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Magnetic reconnection processes in three-dimensional (3D) complex field configurations have been investigated in
different magneto-plasma systems in space, laboratory, and astrophysical systems. Two-dimensional (2D) features of mag-
netic reconnection have been well developed and applied successfully to systems with symmetrical property, such as toroidal
fusion plasmas and laboratory experiments with an axial symmetry. But in asymmetric systems, the 3D features are in-
evitably different from those in the 2D case. Magnetic reconnection structures in multiple celestial body systems, particu-
larly star—planet-Moon systems, bring fresh insights to the understanding of the 3D geometry of reconnection. Thus, we
take magnetic reconnection in an ancient solar—lunar terrestrial magneto-plasma system as an example by using its crucial
parameters approximately estimated already and also some specific applications in pathways for energy and matter trans-
ports among Earth, ancient Moon, and the interplanetary magnetic field (IMF). Then, magnetic reconnection of the ancient
lunar—terrestrial magnetospheres with the IMF is investigated numerically in this work. In a 3D simulation for the Earth—
Moon-IMF system, topological features of complex magnetic reconnection configurations and dynamical characteristics of
magnetic reconnection processes are studied. It is found that a coupled lunar-terrestrial magnetosphere is formed, and un-
der various IMF orientations, multiple X-points emerge at distinct locations, showing three typical magnetic reconnection
structures in such a geometry, i.e., the X-line, the triple current sheets, and the A-B null pairs. The results can conduce to
further understanding of reconnection physics in 3D for plasmas in complex magnetic configurations, and also a possible

mechanism for energy and matters transport in evolutions of similar astrophysical systems.

Keywords: magnetic reconnection, multiple X-points, complex magneto-plasma system

PACS: 52.65.Kj, 94.30.cp, 96.12.Hg

1. Introduction

Magnetic reconnection processes have been extensively
observed and studies in space, astrophysical, and laboratory
plasmas, particularly for explosive events such as solar flares,
coronal mass ejections, magnetic storms and substorms, dis-
ruptive instabilities in toroidal fusion plasmas, etc.!'! An im-
portant development in magnetic reconnection studies is the
fast reconnection dynamics in the collisionless regime!”="! on
a multiple scale as small as electron skin-depth.!'%!"] On the
other hand, progress is also made in the front of reconnection
processes with complex field configurations, such as 2D mul-
tiple X-point reconnection models for space and laboratory

12,13

plasmas,['>13 and particularly 3D reconnection processes

with multiple nulls and complex separatrix structures.!!4-1%1 In
fact, many celestial bodies!'’?°1 and galaxy clusters!>!??! in
the universe have or ever had magnetic fields with various 3D
configurations. Thus, for big planets (such as Jupiter and Sat-
urn) with moons having remarkably durable magnetic fields,
a typical 3D complex magnetic geometry can be formed in
the moon—planet-IMF system. The energy/matters transport
and evolution processes in such magnetic field configurations

are essential to astrophysical research subjects. While mag-

Corresponding author. E-mail: aohuamao @hit.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad0b02

netic reconnection physics around a single X-point has been
extensively investigated and remarkable progress has been
made, >3] however geometrical features and dynamical char-
acteristics of 3D magneto-plasma systems with complex con-
figurations are still open issues.

To our Earth-Moon—IMF system, although on the present
lunar surface, only a negligible magnetic intensity of <
0.2 nT,[2 ~ 1075 of that on the Earth, is detected, it is in-
dicated that there had been a substantial lunar magnetic field
billions of years (Ga) ago, by study of magnetized lunar rock

(251 Tt has been found that many Apollo samples carry

samples.
significant remnant magnetization, indicating that the ancient
lunar dynamos operating 4.25-2.5 billion years ago (Ga) had
a substantial surface field of 5 uT-100 puT, comparable to that
of today’s Earth.[?%! Particularly, because the Earth-Moon dis-
tance ~ 4 Ga ago is shorter than the present value of ~ 21.6
Earth-radius (Rg),[?! the interaction would be stronger than
today’ value. Such Earth—-Moon interactions were first stud-
ied in a model of parallel and antiparallel dipoles coupling
in the Earth—-Moon system,[?”] where the ancient Moon was
located 18 Rg away from the Earth. For simplification how-
ever, the IMF effect is reduced to a perfect paraboloid magne-
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topause surrounding the geomagnetosphere. The Earth—-Moon
fields then form various reconnection configurations in such a
modeling geomagnetosphere to provide pathways between the
Earth and the ancient Moon.

