. Indeed, no other
AGB star has been found with a comparable cometary structure,
suggesting a unique set of circumstances. In addition, numeri-
cal simulations of the cometary tail structures even extend the
age of the tail. Esquivel et al. (2010) observed the appearance
of vortices in their simulations of Mira’s tail, which may be the
result of instabilities at the edge of the bowshock. Similar struc-
tures were found in simulations by Wareing et al. (2007) and
in visible structures in the planetary nebula Sh 2-188 (Wareing
et al. 2006). From the timescale of formation of such structures,
Esquivel et al. (2010) conclude that the estimated age of the tail
must be at least 450 kyr. However, Wareing et al. (2007) con-
cluded earlier that the age of the tail must be 120 kyr, which is
less than 450 kyr and is consistent with radio observations of the
velocity of the tail material (Matthews et al. 2008).

The narrow tail is difficult to reproduce in numerical models.
Wareing et al. (2007) carried out a two-wind model simulation,
where the spherically symmetric AGB wind is embedded in an
ISM wind in Mira’s frame of reference. They find that the struc-
tures of the tail are most likely due to turbulence rather than of
a registration of the mass-loss history of Mira with the multi-
species cooling function of Raymond et al. (1976). Their sim-
ulations also show a tail of the thickness of the principal bow
shock that does not reproduce the extended narrow tail of Mira.
However, the simulation temperatures for the outflow of 104 K
appear unrealistic based on what is known from AGB winds.
Villaver et al. (2012) also account for cooling, which has proven
important to the morphological development of the tail. In their
simulations, high density regions in the tail cool more efficiently
than lower density ones. These regions would then lose thermal
pressure. Thus, pressure from the ISM would narrow the tail.
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Their conclusion is that a narrow tail results from standard evo-
lution of an AGB stage star with variable mass-loss.

The narrowness of the tail, however, does not by itself help
explain the FUV emission. Wareing (2012) points out there is
no known mechanism that drives the FUV emission without tur-
bulent mixing of electrons with H2. One possible explanation
is that Mira may have recently entered into the Local Bubble
from a low-density, warm neutral medium with a temperature of
104 K, as proposed by Wareing et al. (2007). There would also be
a precipitous density drop in that transition between two media,
since the density of the warm neutral medium is 25 times higher
than the Local Bubble. The Local Bubble, on the other hand, has
a temperature of 106 K and a thermal pressure 4 times higher.
When taken at an angle of 30◦ between the proper motion of
Mira and the boundary between ISM and Local Bubble, Wareing
(2012) is able to reproduce the noted “kink” in the cometary
tail. The reproduced flow structure implies that Mira is traveling
with a Mach 2–3 with respect to warm neutral medium. Wareing
(2012) concludes that FUV emission must be thermally driven
by the compression effect of the Local Bubble rather than shock
heating by turbulence in the ISM.

These results have generated interest in conducting simula-
tions of an AGB star as it crosses from a warm neutral region to
a hot, tenuous medium as found in the Local Bubble. Esquivel
et al. (2010) considered two models: the evolution of Mira out-
side of the Local Bubble in a uniform dense medium and the
evolution of Mira in the Local Bubble with a hot and tenuous
medium with T = 106 and density 5× 10−2 cm−3 (Lallement
et al. 2003). In the second model, the flow is subject to an ion-
ization fraction of 1. They reproduce the narrow, 4-pc tail struc-
ture vis-à-vis the 0.1 pc bow-shock well. Their numerical model
has a lower time estimate of 300 kyr due to numerical viscosity.
They estimate that Mira entered the Local Bubble between 20
to 120 kyr ago. However, the tail is noticeably more turbulent
than the organized outflow of the tail observed by Martin et al.
(2007).

We are left with two issues in numerical modeling: how to
reproduce the narrow structure of the tail while explaining its
FUV emission at the same time. We make the case that both
of these can be addressed by considering the magnetohydrody-
namics (MHD) of the outflow from Mira as they interact with
the expected shocks at the boundary between the Local Bubble
and the ISM. We also argue that we must consider the asym-
metric nature of the outflow. For instance, Mayer et al. (2011)
report on Herschel’s observations of Mira in the IR noting that
the explanation for the arc-head structures must involve some
complex interactions of a bipolar jet with the ISM. Such a bipo-
lar flow, if supersonic in its medium, could help create vortices
in the cometary structures, which would provide sites for sus-
tained electron acceleration and consequent FUV emission as
these electrons become thermalized.

