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Abstract. The formation and dynamical evolution of cometary plasma tails and magnetic boundary layers is studied by the
first numerical plasma-neutral gas simulations. It is shown that collisional interaction between the cometary neutral envelope
and the solar wind plasma leads to the formation of a magnetic barrier that separates the entire cometary body from the solar
wind. The overall dynamics, in particular, of the magnetotail are governed by magnetic reconnection. Multiple reconnection
events are initiated by the localized excitation of anomalous resistivity modeled by n(j). If the comet encounters a heliospheric
current sheet, strong disconnection events characterize the cometary plasma tail. But even in the case of homogeneous solar
wind conditions, partial disruption of the tail is triggered by dayside reconnection.
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1. Introduction

Comets are characterized by the formation of elongated plasma
tails. These plasma tails represent magnetic configurations that
are very similar to the geomagnetic tail and exhibit a variety
of interesting dynamic phenomena (e.g. Mendis & Ip 1977;
Brandt & Mendis 1978). Among these, probably the most
impressive are so-called disconnection events (DE) (Barnard
1899; Niedner & Brandt 1978; Brandt & Mendis 1978; Brandt
& Niedner 1987; Cremonese & Fulle 1988). DEs are charac-
terized by a distinct morphological cyclic sequence. Tail ray
generation, tail disconnection and renewal are followed by a
relatively quiescent period. Several plasma processes have been
proposed to explain the onset of such DEs (Brosius et al. 1987
and references therein). The most promising is magnetic re-
connection. Dayside reconnection caused by magnetic field re-
versals due to crossings of the heliospheric current sheet gen-
erally trigger disconnection events (Niedner & Brandt 1978;
Niedner et al. 1981; Niedner & Schwingenschuh 1987; Verigin
et al. 1987; Kirsch et al. 1989; Brandt et al. 1999; Voelzke
& Matsuura 2000). Moreover, in situ measurements of high-
energy particles indicate evidence of magnetic reconnection in
the front side of Halley’s cometosheath (Verigin et al. 1987;
Kirsch et al. 1989).

Yi et al. (1994), Brandt et al. (1999) and Voelzke &
Matsuura (2000) found a clear correlation of the DEs observed
for comet Halley in 1985-86 and its passing through interplan-
etary sector boundaries. For this kind of disconnection process,
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Niedner & Brandt (1978) and Brosius et al. (1987) propose
a delay of 0.5-0.75 days between the encounter with a helio-
spheric current sheet and the disconnection of the cometary tail.

Numerical magnetohydrodynamic studies have shown that
the response of cometary plasmas to magnetic field varia-
tions in the ambient medium, as, e.g., tangential discontinu-
ities and variations in solar wind parameters, is characterized
by strong dynamic features (Ogino et al. 1986; Schmidt-Voigt
1989; Rauer et al. 1995; Gombosi et al. 1996; Yi et al. 1996;
Wegmann 1995). Gombosi et al. performed sophisticated three-
dimensional ideal MHD simulations of a comet in the so-
lar wind using an adaptive numerical mesh. They succeeded
in reproducing density, temperature, and magnetic field pro-
files measured for Halley’s comet by the Giotto probe. Ogino
et al. (1986), Schmidt-Voigt (1989), Rauer et al. (1995), and
Yi et al. (1996) simulated two- and three-dimensional cases
where a comet crosses an interplanetary sector boundary. While
Schmidt-Voigt and Rauer et al. did not find indications for mag-
netic reconnection, Ogino et al. and Yi et al. found clear ev-
idence for magnetic reconnection. Schmidt-Voigt and Rauer
et al. performed ideal magnetohydrodynamics (MHD) simu-
lations. In principle, ideal MHD does not allow for field line
reconnection, which explains the absence of magnetic recon-
nection in their simulations. We note, however, that depending
on the chosen algorithm, some numerical diffusion can cause
uncontrolled magnetic reconnection.