In this work, therefore, we develop the model into a
3D system open to the IMF environment of a typical moon—
planet-IMF configuration to investigate complex geometry
magnetic reconnection. The rest of this paper is organized
as follows. The model and simulation setting are introduced
and described in Section 2. Temporal evolutions of the Earth—
Moon-IMF system in various IMF orientations, as well as fea-
tures of magnetic reconnection for typical Earth-Moon rela-
tive positions, are revealed and analyzed in Section 3. The
simulation mainly focus on representative reconnection pro-
cesses of north or south IMF orientations with only brief de-
scriptions for others. Then in Section 4, prospects and some
conclusions are drawn and the prospects are also discussed.

2. Methods and simulation setups

The temporal evolution of the Earth-Moon magnetic
field system in the IMF environment is modeled by a
global 3D magnetohydrodynamics (MHD) model widely ap-
plied to space and astrophysical plasma physics, such as
in coronal heating, >8] coronal mass ejection,?*! particularly
geomagnetosphere-IMF coupling,3%3?1 etc. A detailed de-
scription of the model and its numerical solver can be found in
Ref. [33]. Characteristic parameters, such as the Earth—-Moon
distance (Dgm = 18RE), fierce solar wind conditions due to
the “faint young Sun”,*¥ and especially ancient Earth field
and Moon field ~ 3 Ga—4 Ga ago!?’! are selected in the simu-
lation of this work. The magnetic field configurations are as-
sumed to be generated by Earth—-Moon dipoles, either parallel
or anti-parallel in the north—south direction, in a steady IMF.
And the respective intensities on Earth surface and Moon sur-
face are approximately the same as ~ By, = 31.2 uT, almost
at a level on the present Earth surface.

Without loss of generality, the initial state can be assumed
to be force-free with a constant pressure p = pgw = Rgw Tgw-
The number density of the Earth’s geomagnetosphere plasma
is however approximately inversely proportional to the fourth

power of the geocentric radius as>>!
—4
;
NE = no (RE> , e S <, (D)
g = Nsw, otherwise,

with r = (x2+y2+z2)1/2, no = 10* cm™3 and ngy =5 cm™3
are the number densities of solar wind plasma and iono-
sphere plasma at r = Rg respectively, with r being the geo-
centric radius. Clearly, the r—* distribution is extended only to
ra = 6.67RE, slightly lower than the geostationary orbit, where

ng (ra) = ngw = 5 x 10~*ny. Meanwhile, we choose the inner
simulation boundary at r = r, = 3Rg, with ng (ry) ~ 10~2ny.
It should be pointed out that at the Moon position of r ~ 18RE,
the plasma density ny ~ 0.1 cm™> < ngy is obviously sub-
Thus,
under the force-free assumption for the initial distribution,

merged in the background solar wind density ngy.

the isothermal state T = T;, = const. can be used, except
for a small region of r, (=3Rg) < r < ry (= 6.67Rg) where
T (r))Tow = (nsw/no) (r/Re)*, with T (r)) = Taw, T (ry) =
Tow (rp/ra)* = 4 X 10721,

In the simulation, we rescale the variables into dimen-
sionless quantities by characteristic parameters Rg = 6.37 x
108 c¢m for the length, as well as By = 0.312 Gs = By,
(1Gs=107%T), po = ming (ng = 10* cm—3, the density at the
ionosphere), and pg = Bg /4 for the magnetic field, density,
and pressure. Also, velocity, time, and current are normalized
by the Alfven velocity Va = Bo/+/4mpo = 6.8 x 108 cm-s~!,
Alfven time 7o = RgVa, and Jy = ¢Bo/4nRg. Besides, a
low dimensionless resistivity is used as § = 5 x 10~*. Other
solar wind parameters are vgy = (Vgw,0,0) with vy, = 3 X
107 cms™! = 4.4 x 1072V, Ty =2 x 102 eV x4 x 10747
(To = po/no), and Bpvp = +4 x 107> Gs = £1.28 x 107B,
where Bpyr denotes the z-component of the IMF orientation.