Here, we consider the possibility that these jets are produced
in a medium with a magnetic field. We expect that MHD waves
can interact with electrons and ionized hydrogen via cyclotron
resonance, such that particles are scattered at high pitch an-
gles with the field lines. Electric fields can be induced through
changes in the magnetic flux producing DC currents. Ohmic
losses from steady currents provide a channel by which energy
stored in the jet and ISM/Local Bubble within the shocked re-
gion’s magnetic fields can heat the plasma and power the FUV
emission. Thus, we conduct a set of hydrodynamic (HD) and
MHD simulations with simplified cooling functions to under-
stand the nature of the cometary structure and its emission.
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Fig. 1. Initial simulation setup for an anisotropic (jet) outflow of the star
before it crosses the boundary between the Local Bubble and ISM. At
this boundary, a forward shock, reverse shock, and contact discontinuity
develops.

2. Simulations

In our study of the Mira system, we used a two-wind model with
a shock interface propagating over the computational domain.
Figure 1 illustrates the general setup of the problem with the
frame of reference centered on the star. The star launches a jet
injected into a warm, high-density and low-pressure interstel-
lar medium at an angle perpendicular to the direction of motion.
This is meant to model the observations of Meaburn et al. (2009),
where Mira exhibits a bipolar outflow of 69◦ ± 15◦ to the plane
of the sky with an outflow velocity of 160 ± 10 km s−1. Raga
& Cantó (2008) have likewise conducted a set of HD simula-
tions demonstrating that a latitude-dependent wind can repro-
duce the double bow shock structure of Mira’s cometary head.
They also suggest that axisymmetry is broken due to the mis-
alignment between the latitudinal axis of the wind with the di-
rection of motion of Mira. In our simulations, we keep a simpler
version of Raga’s latitude-dependent wind at 90◦ from the direc-
tion of motion in order to keep the axisymmetric properties of
the simulation setup. The jet is only injected briefly ahead of the
shock front so that the dynamics here explored are those of the
interaction with jet material and the shock during and after this
transition.

The simulation domains span 800× 200 cells (1.6× 0.4 pc).
We assume that the jet carries only a fraction of the estimated
mass-loss rate at 10−7 M� yr−1 (Mauron & Caux 1992; Ryde
et al. 2000). If we assume an opening angle of the jet of θ =
5◦, which carries a proportion of the total mass of θ2/4π (an-
gle in steradians), we obtain a mass-loss rate for the jet of
7 × 10−9 M� yr−1. This jet is injected in a region of 40 cells
(0.08 pc) centered at 125 cells (0.25 pc) from the edge of the
computational domain downstream. In our simulations we also
use three levels of adaptive mesh refinement (AMR) for an
equivalent grid of 6400 × 1600 cells as given by the algorithm
found in Mignone et al. (2012).

Upstream from the star, we place a low-density, high-
pressure medium, which would correspond to the conditions of
the Local Bubble. The values of density and pressure used are
from Lallement et al. (2003). This medium has a velocity that
approximates Mach 3.0 in the frame of reference of the star from
the values of pressure and density found on the ISM.

Once the simulation evolves, a shock develops at the bound-
ary of the Local Bubble and the ISM, which is made of three in-
terfaces: a forward shock that heats the ISM material, a reverse
shock that heats the Local Bubble material, and a contact discon-
tinuity between these heated media. This shock region would be
expected if the Local Bubble were not in pressure equilibrium
with the ISM. Eventually each one of these shock interfaces
overtakes the jet of the star. Ram-pressure stripping carries jet
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material downstream, forming an astrosheath perpendicular to
the jet.

We selected PLUTO for its ability to model high Mach-
number compressible flows in astrophysical settings. This code
implements a choice of Gudonov-type solvers to the Riemann
problem of the decay of a shock discontinuity. We chose the
Roe solver of Cargo & Gallice (1997). This code has been tested
against the standard, computational fluid dynamical problems.
In addition to these tests, the code has also been tested for the
double Mach, strong shock reflection problem and the under-
expanded jet problem, which are pertinent to the model we are
testing.