Furthermore, Ip (1985) and Russell et al. (1986) proposed
a model with a tailward (nightside) reconnection of magnetic
field lines leading to a disconnection of the plasma tail. In
such a model, plasmoids are formed in the tail and finally
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expelled by the magnetic slingshot mechanism. Reconnection
takes place in the tail current sheet because magnetic field lines
are anti-parallel on opposite sides of the tail.

A necessary condition for magnetic reconnection is a lo-
cal violation of the ideal Ohm’s law. As in many astrophysical
plasmas, the classical Spitzer resistivity due to Coulomb colli-
sions is of minor importance in the context of reconnection in
comets. Rather, anomalous resistivity due to microturbulence
triggers the onset of reconnection events (Niedner et al. 1981).
In this case momentum transfer between the charged particles
is caused by microturbulent electromagnetic fields. Of course,
the excitation of localized microturbulent dissipation, usually
with some functional dependence on the local current density,
may result from processes in the ambient medium, as, e.g.,
pressure and flow enhancements or magnetic field variations in
the solar wind, as, e.g., caused by crossings of an interplanetary
sector boundary.

In this paper, we present the first plasma-neutral gas simu-
lations of the formation of cometary tails and boundary layers
as well as disconnection phenomena caused by magnetic recon-
nection using a current-dependent resistivity. Such a localized
resistivity is a necessary condition for a realistic modeling of
fast, e.g., Petschek-like, reconnection.

Both dayside and nightside reconnection events are inves-
tigated. Dayside reconnection is expected to be responsible
for DEs associated with crossings of the heliospheric current
sheets that can occur up to high latitudes of about 78° (Brandt
& Snow 2000; Smith et al. 2001). Nightside reconnection, how-
ever, can occur independently of changes in the solar wind con-
ditions.

In the next section, the numerical method is introduced. In
Sect. 3, the numerical results are shown for the case of a ho-
mogeneous solar wind streaming around the comet. In Sect. 4,
an encounter of the comet with a heliospheric current sheet is
simulated after a well-developed magnetotail has been formed.
We discuss our findings in the concluding section.

2. Numerical model

We deal with a partially ionized plasma in the fluid descrip-
tion. The ionized fluid component is treated in the framework
of magnetohydrodynamics with the addition of collisional mo-
mentum transfer with the neutral gas component and ther-
malization. The fluid equations can be derived from velocity
moments of the kinetic Boltzmann equations for the different
species (electrons, ions, neutrals). For both fluid components
mass balance, momentum balance, and pressure balance equa-
tions have to be solved. Our simulations are performed with
a 2D version of an explicit finite differences plasma-neutral
gas code (Birk & Otto 1996). The following set of normal-
ized plasma-neutral gas balance equations are integrated nu-
merically together with the induction equation that determines
the temporal evolution of the magnetic field:

dp o,
i V- (pv) (1)
% _ =V - (0nln) (2)
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In these equations, p, v, and p are the mass density, fluid bulk
velocity, and the thermal pressure. The index n denotes neu-
tral gas quantities. The effective plasma-neutral gas collision
frequencies vp, and vy, fulfill the constraint of momentum con-
servation, i.e. vpp0 = Vpppn With

Vpn = — (8)

where Vvin, Ven, me, and m; are the elastic ion-neutral and
electron-neutral collision frequencies as well as electron and
ion masses. By n = 2 MeVei/4mvpLnee? and v the normalized
resistivity, i.e. the normalized inverse magnetic Reynolds num-
ber, and the ratio of specific heats are denoted. The equations
are normalized by a typical length scale L, the Alfvén veloc-
ity va = Bo/ +/4mpo with a typical magnetic field strength B,
and the mass density of the ionized fluid component py. Other
quantities, e.g., the typical (Alfvén) time scale 1o = L/va, fol-
low in a generic way. The factor 1/2 in front of the pressure
force terms in the momentum equations is a consequence of our
choice or normalization of the thermal pressures to the mag-
netic pressure. The Lorentz force in Eq. (3) has been formu-
lated by means of Ampere’s law.

For simplicity, both the Hall term as well as the gradient
pressure term are neglected in the induction equation.