Then, the density distribution (1) is rescaled dimension-
ally as

I’lE:r_4,

NE = Hgw,

ry <1 <ry,
otherwise,

@

with r, = 6.67, i, =3, and ngy = 5 X 107% (T = 4 x 107*
and pgy ~ 2 x 1077).

The simulation domain is a 3D cubic box of L,y <x < L,q,
—Ly <y <Ly, and —L,) <z < Ly with Lyg = —70, Ly = 30,
Lyp = L,y = 50. And in general, the meridian plane of y =0
is selected as a representative unless otherwise specified. The
solar-wind/IMF flow into the domain through the boundary at
x = Ly;. Thus, boundary conditions are adopted as a solar-
wind/IMF driving boundary at x = L,;, free boundaries at
x = Ly, y = %Ly, and z = L. Besides, fixed boundary
conditions are r = 3Rg as in Eq. (1), and 3 of lunar radius
(Rvm) from the Moon center.

3. Results and discussion

Instead of two particular Moon positions at the noon and
the midnight on the meridian plane in Ref. [27], in this work,
we observe three typical local time (LT) positions of the Moon
when it orbits the Earth, i.e., 0 LT (the midnight), 12 LT (the
noon), and 6 LT (the dawn, symmetric to the dusk), as shown
in Fig. 1. Contributions at the 18 LT position (the dusk) are
the same as that at the 6 LT. Also, the geocentric solar ecliptic
(GSE) coordinates are adopted with the origin in the center of
the Earth.
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The initial magnetic field configuration in the meridian
plane of y = 0 is exhibited in Fig. 2. Taking the O-LT case
for example, the surface fields at the equator is assumed to be
By = |Breo| = |Brmo|,[*”! where Bggo is the surface field of
the Earth and Bgrpo is that of the Moon.

X GSE 0 Z GSE

6 LT KL}JJ
O

o O

12 LT 0 LT

. Earth .

® : Moon positions

Fig. 1. Schematic diagram of the three representative positions in the simu-
lation.

We then exhibit simulation results for three typical Moon
positions with various Earth—-Moon dipole alignments and dif-

ferent IMF orientations. For both antiparallel and parallel
dipoles, quasi-steady-state configurations of the Earth—-Moon
system are reached in the 3D simulation for three typical Moon
positions. In each case, the influence of the IMF orientation is
also investigated. We first discuss reconnection features for the
Moon at 0-LT and 12-LT positions, which are corresponding
to midnight and noon, respectively, because of the similarity
to the 2D geometry due to the symmetry about the meridian
plane of y = 0. The reconnection process for the Moon at the
6-LT position (case dawn) is investigated in a full 3D picture.
The case for the Moon at the 18-LT position (case dusk) is
similar to the case dawn due to the mirror symmetry.

By analyzing the characteristics of magnetic nulls and
separatrices, major features of magnetic reconnection in the
Earth-Moon—IMF system, such as the current sheet and in-
outflow structures, can be acquired. The temporal evolution
and plasma-magnetic configurations of the system are then in-
vestigated in detail for various dipole alignments, IMF orien-

tations, and relative positions of the Earth and the Moon.
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Fig. 2. (a) Cross-section of meridian plane for O-LT case, and initial magnetic field distribution for (b) antiparallel dipoles and (c) parallel dipoles.

3.1. Magnetic reconnection for the Moon at 0-LT position

In order to clearly show the characteristics of reconnec-
tion configurations and plasma, we mainly describe the pro-
cess in a 2D approximation.

Magnetic reconnection in the 2D geometry has been ex-

[1.36.37] Clearly, in the case midnight, the 2D

tensively studied.
projection onto the meridian is always of a 2D X-point ge-
ometry. The 3D simulations show that there are three typical
reconnection configurations in the Earth—-Moon system: (i) the
X-line structure, (ii) the triple current sheet structure, and (iii)
the A—B null pair structure. Each reconnection geometry is in-
vestigated in detail at a quasi-steady-state (QSS) with certain
typical examples.