The 2+1 gravity-free, MHD equations that we considered for
our model evolve the primitive variables of density, ρ, fluid ve-
locity, u = [vx, vy], and magnetic induction, B = [Bx, By, Bz], as

∂ρ

∂t
+ ∇ · (ρu) = 0, (1)

∂

∂t
(ρu) + ∇ · [ρuuT − BBT] + ∇pt = ∇ · τ, (2)

∂U
∂t
+ ∇ · [u(U + pt) − B(u · B)] = ∇ ·ΠU − Λ, (3)

∂B
∂t
− ∇ × (u × B) = −∇ × ηJ. (4)

Here U is the total energy density; total pressure is pt = p +
B2/2 accounting for the thermal and magnetic pressures; Λ
is a nonideal dissipative term that accounts for optically thin,
collisionally-excited radiative losses; and η is the resistive ten-
sor. The equation of state (EOS) is ideal for a single particle
species for an adiabatic index of Γ = 5/3, which allows us to
write

U =
p
Γ − 1

+
1
2
ρv2 +

1
2

B2· (5)

In Eq. (2), we introduce the viscosity stress tensor given by

τ = ρν

[
∇v + (∇v)T − 2

3
I∇ · v

]
, (6)

where ν is the kinematic viscosity and I is the identity matrix. We
account for the magnetic resistivity in Eq. (3) through the flux

ΠU = F + u · τ − η · J × B, (7)

where F is the thermal conduction flux. In the classical regime,
the thermal conduction flux is given by Orlando et al. (2008).

We define our primitive variables, so that the simulation den-
sity ρ is given in terms of the ISM density ρ0 = μHnH, where
nH = 0.03 cm−3 and the pressure p is given in units of ρ0v

2
0. Our

jet density is equal to 5ρ0 to simulate a cooler AGB outflow to
the ISM.

We study the cases of HD and MHD fluids both with and
without cooling. We also performed simulations with explicit
resistive MHD. The HD test cases are two dimensional in a
Cartesian system of 800× 200 cells with 6.17 × 1015 cm on
each side. This yields a computational domain equivalent to
1.6× 0.4 pc. Magnetic monopole control is dealt with the 8-wave
MHD formulation. Where we study cooling, we invoke simpli-
fied exponential cooling function of the form

dp
dt
= −Cρ2

√
p
ρ
· (8)

The constant C is

C = 3.56 × 10−27 Γ − 1
(kBμmH)3/2

, (9)

where Γ is the adiabatic constant, kB is Boltzmann’s constant, μ
is the mean molecular weight, and mH is the mass of the hydro-
gen atom.

PLUTO also includes a simplified model for radiative cool-
ing that evolves only the hydrogen ionization fraction. This is
the simplified nonequilibrium cooling model (SNEq). A full de-
scription of this model is given by Teşileanu et al. (2008) and
references therein. The SNEq simulates the emission of 17 lines,
the two-photon continuum, and ionization/recombination radia-
tive losses, but only the ionization of H is evolved in the integra-
tion. The other ion abundances are fixed through charge-transfer
to the H ionization. Teşileanu et al. (2008) find that the SNEq
cannot represent radiative losses accurately above 3 × 104 K be-
cause it lacks higher ionization stages. This may give us a limit
to the validity of some of our simulations. However, Teşileanu
et al. (2008) found that even the simple cooling function SNEq
is a much better approximation than losses from a tabulated cool-
ing process for a preliminary dynamical study at lower tempera-
tures, such as the one found in Raymond et al. (1976). This also
reduces the computational costs of our simulations.

Where we use the MHD modules, the magnetic field is given
in units of

B =
Bcgs√
4πρ0v

2
0

· (10)

The B-field of the ISM and the Local Bubble is initially set at
B ≈ 5 μG, which is the expected value for an ordered field in
the pertinent region (Wielebinski & Krause 1993). The field for
the jet itself is in equipartition with its pressure. This is because
weak magnetic fields can be amplified under the presence of
an external mechanism (i.e., the passage of Mira into the Local
Bubble) to reduce the compressional effect of shock waves in a
field, so that it reaches a value of B2/(8π) ∼ p (Helfer 1953).
The orientation of both of these fields is along the y-axis perpen-
dicular to the direction of the main shock.