The physical parameters used in the following simulation
runs are: typical length scale L = 5 x 10'° cm, typical plasma
particle density np = 12 cm™ (mass density po = mjn,), and
typical magnetic field strength By = 5 x 1073 G. The refer-
ence values are chosen in a way that the simulated quantities
represent a comet at a solar distance of roughly 1 AU (Niedner
etal. 1981; Kivelson & Russell 1995, Chap. 4.2; Flammer et al.
1997). In this normalization, the Alfvén velocity amounts to
va = 3.15x 108 cms™! and the Alfvén time to 7o = 159 s. The
length scale L is chosen as the extent of the ionosphere of a
typical comet at a solar distance of 1 AU.

The two-dimensional simulation runs presented here simu-
late a system consisting of a dense, cold, neutral, and slab-like
comet in a hot, magnetized ambient plasma flow representing
the solar wind impinging on the comet’s ionosphere. We re-
strict ourselves to a 2D analysis, since we need a high grid res-
olution in order to model the reconnection event in a reliable
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way. The main difference to a 3D configuration is the suppres-
sion of field line slippage. The slippage is expected to slow
down reconnection rather than to hinder it completely (Yi et al.
1996; Konz et al. 2004)

We neglect mass loading of the solar wind, since it is a ki-
netic effect that cannot be treated consistently in a fluid descrip-
tion. The main effect of mass loading is a broadening of the
bow shock (Flammer et al. 1997). In the case of comets the bow
shocks are only weak, i.e. temperatures, densities, and mag-
netic field directions only slightly differ up- and downstream
(Gombosi et al. 1996). We, however, exclude the weak bow
shock which forms in front of the comet from the simulation re-
gion. We rather focus on the subsonic but superalfvénic veloc-
ity regime inward of the bow shock and follow the dynamical
evolution of the comet’s magnetotail and magnetic boundary
layer which forms around the comet’s front side. Neutral gas
desorption from the surface of the comet is, in principle, al-
lowed, but, due to the low average sublimation speed, does not
have a significant influence on the dynamics (see also Flammer
et al. 1997).

The cometary core is modeled by a density enhancement
of the form p, (r) = Pmin + Pn,/ cosh(r/2) localized around
the origin of the coordinate system (r = 0) with a background
density (for numerical reasons) of ppi, = 1 and a peak den-
sity of p,, = 1.5 x 10*. We neglect energy transfer from the
plasma to the neutral gas and ionization processes. Instead,
we assume an ionization equilibrium throughout the simulation
region. The enhancement of the neutral gas density is small
compared to “real life” comets but still sufficiently large to
make sure that the comet’s core itself is not affected by the
solar wind during the simulation. The neutral gas is assumed
to be initially in pressure equilibrium with minimum temper-
ature T,,, = 0.1 at the center of the comet’s core. The back-
ground plasma is chosen to have an initially homogeneous den-
Sity pmin = 1 and a temperature which varies between T, at the
comet’s core and 79 = 100 in the ambient plasma, following
aTy— (To—Ty,)/ cosh(r/2) profile similar to the neutral gas
temperature. The magnetized solar wind continuously streams
into the numerical domain with a constant velocity v,, = —0.15
in the negative y-direction. In the current normalization, this
corresponds to a solar wind velocity of vs; = 470 kms~! which
is comparable to typical solar wind velocities (cf. Kivelson &
Russell 1995, Chap. 4.2). The initial magnetic field is taken
to be homogeneous with B = B, % where B,, = 0.01 is cho-
sen to yield typical solar wind magnetic fields of 50 uG. This
corresponds to a local Alfvén Mach number of the solar wind
of M = 15. Throughout the simulation, plasma velocity and
density as well as magnetic field strength are kept constant at
the upper y-boundary, by this simulating a continuous inflow
of magnetized solar wind plasma. The effective plasma-neutral
gas collision frequency vp, is given by the classical temperature
and neutral gas density dependent model vp, = vepn 7'/ (Huba
1998) where the constant prefactor is v, = 8 x 107,