Now, we take a specific case for example. In Fig. 3,
we plot QSS magnetospheric configurations on the meridian
plane (y = 0), with antiparallel Earth—-Moon diploes being in
the southward IMF at O LT. A typical magnetosphere with a
parabolic shape is formed and clearly observed by the day-

side compression in the nightside drag of the IMF. Clearly,

positioning behind the Earth, the Moon cannot affect dayside
reconnection at the geomagnetopause. For a southward IMF,
dayside geomagnetopause reconnection occurs on the subso-
lar point (B1 marked in Fig. 3(b)), in accordance with conven-
tional observations as well as theoretical and numerical mod-
els without the lunar magnetic field. Nevertheless, in the geo-
magnetotail region, reconnection sites and features are totally
changed. Instead of at the near-Earth or far neutral lines, with
a significant lunar magnetic field, magnetic reconnection ap-
pears in more places between the Earth and the Moon, on the
equatorial (z = 0) plane (B2 marked in Fig. 3(b)) and at the
cusps of the Moon (B3 for the upper, marked in Fig. 3(b)).

Then, we first investigate reconnection features at the
equatorial plane site and show them in detail in Fig. 4. It is
found that by the reconnection current J, (Fig. 4(a)) and the
plasma flow v distribution (Fig. 4(b)) with the inflow compo-
nent of v, (Fig. 4(c)) and outflow component of v, (Fig. 4(d),
the features are very similar to those in conventional geomag-
netotail reconnection with no lunar field.
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Fig. 3. QSS reconnection configurations in case midnight, with antiparallel dipoles and southward IMFs.

Magnetic field lines (in black)

projection, as well as (a) x-component velocity v, and (b) y-component current density Jy, (both by color bars) on the meridian plane.
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Fig. 4. Locally enlarged region around B2 marked in Fig. 3(c), for (a) reconnection current Jy and (b) plasma flow v distributions on equatorial
(z = 0) plane; also for velocity profiles of (c) inflow and (d) outflow, along green and blue dotted lines marked in panel (b).

It can be found that the X-point (in 2D case) on the equa-
(—12.76,0), marked
by the red dot in Figs. 4(a) and 4(b). A reconnection current

torial (z =0) plane is located at (x,z) =

Jy, can be observed mostly distributed along the x direction to
support the magnetic reconnection process. And the plasma
flow forms a typical inflow—outflow structure as shown by ar-
rows on the meridian plane. The moonward outflow can bring
most of materials from the Earth’s atmosphere to the Moon
at a speed of ~ 20 km/s, indicating that the reconnection has
promotes the implantation of the lunar atmospheric proposed
by Green. [27] Furthermore, one can calculate the reconnection
rate by |Ey| ~ 1.63 x 107 at the X-point, for estimating the
magnetic flux transport.

On the other hand, instead of a reconnection site in the

lunar magnetotail on the equatorial plane, the other two re-

connection sites of case midnight with antiparallel dipoles and
southward IMFs appear in lunar cusps as shown in Fig. 5 for a
local enlargement of the lunar magnetotail.

It can be seen that a triple current sheet configuration (of
Jy) is formed with the +y direction in two high latitude regions
and the —y direction near the equatorial z = 0. Such a triple
current sheet structure has been observed in coronal helmet
streamers[*8] and advance tokamak scenarios with reversed
magnetic shear.!?°! Here, however, the magnetic configuration
with triple current sheets in the Earth—-Moon system is differ-
ent from the previous one, for the central current sheet with
neither magnetic separatrix nor reconnection. In the lunar cusp
region as shown in Fig. 5(a), the closed lunar field lines are re-
connected with the antiparallel magnetic field of the geomag-

netosphere. Some newly reconnected field lines then turn to
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open and sweep tailward with the plasma flow, others however
become connecting both the Earth and the Moon. As a conse-
quence, the nightside closed lines of the lunar field are kinked
by the separatrices (marked by red lines in Fig. 5(b)) of cusp
region reconnection. A distant neutral line might be formed
as the central current sheet extends over 90Rg or even farther
away. It is however far beyond the simulation domain and with
little influence on the magnetic flux transfer discussed in this
work.

=>» Inflow
—10 =» Outflow
0 —10 -20 —-30 —40 =50
z/Rg
6 5 —10-6 A/m?

