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Abstract A detailed understanding of the solar wind interaction with lunar magnetic anomalies (LMAs)
is essential to identify its implications for lunar exploration and to enhance our physical understanding
of the particle dynamics in a magnetized plasma. We present the first three-dimensional full-kinetic
electromagnetic simulation case study of the solar wind interaction with a vertical dipole, resembling a
medium-size LMA. In contrast to a horizontal dipole, we show that a vertical dipole twists its field lines and
cannot form a minimagnetosphere. Instead, it creates a ring-shaped weathering pattern and reflects up to
21% (four times more as compared to the horizontal case) of the incoming solar wind ions electrostatically
through the normal electric field formed above the electron shielding region surrounding the cusp. This
work delivers a vital piece to fully comprehend and interpret lunar observations, as we find the amount of
reflected ions to be a tracer for the underlying field structure.

1. Introduction

The Luna 2 mission discovered that the Moon, unlike the Earth, lacks a global magnetic field [Dolginov and
Pushkov, 1960]. Soon after the Apollo missions provided the first evidence of localized crustal magnetic fields.
These peculiar features are known as lunar magnetic anomalies (LMAs). LMAs are small with respect to the
lunar radius (RL=1738 km) and typical solar wind ion scales. Models based on low-altitude observations
estimate LMA surface magnetic field strengths in between 0.1 and 1000nT [Mitchell et al., 2008; Richmond
and Hood, 2008; Tsunakawa et al., 2015]. Spacecraft and laboratory experiments have revealed a variety of
phenomena associated with these fields, including limb shocks, whistler and electrostatic solitary waves,
reflected ions and energetic neutral atoms, the presence of electrostatic potentials above the magnetic struc-
ture [Halekas et al., 2008; Hashimoto et al., 2010; Lue et al., 2011; Saito et al., 2012; Futaana et al., 2013; Wang
et al., 2012, 2013; Howes et al., 2015], and the formation of minimagnetospheres [Deca et al., 2014, 2015; Wieser
et al., 2010; Vorburger et al., 2012; Bamford et al., 2012; Nishino et al., 2015].

Over the last decade, the evolution from magnetohydrodynamic [Harnett and Winglee, 2003; Shaikhislamov
et al., 2013, 2014; Xie et al., 2015] and hybrid [Kallio et al., 2012; Jarvinen et al., 2014; Fatemi et al., 2015] toward
full-kinetic simulations [Deca et al., 2014, 2015; Ashida et al., 2014] has made it abundantly clear that the
solar wind-LMA interaction is highly nonadiabatic. The ability to investigate finite gyroradius effects and
charge separation is therefore an absolute must to correctly describe the electron physics-dominated LMA
environment.

Deca et al. [2014, 2015] studied the general mechanism and dynamics of the solar wind-LMA interaction
using a dipolar model with the dipole moment parallel to the lunar surface (hereafter the horizontal dipole
model). They confirmed that LMAs may indeed be capable to locally shield the lunar surface under various
upstream plasma conditions. They identified a population of backstreaming ions and the deflection of mag-
netized electrons via the E×B drift motion. The synergy of both mechanisms results in the formation of a
minimagnetosphere.
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In this work we rotate the dipole axis by 90∘, having the dipole moment perpendicular to and directed toward
the lunar surface, complementing the discussion to characterize the plasma interaction with a small-scale
dipole model under partially magnetized plasma conditions in the interaction region. As most LMAs have
irregular structures [Mitchell et al., 2008], a vertical dipole is the next vital piece needed to better understand
the basic kinetic processes coupling LMAs with surface weathering and lunar swirls—high-albedo markings
on the lunar surface. Eventually, the vertical and horizontal models will be combined for more realistic descrip-
tions of LMAs. In particular, this analysis will help to evaluate the role of LMAs in the formation history of our
Moon and crustal magnetic fields/space weathering on airless bodies in our solar system as it aids to correlate
observed LMAs with lunar swirls [Hood and Williams, 1989; Blewett et al., 2011; Hemingway and Garrick-Bethell,
2012; Glotch et al., 2015].