The numerical box is given by xe€[-60,60] and ye
[-250, 30] in units normalized to L. The numerical grid is re-
solved by 303 x 703 grid points. For the boundary conditions,
extrapolation is chosen at any but the upper (ymax) boundary
where a constant inflow of the fully ionized fluid component is
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prescribed. Magnetic reconnection demands for some localized
violation of ideal Ohm’s law. We model a current dependent
resistivity of the form

nG)=m+m i = i) O (7 - i2a) ®)

with a small constant background resistivity n; = 107>
(in order to control the influence of numerical resistivity
Tum < 107) and an anomalous, current density dependent re-
sistivity which sets in above some critical current density jcri
(cf. Papadopoulos 1977). In our case, the numerical resistivity
is negligible on the time scales considered. The critical current
density was heuristically chosen as j. = 0.1 while the coeffi-
cient is chosen to be 7, = 0.05. The formation of localized non-
ideal regions in dependence on the electric current is motivated
by the concept of anomalous resistivity due to microturbu-
lence where momentum transfer between the charged species
is caused by turbulent electromagnetic fields (e.g., Huba 1985;
Benz 1993).

Starting from the initial configuration, we follow the dy-
namical evolution of a cometary tail in the solar wind with con-
stant magnetic polarity over some 2500 Alfvén times in the first
simulation presented here. The second simulation in this paper
starts from a situation of a fully developed magnetotail which is
taken from the first simulation after approximately 700 Alfvén
times. This latter simulation investigates the dynamical evolu-
tion of such a fully developed tail when the comet crosses the
heliospheric current sheet.

3. Numerical results: Run | - Homogeneous solar
wind flow

In this section, we present results from a simulation of the for-
mation of cometary boundary layers and magnetotails caused
by a homogeneously streaming solar wind plasma with a con-
stant polarity of the magnetic field. The simulation starts from
the aforesaid initial configuration of a dense, cold neutral gas
cloud in a hot, magnetized ambient plasma flow represent-
ing the solar wind. Figure 1 shows the evolution of the mag-
netic field, the plasma flow, and the resistivity after t = 274,
t = 3007a, and t = 90474 respectively. The associated for-
mation of current sheets is displayed in Fig. 2 for the current
density j, after t = 60274, t = 90474, and t = 149471, while
the corresponding evolution of the magnetic field strength B is
presented in Fig. 3 for the time steps ¢ = 30074, ¢ = 90474,
and ¢ = 120174, respectively. Collisional plasma-neutral gas
interaction due to the last term on the rhs of Eq. (3) leads
to a stagnation of the solar wind flow at the front side of the
comet. Consequently, a strong magnetic boundary layer forms.
As long as the current density in the system does not exceed
the critical value j., magnetic field lines are frozen into the
streaming motion of the plasma and therefore compressed in
front of the comet and draped around the comet’s sides as
the plasma streams by it. The compressed field in front of the
comet forms a so-called magnetic barrier which is a bound-
ary layer with enhanced magnetic field strength. A magnetotail
forms in a well defined way as is expected for non-magnetized
objects (planets like Venus, Jovian moons, comets) that are
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Fig. 1. The magnetic field (dashed lines), the plasma flow (arrows),
and the resistivity (grey scales) after 1 = 274, + = 30074, and
t = 90474, respectively, for the case of a constant polarity of the mag-
netic field of the solar wind.

passed by a magnetized plasma flow (cf. Alfvén 1957). The
formation of Alfvén wings can be identified in the middle and
bottom subfigures of Fig. 3. Their angle to the main magneto-
tail slowly decreases with time (compare also Fig. 4, top sub-
figure). The formation of the magnetic barrier and the magne-
totail is connected to the generation of strong currents which
eventually exceed the critical current density followed by the
onset of an anomalous localized resistivity. Initially, anoma-
lous resistivity shows up in the magnetotail at # = 3007, where
anti-parallel field lines form a strong current sheet.