——|go.010
== Io‘oos
10

—0.005

[

—0.010

40 —50

a:/RE t =65007x

Fig. 5. (a) Schematic diagram for reconnection in lunar cusp region; (b)
local enlargement of lunar magnetotail with upper cusp reconnection
site marked as B4 in Fig. 3(b).

Unlike the antiparallel dipole geometry, reconnection in
the parallel dipole geometry in case midnight occurs in the
high latitude lunar cusp region, with no triple current sheet
formed in the tail region.

Table 1. Antialigned dipoles at 0 LT.

Influences on the closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward Geomagnetopause

Southward between Earth and Moon increasing
Southward lunar cusp regions decreasing
Southward lunar magnetotail

Northward Earth’s cusp regions

Northward between Earth and Moon increasing
Northward lunar cusp regions decreasing
Northward lunar magnetotail

Table 2. Aligned dipoles at 0 LT.

Influences on the closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward geomagnetopause

Southward lunar cusp regions decreasing
Southward lunar magnetotail increasing
Northward Earth’s cusp regions

Northward lunar cusp regions decreasing
Northward lunar magnetotail increasing

Thus, magnetic reconnection processes with various
dipole alignments and IMF orientations in case midnight are

simulated and summarized, and the results are listed in Ta-
ble 1, and the results of aligned dipoles are listed in Table 2.
Their contributions to magnetic flux transport are discussed
later.

3.2. Magnetic reconnection for Moon at 12-LT position

In comparison with case midnight, for case noon with
the Moon at 12 LT, the magnetospheric shape is much more
complicated as shown in Fig. 6. For the antiparallel dipoles,
the magnetic reconnection site appears in the area between the
Earth and the Moon (B2 marked in Fig. 6(b)), the lunar cusp
region (B1 marked in Fig. 6(b)), and the geomagnetotail (B3
marked in Fig. 6(b)).

(a) [Antialigned dipoles 2 km/s
20 | Southward IMF ZZ =
- 0
—50
@ —100
&
N —150
—10 —200
920 —250
& —300
20 10 0 —20 —-30 —40
:r/RE t= 65007‘A
(b) [Kiffiaiigaed aip'&V 1070 A /m?
20 Southward IMF Z Y
10 0.005
&
0
N 10
—10
—0.005
—20
—0.010
20 10 0 —20 —-30 -—-40
z/Rg t = 650074

Fig. 6. QSS reconnection configurations in case noon, with antiparallel
dipoles and southward IMFs. Magnetic field lines (in black) projection,
as well as (a) x-component velocity v, and (b) y-component current den-
sity Jy (both by color bars), are shown on the meridian plane.

In this case, unlike the case midnight, 3D features of re-
connection configurations in the dayside are more significant.
We then focus on the null pairs as a specific example. As ob-
served by the Cluster spacecraft,[#>*11 the null pair can be con-
nected by a separator of the intersection of separatrices (called
fans or X-surfaces) bounded by spines (}-lines).[*>*3] Taking
region B1 marked in Fig. 6(b) for example, the null pair struc-
ture is exhibited in Fig. 7 with the antiparallel dipoles and the
southward IMF for case noon. As shown in Fig. 7(a), a B—
A-B null structure is formed in the lunar cusp region with the
nulls (all on the meridian plane, y = 0, due to the symme-
try) connected by an intersection (marked by a purple line in
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Fig. 7(b)) of their fans. The fan of the A-type null (the green
dot) is in green and that of the right B-type null (the orange
dot) in Fig. 7(a) is in orange as shown in Fig. 7(b). Topo-
logically, the fans X4 and Xp are bounded by the spines 3
and ya respectively. And the structure connecting the left B-
null and the A-null shows a similar structure. We then adopt
E=E-B/ |B|*> ~ 10719 at the midpoint of the separator to
estimate the reconnection rate, which is nevertheless found to
be much slower than that in X-line reconnection at subsolar
point in case midnight.

Z/RE

® A-null
B-null
DFan of A-null

Fan of B-null —9 50 18

< 12 10
14
z/Rg

16

Fig. 7. (a) Local enlargement of Region B1 marked in Fig. 6(b); (b) 3D
structure of A—B null pair inside red box in panel (a) and its fan.