3. Results

We completed a set of simulations for a stellar outflow as it tran-
sitions from a warm dense medium to a hot tenuous medium
using a HD model (with and without cooling) and an MHD
model (with and without cooling). Figure 2 shows the simula-
tions shortly after the shock has overtaken the stellar jet. We see
a shock front as a region of high density that gradually overtakes
the star. The jet from the star is pushed back by the shock and
upstream wind. There is a streamline flow over the jet that cre-
ates a vortex of low pressure and density immediately behind
the jet (0.3 pc in the simulation scale). If we think of Mira’s
tail as a record not only of mass loss but also of the conditions
in the ISM-Local Bubble, we can identify regions on the tail
that hold structures that represent different dynamical epochs in
Mira’s trajectory. For instance there is a loop of ejected mate-
rial located 22′ north of Mira, which extends 6.3′ west from the
north-south path of Mira’s tail in the UV images from Martin
et al. (2007). This structure is similar to the one observed in the
simulation.

Farther down, ram-pressure stripped material creates a high-
pressure, high-density region at the axis of the simulation and the
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base of the shock (0.7 pc). Earlier in the simulation, this region
at the base of the shock had a higher density and pressure than
that of the shock structure. Thus, material begins to propagate
upward perpendicular to the shock velocity vector. There is an
analogous structure in Mira’s tail. About 31′ north of Mira there
is a beam-like feature 9′24′′ west of the north-south cometary
tail. We claim that this feature is a shock structure in the tran-
sition region from the ISM to the Local Bubble. This shock has
been enriched with ram-stripped material as per the simulations.
Wareing (2012) has noted that this region is a “kink” in the tail,
which the author has modeled as a region of ISM-Local Bubble
transition. Although this could be the main shock between the
Local Bubble and the ISM, it is possible that the Local Bubble
has been carved out of the ISM by at least one, if not more SNe,
and that multiple shock regions could mark the boundary of the
Local Bubble in the process of expansion. If so, this would help
explain the gaps in the tail (at 1◦10′ and 1◦27′), which could ei-
ther be previous shock encounters or represent a period of low
mass ejection by Mira.

We also need to explain the gross structure of the shocked
region of the HD vs. MHD simulations. Consider the formula-
tion of de Hoffmann & Teller (1950) in the shock frame, where
v1 is the flow speed into the shock and v2 is the flow out (on the
opposite side.) Thus the total pressure for a non-relativistic per-
pendicular shock to B is given by p∗12 = p12 + (B12)2/8π. When
applied to the Rankine-Hugoniot equations, one obtains

v1 − v2 =
[
(p∗2 − p∗1)

(
1
ρ1
− 1
ρ2

)]
· (11)

The consequence of this relation is that there is a greater veloc-
ity difference between the upstream and the downstream flows
from the shock. It follows then that the region of shocked mate-
rial (between the forward and reverse shock) would be larger in
the MHD case. This also allows for a larger region of expansion
for high pressure material close to the axis of the simulation.
The effect of having a magnetic field is to enrich the main shock
structure with multiple magnetosonic shocks propagating per-
pendicularly to the direction of the main shock. Each is enriched
with a substantial fraction of the density of the jet (see Fig. 2).
It is important to note that there is little effect of cooling in the
MHD simulation, as the magnetic pressure component supports
these structures even when there is a loss of hydrodynamic pres-
sure as shown in Fig. 3.

As the main shock propagates away from the jet, we see that
ram-pressure stripped material of high density in its wake forms
turbulent filaments close to the axis of the simulation. The tur-
bulence is also clear in Fig. 4, which shows the density, pressure
and x-velocity of the system at 61 kyr of evolution. The jet of
the star has ejected turbulent, high-density vortices into the ten-
uous medium, which extend 0.3 pc from the injection point. For
comparison, this bend is reminiscent of the head-tail structure
found in FR I radio sources like NGC 1265. This is far too large
a structure from what is seen by GALEX or IR observations. In
its wake, we see turbulent filamentary structures akin to those
found by Esquivel et al. (2010).

Once exponential cooling is included, we obtain a more con-
densed system. Figure 5 shows the simulation density after an
integration of 61 kyr. The shock has exited the computational
domain and left a narrower astrosheath. As expected, the cool-
ing has allowed the stripped high-density gas filaments to con-
dense into narrower structures in pressure balance with the Local
Bubble medium. The jet material has condensed two high den-
sity knots about 10−2 pc wide. The cometary tail has become less
turbulent but is also less substantial.