Later on, the current sheet in the magnetic barrier also
becomes resistive. Both regions are then subject to magnetic
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Fig.2. The current density j, after t = 60275, t = 904714, and
t = 149174, respectively, for the case of a constant polarity of the
magnetic field of the solar wind.

diffusion and reconnection. Nightside reconnection of the mag-
netic field quickly leads to the formation of an X-point in the
cometary tail (see last subfigure of Fig. 1), followed by the
disconnection of the far part of the magnetotail. In the mag-
netic barrier, the anomalous resistivity leads to a diffusion of
the magnetic field resulting in a slight broadening of the barrier
and a slow diffusion of the field lines through the comet’s core.
This diffusion initiates the splitting of the magnetic barrier into
an inner and an outer layer at r ~ 17007, (see first subfigure of
Fig. 4).

The broadening of the magnetic barrier due to magnetic
diffusion and its splitting into two layers can be seen in
Fig. 5 showing the magnetic field strength at = 17877, and
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Fig. 3. The magnetic field strength B after t = 30074, t = 904714, and
t = 120174, respectively, for the case of a constant polarity of the
magnetic field of the solar wind.

t = 208074. In the standard picture of nightside reconnection
(e.g., Russell et al. 1986), the far end of the magnetotail is dis-
connected and expelled by the magnetic slingshot mechanism.
The results, presented here, however show that even after the
topological disconnection by the formation of an X-point, the
tail may stay attached to the comet. The resulting magnetic field
structure may account for features like knots which are often
observed in plasma tails. In fact, the disconnection event for
the case of a constant polarity of the solar wind is a much more
complicated process than the intuitive idea of a sling might
suggest.

The Figs. 4, 6, and 7 show the magnetic field, its strength,
the plasma flow, the resistivity, and the current density for this
process of tailward disconnection. Figures 3 and 4 exhibit that

795

R

2

Fig.4. The magnetic field strength B after t = 178714, t = 23737,,
and ¢t = 243274, respectively, for the case of a constant polarity of the
magnetic field of the solar wind.

the magnetic boundary layer around the comet is elongated dur-
ing the simulation due to further accumulation of magnetic flux
while the comet moves through the solar wind. The originally
very localized magnetic barrier extends at t ~ 120075 down
to almost y = —90, thus forming an outer shield around the
part of the magnetotail which is closest to the comet, including
the X-point. The specific morphology of this outer magnetic
shield with its inward curved wings exerts a stabilizing mag-
netic pressure on the region around the X-point. Therefore, the
tail stays attached to the comet although the X-point slowly
moves downstream (Figs. 1 and 6). The elongation of the outer
barrier continues until it finally becomes unstable to pinch-
ing (last subfigure in Fig. 3 and first one in Fig. 4). As in
the Sweet-Parker model for 2D reconnection, plasma streams
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Fig.5. The magnetic field strength B in the diffusion region after
t = 178775 and t = 20807, for the case of a constant polarity of
the magnetic field of the solar wind.

into the X-point from the sides carrying magnetic flux with it
and thus pinching the outer magnetic barrier. The pinching pro-
ceeds down to the original width of the inner tail (middle sub-
figures in Figs. 4 and 6), thereby creating a strong current sheet
(Fig. 7) at t = 23737 which finally dominates the tail dynam-
ics. The high current density is related to a finite anomalous
resistivity and the onset of Petschek-type magnetic reconnec-
tion (last two subfigures in Fig. 8). At the end of the simula-
tion, the strong current sheet in the pinched region has been
disrupted by magnetic reconnection. No outer magnetic shield
can any longer prevent the disconnection of the far part of the
magnetotail which is now transported downstream at the veloc-
ity of the solar wind. The onset of Petschek-type reconnection
in the pinched region signals the final disconnection event. It
takes about 1000 Alfvén times from the initial phase of the
pinching of the outer layer to the disconnection of the tail. This
corresponds to a period of about 1.8 days considering the used
normalization time scale, a period which is slightly longer than
the disconnection time scales observed with crossings of the
heliospheric current sheet.