Reconnection in the area between the Earth and the
Moon, for case noon, is greatly influenced by the IMF orienta-
tion. For example, the reconnection (B2 marked in Fig. 6(b))
inflow, for the southward IMF, is almost in the x direction,
while for the northward IMF, the reconnection inflow is al-
most in the z direction, similar to that in case midnight with
both southward IMF and northward IMF. And for case noon
with the parallel dipoles, reconnection occurs at lunar magne-
topause, lunar cusp regions, Earth’s cusp regions, or geomag-
netotail according to various IMF orientations. Moreover, for
the southward IMF, reconnection in the Earth’s cusp region
leads to an increase of the closed lunar magnetic flux while it
has no influence on the lunar flux when the IMF orientation
is northward. Besides, reconnection appears in the geomag-
netotail for case noon with various dipole alignments and IMF

orientations, similar to conventional geomagnetotail reconnec-
tion for today’s geomagnetosphere, without the triple current
sheets configuration.

We then summarize the reconnection processes and their
features at different sites for case noon, with various dipole
alignments and IMF orientations, in Tables 3 and 4.

Table 3. Antialigned dipoles at 12 LT.

Influences on the closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward lunar cusp regions

Southward between Earth and Moon decreasing
Southward geomagnetotail

Northward lunar magnetopause decreasing
Northward between Earth and Moon increasing
Northward Earth’s cusp regions

Northward geomagnetotail

Table 4. Aligned dipoles at 12 LT.

Influences on the closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward lunar magnetopause decreasing
Southward Earth’s cusp regions increasing
Southward geomagnetotail

Northward lunar cusp regions

Northward Earth’s cusp regions

Northward geomagnetotail

3.3. Magnetic reconnection for Moon at 6-LT and 18-LT
positions

Furthermore, the case for the Moon at the dawn side of
the Earth at the 6-LT position (case dawn) is also investigated,
while the case for the Moon positioning at the dusk side of the
Earth (18 LT, case dusk) is symmetric to the former.

No or negligible reconnection is detected on the dawn
side and dusk side of the Moon for case noon and case mid-
night. However, in case dawn/dusk, reconnection occurs not
only at the magnetopause, magnetotail, and cusp regions of
the Moon, but also notably on lunar dusk and dawn sides.
The distributions of x-component current, J,, on the dawn—
dusk (x = 0) plane with different IMF orientations are shown
in Fig. 8. For the southward IMF (Fig. 8(a)), a current sheet
flowing along the x direction can be clearly observed between
the Earth and the Moon (region Al), indicating magnetic flux
transferring to the Moon by reconnection on the current sheet.
And in the vicinity of the Moon, the high latitude current
sheets symmetric about the equatorial (z = 0) plane can gen-
erate reconnection in the lunar cusp region. For the northward
IMF (Fig. 8(b)), reconnection occurs at the dusk (region B1)
side and the dawn (region B2) side of the Moon. The duskside
(between the Earth and the Moon) reconnection rate is greatly
weakened due to antialignment of the dipoles, while the dawn-
side reconnection rate is on the same order of magnitude as
that of conventional X-line reconnection.
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Fig. 8. QSS magnetic configurations with antiparallel dipoles at dawn—
dusk cross-section x = 0. Patterns of magnetic field lines (in black) and
x-component current J, (denoted by color bar) are shown for (a) south-
ward IMF and (b) northward IMF.

Table 5. Antialigned dipoles at 6 LT.

Influences on closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward geomagnetopause -
Southward geomagnetotail -
Southward lunar cusp regions -
Southward lunar duskside increasing
Northward Earth’s cusp regions -
Northward geomagnetotail -
Northward lunar magnetopause decreasing
Northward lunar magnetotail increasing
Northward lunar dawnside increasing
Northward lunar duskside increasing

Table 6. Aligned dipoles at 6 LT.