Fig. 2. 2D hydrodynamic simulations showing the density in units of
7.9× 10−25 gm/cm3 (ISM densities). The top corresponds to a hydro-
dynamic simulation without cooling. The second shows the simulation
with a powerlaw cooling. The third shows a magnetohydrodynamic
simulation without cooling. The bottom figure corresponds to an MHD
simulation with a power law cooling. The figures correspond to 30, 26,
31 and 31 kyrs after Mira has entered the Local Bubble.

We also conducted a set of MHD simulations without any
cooling, which are not shown. The results showed a very nar-
row sheet with no turbulence and a smooth magnetic field struc-
ture that connected the jet outflow with the shock even after
t > 50 kyrs. We regard this set of simulations as physically un-
realistic as we expect significant radiative losses from thermal-
ized electrons interacting with ions. Thus, we need to account
for cooling and resistivity in the flow.

Figure 6 shows an MHD simulation with resistivity and sim-
plified exponential cooling at 88 kyr after the shock has passed
over the jet. Here we see dense filaments that extend 1 pc down-
stream from the jet and almost 0.4 pc from the axis. These re-
main connected to the jet. The filaments lie at the boundary be-
tween alternating low and high pressure sheets.

Figure 7 shows an MHD simulation with resistivity and
SNEq after 79 kyr. The filaments end in dense globules of low
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Fig. 3. 2D hydrodynamic simulations showing the pressure in units of
6.6× 10−13 erg/cm3 (ISM densities). The top corresponds to a hydrody-
namic simulation without cooling. The second shows the simulation
with a powerlaw cooling. The third shows a magnetohydrodynamic
simulation without cooling. The bottom figure corresponds to an MHD
simulation with a power law cooling. The figures correspond to 30, 26,
31 and 31 kyr after Mira has entered the Local Bubble.

Fig. 4. 2D hydrodynamic simulation with no cooling after 61 kyr show-
ing the logarithm of density in units of 7.9× 10−25 gm/cm3 and loga-
rithm of pressure in units of 6.6× 10−13 erg/cm3.

Fig. 5. 2D hydrodynamic simulation with simplified exponential
cooling after 61 kyr showing the logarithm of density in units
of 7.9× 10−25 gm/cm3 and logarithm of pressure in units of
6.6× 10−13 erg/cm3.

Fig. 6. 2.5D magnetohydrodynamic simulation with resistivity and sim-
plified exponential cooling after 88 kyr showing the logarithm of den-
sity in units of 7.9× 10−25 gm/cm3 (ISM density) and logarithm of pres-
sure in units of 6.6× 10−13 erg/cm3. The jet is Mach 0.75.

pressure. The filamentary structure is narrower with a maximum
extent of 0.2 pc from the simulation axis. In SNEq, the filaments
have less pressure support and thus are more confined. The tem-
perature of the jet and the filaments have a value of 104 K,
which helps justify a posteriori the use of SNEq. However, the
Local Bubble medium has a temperature in excess of 106 K,
which the module is not able to simulate properly. Nevertheless,
this medium has low density, so it seems unlikely that radiative
losses are important. The issue then becomes what to make of
the boundary between the filaments and the medium.

4. Discussion

Previous simulations by Wareing et al. (2007) and Esquivel
et al. (2010) show that the tail structures in the hot, low-density
medium of the Local Bubble are very turbulent unlike the col-
limated appearance of the observed tail. When we compare our
simulations of HD with an MHD with cooling, we find the MHD
filamentary structure much more akin to the collimated structure
of the jet. We even find that we can reproduce the filament found
at 22′ north of Mira, which is not found in previous simulations.

Wareing et al. (2007) have noted that their simulated temper-
atures dropped rapidly along the tail, which means that the driv-
ing mechanism for the FUV emission may be no longer present
to support emission through the extended lifetime and length of
the tail. We did not extend our simulations through the length of
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Fig. 7. 2.5D magnetohydrodynamic simulation with resistivity and sim-
plified, non-equilibrium cooling after 79 kyr showing the logarithm of
density in units of 7.9× 10−25 gm/cm3 (ISM densities) and logarithm of
pressure in units of 6.6× 10−13 erg/cm3. The jet is Mach 0.75.

the tail but do see that the temperature of the filaments remains
constant up to 1.5 pc in the MHD-SNEq case. In Fig. 9, we ob-
serve the temperature profile over the axis of the tail. Dips in the
profile correspond to high-density, low temperature filaments.
Peaks correspond to gaps in the filaments where the low-density,
high-pressure Local Bubble medium shows through. We can
compare this to the HD-Exponential Cooling simulation where
we are left with a sparse set of nodules for which emission could
take place because of the anisotropy in Mira’s material ejection.
Figure 8 shows this in the temperature profile along the axis.