Apart from the nightside reconnection, dayside magnetic
diffusion also plays an important role in the dynamics of
cometary tails. Anomalous resistivity in the magnetic barrier
due to microturbulence leads to a diffusion of magnetic flux
through the comet’s ionosphere followed by the aforemen-
tioned splitting of the magnetic barrier. By this, the inner layer
slowly loses its connection to the cometary ionosphere and
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Fig. 6. The magnetic field (dashed lines), the plasma flow (arrows),
and the resistivity (grey scales) after t = 178775, t = 237374, and
t = 24327y, respectively, for the case of a constant polarity of the
magnetic field of the solar wind.

falls back behind the comet. Figures 5 and 9 show this pro-
cess where the inner barrier diffuses into the region behind the
comet, broadens, and finally disappears. A similar effect can
be observed for the outer layer at a later time of the simulation
(Fig. 9). This diffusion weakens the connection of the mag-
netotail to the comet which can be noted by the creation of
a magnetic cavity (bright central region in Figs. 5 and 9) be-
tween the inner and outer barrier. This cavity grows quickly
and finally leads to a disconnection of the inner layer from the
comet. The cometary tail becomes too “heavy” to stay com-
pletely connected to the comet.
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Fig.7. The current density j, after + = 208074, t = 237374, and
t = 24327, respectively, for the case of a constant polarity of the
magnetic field of the solar wind.

Summarizing, we find two mechanisms for disconnection
events in a solar wind with constant wind properties and field
polarity: nightside reconnection and dayside diffusion of the
magnetic field. Both lead to a disconnection of the inner part
of the magnetotail whose magnetic flux has been accumulated
at the early stages of the simulation. The more recently accu-
mulated flux stays connected to the comet’s ionosphere and
will form a new magnetic barrier and tail which will then
again be subject to magnetic diffusion and reconnection. The
overall process of disconnection events by this becomes quasi-
cyclic. Since we did not include mass-loading of the solar wind
and outgasing from the comet’s surface, no plasma density en-
hancement can be seen in the ejected tail. However, increased
Ohmic dissipation 7% at the pinched region can account for a
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Fig.8. The magnetic field (dashed lines), the plasma flow (arrows),
and the resistivity (grey scales) in the disconnection region after
t = 237375 and ¢t = 24327, for the case of a constant polarity of
the magnetic field of the solar wind.

brightening of the disconnected tail head. Including ionization
processes and outgasing of neutrals is necessary to end up with
a plasmoid like density enhancement of the tail plasma. Finally,
Fig. 10 shows that the neutral cometary core largely remains
unaffected by the impact of the solar wind plasma. This is due
to the high density contrast between the cometary core and the
solar wind plasma.

4. Numerical results: Run Il - Encounter
with a heliospheric current sheet

In this section, we discuss the dynamics of a well-established
cometary tail and magnetic barrier after an encounter with a
heliospheric current sheet. We start from a configuration of the
previous simulation where both magnetotail and magnetic bar-
rier are well developed and nightside reconnection has not yet
fully set in (t = 70574). The x-component of the magnetic field
is then multiplied by a factor —tanh (y —yo) /1.5, represent-
ing an interplanetary sector boundary at y = yo which in the
presented simulation is chosen to be 25. The current sheet is
shown in the first subfigure of Fig. 11. For better viewing, the
current sheet only has been plotted with a ten times enhanced
current density. Different to previous authors (e.g., Rauer et al.
1995; Schmidt-Voigt 1989) we assume a continuous variation
of the magnetic field in the current sheet as in a Harris sheet.
Considering the spatial extent of the heliospheric current sheet,
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Fig.9. The magnetic field strength B in the diffusion region after
t = 23737, and ¢t = 24327, for the case of a constant polarity of
the magnetic field of the solar wind.
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Fig. 10. The neutral gas blob representing the cometary core after
t =23737,.

such a modeling seems to be more realistic than a tangential
discontinuity model. The magnetic field at the upper boundary
is also reversed: B = —B, % while all other parameters, includ-
ing the inflow velocity v,, are the same as in the first simulation.