Influences on closed

Reconnection site .
lunar magnetic flux

IMF orientation

Southward geomagnetopause -
Southward geomagnetotail -
Southward lunar magnetopause decreasing
Southward lunar magnetotail increasing
Southward lunar dawnside increasing
Southward lunar duskside increasing
Northward Earth’s cusp regions -
Northward geomagnetotail -
Northward lunar cusp regions -

Besides, around the Earth in case dawn/dusk, the feature
of reconnection on the meridian (y = 0) plane is very similar
to that in conventional reconnection in today’s geomagneto-

sphere. Nevertheless, such a kind of reconnection has almost
no influence on the lunar flux transfer concerned.

Features of reconnection processes at various typical sites
and their contributions to magnetic flux transports are then
summarized in Tables 5 and 6. Due to the mirror symmetry,
the contributions in case dusk are similar to those in case dawn.

4. Conclusions and perspectives

As a complex 3D system, the ancient solar—lunar terres-
trial magneto-plasma system existing in the epoch when the
Moon still possessed a global magnetic field substantially dif-
fers from the present-day geomagnetosphere. Specifically,
the 3D magnetic reconnection process, magnetic configuration
evolution of the ancient Earth-Moon-IMF system and corre-
sponding reconnection dynamics are studied in a 3D MHD
model with the various alignments of Earth-Moon dipoles
and IMF orientations. The coupled quasi-steady-state mag-
netospheres are formed under different IMF conditions cor-
responding to various multiple X-points at various locations,
including the geomagnetopause, the Earth’s cusp region, the
geomagnetotail, the lunar magnetopause, the lunar cusp re-
gion, the lunar magnetotail, and the area between the Earth
and the Moon. Such geometries and processes can provide an
effective pathway for facilitating the Earth-to-Moon transport
of energy and materials, creating a possible mechanism and
holding significant importance in understanding the origin and
the evolution of the atmospheric and the soil constituents for
coupled astrophysical systems with similar transport process.

Based on our research, there are three typical magnetic re-
connection structures found in the simulation, i.e. the X-line,
the triple current sheets, and the A—B null pair structures. The
X-line structure occurs mostly in the area between the Earth
and the Moon and the geomagnetopause with the southward
IMF. The meridian cross-section of the X-line structure is a
typical X-point geometry with a clearly inflow—outflow con-
figuration. The A-B null pair structure appearing mainly at
the lunar cusp region is more stable with a much lower recon-
nection rate than that for the X-line. The A-null and the B-null
are linked by a separator line as an intersection of the fans (X-
surfaces). Besides, a larger spatial scale magnetic reconnec-
tion structure is formed in the lunar magnetotail at 0 LT when
the dipoles are antiparallel, with a triple current geometry of
two reconnection currents along the +y direction at the lunar
cusp and the other aligning tail current in the —y direction.
Furthermore, for case dawn/dusk, reconnection on the lunar
dusk side and dawn side may be significantly strengthened,
thereby making a great influence on the closed lunar flux. The
results of the complex multiple X-point configurations demon-
strate a fresh and critical reconnection topology for 3D asym-
metric system. With such a topology, the magnetic field line
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configuration and the magnetic flux transfer process are dif-
ferent from the present-day Earth, offering a valuable idea for
comprehending other asymmetrical coupled systems.
Therefore, based on our 3D MHD simulations, it can be
proposed that magnetic reconnection may have a great influ-
ence on coupling and evolution of Moon—planet—-IMF system
and play a substantial role in their magnetic environments.
For such astrophysical systems, the coupled magnetosphere
can protect their ionospheres and atmospheres from eroding
by high-energy particles and solar wind, resulting in a hab-
And on the other
hand, as a key mechanism of the significant energy trans-

itable environment that can lead to life.

fer process such as magnetosphere storms and substorms, the
magnetic reconnection exhibits an intricate spatial configura-
tions and temporal dynamics, potentially intensifying the ex-
treme space weather events. For example, in the solar system,
Jupiter, Saturn, and their major moons exhibit global magnetic
fields,[*4*6] indicating the possibility of analogously coupled
magnetospheres and reconnection processes. Consequently,
due to the existence of multiple X-point structures, some fast-
growing events on these planets may show increasing com-
plexity. Our work may also be of potential relevance in guid-
ing the search for exoplanet life and the exploration of plan-
ets in the solar system. Further investigations for other dipole
alignments and IMF orientations, as well as complex 3D re-
connection geometries are subjects of future studies.
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