The simulations also demonstrate how one could have ex-
tended emission from the tail. Wareing (2012) concludes that the
passage into the Local Bubble may lead to reheating of tail ma-
terial via over-pressure. Thus the FUV emission would be ther-
mally driven by compression effect rather than bow-shock heat-
ing. To this picture we want to add that MHD provides a means
by which jet kinetic energy and magnetic energy in the shock
can be converted into FUV emission. Even when resistivity is
included in MHD simulations, we do not see a precipitous drop
in the temperature meaning that the cooling lifetime is longer
than the dynamical time. We conclude that emission can be sus-
tained through the first few pc after the tail has crossed a shock.
Indeed ohmic losses provide one channel by which thermal en-
ergy in the tail interact with shock magnetic fields to heat the
plasma and power the FUV emission.

We then face the issue of the nature of the emission process.
As seen in Figs. 9 and 8, even the cool, high-density filaments
have temperatures of ∼104 K, which is at the point of disassoci-
ation for molecular hydrogen. Yet, it is electron collisions with
H2 that is claimed to be the mechanism for UV emission. Given
the temperature, we can suggest an alternative emission process
through C0 excitation through electron impact.

Let us consider the CI
3P–1D transition and an ionization rate

that gives the electron density compared to the particle density
as ne ∼ n = 1 cm−3. We assume that the fractional abundance
of C in terms of hydrogen is n(C0)/n = 4 × 10−4, the cosmic
abundance, given by Aller (1961). We are also given an elec-
tron temperature of Te ≈ 104 K. With the radiative cooling rate
integrated over the spectrum as given by Flower et al. (1986)
(and references therein), we thus have

Bradiative(erg cm−3 s−1) =

− 2.4 × 10−22T 1/2
e exp

(−14624
Te

)
n(C0)ne. (12)

Fig. 8. Temperature versus distance from the edge of the grid for an HD
simulation with exponential cooling.

Fig. 9. Temperature versus distance from the edge of the grid for an
MHD simulation with SNEq cooling.

We obtain a luminosity per unit volume of 6×10−25 erg cm−3 s−1.
This is a lower limit. The temperatures in the simulations can go
higher, and we can expect some mixing of Local Bubble elec-
trons with the electrons in the shock and filament region. We
also expect a higher ratio for the fractional abundance of C in
the AGB ejecta.

We now consider the total luminosity of Mira’s cometary
shock region with a volume of 0.4×0.4×1 pc. Over this volume,
the total luminosity is L ∼ 2× 1030 erg s−1 , which is within the
order of magnitude of the luminosity of the bow shock region
given by Martin et al. (2007). It is also true that the SNEq simu-
lates the emission of the two-photon continuum, which includes
the FUV spectrum. A more complete analysis with detailed evo-
lution of multi-ion species is needed to understand this process
and will be the subject of more research.

5. Conclusions

We conducted a numerical simulation study of the 4-degree
cometary tail of the AGB star Mira to explain its FUV emis-
sion. We used a two-wind model with a shock interface. To
carry out our simulations, we used the PLUTO code with adap-
tive mesh refinement with an asymmetric stellar outflow from
Mira when it transitions from a warm dense medium of the ISM
to a hot tenuous medium of the Local Bubble. The simulations
were carried out using a HD model and an MHD model. We
considered each case with and without cooling. Where cooling
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was considered, we invoked a simplified exponential cooling
function or an SNEq model. The resistivity was also utilized to
account for the coupling of shock magnetic energy to thermal
energy. Here, we considered the case of ram-pressure stripped
material that has been ejected after Mira has entered the Local
Bubble.

In both cooling and noncooling HD simulations we find that
ram-pressure stripped material forms highly turbulent filaments
with a morphology that is at odds with the observed morphol-
ogy of Mira’s tail. In contrast, we are able to reproduce the
arching filaments and dense nodules with an MHD-SNEq sim-
ulation. We also find that these filaments are too hot for H2
molecules to exist. Thus, we suggest an alternative emission pro-
cess through C0 excitation through inelastic electron collisions.
Using our simulation data and the known parameters of Mira’s
tail, we expect a luminosity of L ∼ 2×1030 erg s−1 through this
process.
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