Figures 12 and 13 show the magnetic field, the plasma
flow, and the resistivity at several timesteps after the encounter
of the comet with the heliospheric current sheet. The gap in
the sequence of field lines indicates the position of the sec-
tor boundary. Figure 12 demonstrates how the current sheet
approaches the comet and finally passes it. In its wake, mag-
netic flux with reversed polarity is carried along with the solar
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Fig.11. The current density j, after t = 70575, t = 110374, and
t = 129974, respectively, for the case of a reversal of the magnetic
field of the solar wind.

wind and is compressed in front of the existing magnetic bar-
rier, thereby creating a second boundary layer with a reversed
field (cf. Fig. 14) and a strong current sheet (dark gray) be-
tween the two boundary layers (see Fig. 11). The current den-
sity in this current sheet largely exceeds the critical current den-
sity, thus yielding a strong anomalous resistivity (cf. middle
and bottom subfigures in Fig. 12). Such a situation with mag-
netic field reversal across a resistive current sheet is subject to
rapid magnetic reconnection. Reconnection of magnetic field
lines sets in at about ¢ = 13007, (bottom subfigure in Fig. 12).
However, the field lines are not reconnected across the sym-
metry axis of the system but rather at the lateral edges of the
original magnetic barrier at x ~ +20 where the gradient of the
resistivity along the field lines is largest (cf. Eq. (7)). We stress
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Fig. 12. The magnetic field, the plasma flow, and the resistivity after
t =904714, t = 110374, and 1 = 129974, respectively, for the case of a
reversal of the magnetic field of the solar wind.

that for steep gradients of resistivity that occur during the dy-
namical evolution the Vi X (V X B) contribution to the final
term of the induction Eq. (7) can dominate for the magnetic re-
connection. Thus, magnetic flux is peeled off like onion skins
from the sides of the magnetic barrier (upper two subfigures in
Figs. 13 and 16) resulting in a violent disconnection of parts
of the magnetotail. Simultaneously, the original X-point in the
tail collapses to an extended strong current sheet like in the
previous simulation (middle subfigures in Figs. 13, 15, and 16)
initiating rapid magnetic reconnection in the central region of
the tail. But apart from this, the magnetic reconnection of the
sides of the magnetic barrier dominates the dynamics of the
tail. After the reconnection of the upper part of the magnetic
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Fig. 13. The magnetic field, the plasma flow, and the resistivity after
t = 149475, t = 208074, and ¢t = 24227, , respectively, for the case of
areversal of the magnetic field of the solar wind.

barrier the lower part also becomes subject to magnetic recon-
nection. Finally, the entire magnetic barrier along the comet’s
sides is destroyed by magnetic reconnection and dissipated. At
the end of the simulation (last subfigure in Fig. 13) the mag-
netotail has been topologically completely disconnected from
the comet. Only comparably weak magnetic fields and current
densities remain in large parts of the region of the former mag-
netic barrier (last subfigures in Figs. 15 and 16). However, the
build-up of a new magnetic barrier, with reversed polarity, can
be conceived at the end of the simulation (cf. Fig. 16).
Roughly 400 Alfvén times pass from the first contact of
the current sheet with the comet’s magnetic barrier and the on-
set of magnetic reconnection. In the chosen normalization, this
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Fig. 14. The magnetic field strength B after t = 70574, t = 110374,
and 1 = 129974, respectively, for the case of a reversal of the magnetic
field of the solar wind.

corresponds to approximately 18 hours, i.e. the period sug-
gested by Niedner & Brandt (1978) and Brosius et al. (1987).
Our findings corroborate the results of 3D pure MHD simula-
tions that indicate that the HCS crossings can cause DEs (Yi
et al. 1996). Measurements by the Vega spacecraft have shown
that in the case of Halley, DEs can be linked to HCS cross-
ings and the magnetic field polarity in the magnetic barrier re-
verses between different HCS encounters, as is expected within
the dayside reconnection scenario (Niedner & Schwingenschuh
1987). In addition, the observed acceleration of charged parti-
cles in the vicinity of Halley (Verigin et al. 1987; Kirsch et al.
1989) supports the reconnection model. We cannot agree with
the view proposed by Wegmann (1995) that it may be possible
to explain DEs on the grounds of ideal MHD processes.
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Fig.15. The current density j, after t = 149475, t = 208074, and
t = 24227y, respectively, for the case of a reversal of the magnetic
field of the solar wind.

The main difference between this dayside reconnection and
the nightside reconnection of the first simulation lies in the
fact that magnetic reconnection at the comet’s nightside al-
ways leads to central disconnection of the comet’s magnetotail.
Dayside reconnection leads to DEs with parts of the magneto-
tail being peeled off from the sides. Furthermore, dayside re-
connection is more violent, yielding about 2.5 times higher re-
sistivities and by this also higher reconnection rates than in the
nightside case. Therefore, disconnection time scales for day-
side reconnection are shorter than those for nightside recon-
nection. Without doubt, the strongest disconnection events are
likely connected with passings of interplanetary sector bound-
aries as suggested by Niedner & Brandt (1978).
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Fig. 16. The magnetic field strength B after r = 1494714, t = 208074,
and r = 24227, respectively, for the case of a reversal of the magnetic
field of the solar wind.

In our simulations the chosen symmetry of the solar wind
with respect to the cometary tail results in symmetric DEs. In
the case of a change of the solar wind direction or an asymmet-
ric solar wind inflow the dayside reconnection is expected to
produce asymmetric DEs with tail rays on one side only (see
examples for DEs in Brandt et al. 1999).

5. Conclusions

The interaction of the hot solar wind plasma with an un-
magnetized body, be it a planet like Venus or a comet like
Giacobini-Zinner, results in the formation of magnetic barri-
ers and magnetic tails. We presented the first plasma-neutral
gas simulations for the formation of both the cometopause
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(collisionopause) that separates the hot solar wind plasma from
the weakly ionized cometary gas and the cometary plasmatail
characterized by a draped magnetic field and associated cur-
rent sheets. The magnetic barrier plays an important role in the
dynamical stabilization of the comets since it leads to a partial
deflection of the solar wind. In the magnetic barrier, microtur-
bulence leads to an anomalous resistivity. For homogeneous so-
lar wind conditions without magnetic field reversals, magnetic
diffusion results in a slight broadening of the boundary layer.
More important, this diffusion initiates the differentiation of the
magnetic barrier into an inner and an outer layer, by this partly
cutting the tail’s connection to the comet.

As the comet encounters a heliospheric current sheet, mag-
netic flux with reversed polarity is carried along with the solar
wind and compressed in front of the existing magnetic barrier.
Consequently, a second boundary characterized by a strong
current sheet forms. Measurements by the Vega probes have
shown that such magnetic field configurations form in the case
of the Halley comet (Niedner & Schwingenschuh 1987).

This configuration is subject to rapid magnetic reconnec-
tion with the field lines being reconnected at the lateral edges
of the original magnetic barrier. Magnetic flux is disconnected
from the sides of the magnetic barrier which results in a violent
partial disconnection of the cometotail. These results corrobo-
rate the idea that at interplanetary sector boundaries, cometary
disconnection events via magnetic reconnection are induced
(Niedner & Brandt 1978; Yi et al. 1996; Brandt et al. 1999).

Note, however, that even in the case of a homogeneous so-
lar wind, disconnection events in the inner tail can, in principle,
occur, though they are expected to be less pronounced than the
ones initiated by dayside reconnection. They are triggered by
pinching of the outer elongated magnetic barrier that partly en-
wraps the cometotail and by dayside diffusion.

A localized violation of the ideal Ohm’s law, i.e. anoma-
lous resistivity, is essential for the reconnection scenarios we
described in this contribution. The inhomogeneities in density
and temperature of plasma at the cometary boundaries provide
a free energy source that inescapably leads to the excitation of
drift instabilities that can be modeled by means of a current-
dependent resistivity. The actual microphysics of the anoma-
lous transport is rather involved. In this respect, our present
studies are a first step towards a better understanding of the
complex interaction of the hot solar wind plasma and the cold
cometary gas.
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