Understanding the kinetic physics around LMAs is not only critical to advance lunar science, also at Mars
crustal magnetic fields are observed and believed to complicate the solar wind interaction with its atmo-
sphere [Acuna et al., 1999]. In addition, artificial minimagnetospheres might play an important role in future
human space flight as well [Bamford et al., 2014].

2. Simulation Specifics

The implicit moment particle-in-cell code iPic3D [Markidis et al., 2010] has been developed for multiscale
plasma simulations, with original studies focused on magnetic reconnection and recently optimized to study
the interaction with bodies immersed in plasma. In this work two extra components are implemented on top
of the standard code (The iPic3D code is publicly available on GitHub (https://github.com/CmPA/iPic3D).):
(1) the ability to have an external field, B′, representing the anomaly, superimposed on the self-consistent
(internal) magnetic field B:

B′(r) =
𝜇0

4𝜋

(
3(m ⋅ (r − r0))(r − r0)

(r − r0)5
− m

(r − r0)3

)
,

with m the dipole moment (in Am2) and the source located at r0 and (2) electromagnetic open boundary con-
ditions accommodating a uniform drifting Maxwellian plasma through the computational domain with one
of the boundaries acting as a perfect absorber representing the lunar surface (see Deca et al. [2015] for details).
Currently, photoemission, secondary electron emission, and surface charging [Deca et al., 2013] are under
active development for the electromagnetic version of the code. We argue that these physical mechanisms
do not influence the main key points of this work.

Considering Cartesian coordinates, the YZ plane is chosen parallel to the lunar surface with the origin at the
surface. The X axis is chosen perpendicular to the surface and antiparallel to the unperturbed solar wind flow.
The following physical parameters are utilized, representing a situation close to quiet solar wind conditions:
the plasma density is set nsw=3 cm−3, corresponding to an ion inertial length di ∼130 km; the ion and electron
temperatures are Tsw=Ti =Te =35 eV, and the solar wind velocity vsw=(−350, 0, 0) km s−1.

To simplify the magnetic structure of the interaction, we neglect any interplanetary magnetic field in this work.
The dipole moment m= (Md, 0, 0), where Md=11.2×1012 Am2, resembles the strongest component of the
Reiner Gamma two-dipole model by Kurata et al. [2005], but in contrast, we place the dipole vector perpen-
dicular to the lunar surface. The size of the simulation domain measures (Lx , Ly , Lz)= (0.625, 1.25, 1.25) di =
(80, 160, 160) km. The absorbing surface is located at x = 0, and the dipole is placed at the center of the
YZ plane 13km below the outflow boundary. The grid size is Nx × Ny × Nz =320 × 640 × 640 with 64 particles
per cell per species initially. We use a reduced mass ratio of mi∕me=256, resulting in an electron skin depth
de =0.0625 di =32Δx, with Δx=254 m the grid spacing. The time step is chosen relative to the ion plasma
frequency: Δt=0.01875𝜔−1

pi , with 𝜔pi =2.3 × 103 rad/s.

3. Analysis of the Electromagnetic Fields

When the solar wind plasma impinges on the LMA field, the vertical dipole model looses its “ideal” shape. In
Figure 1 we show the resulting magnetic field configuration with respect to the initial setup after the simula-
tion has reached steady state (after ∼10,000 time steps). Figure 1a shows the magnetic field strength at the
surface including magnetic field lines generated in the vicinity of the origin ((x, y, z) = 0), whereas Figure 1b
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Figure 1. Two-dimensional profiles of the magnetic and electric field configurations. Superimposed in black are
projected magnetic field lines. (a) Initial (left of the red marker) and final (right of the red marker) magnetic field
magnitude in the YZ plane at the lunar surface. A blue arrow indicates the clockwise field line twist. (b) Initial (left of
the red marker) and final, compressed configuration (right of the red marker) of the magnetic field magnitude in the
XY plane through the dipole center. (c) The electric field x component in the XY plane through the dipole center.

presents the configuration along the XY plane through the origin. Note that unlike for the horizontal dipole
model, the configuration is cylindrically symmetric. From Figure 1 we find the vertical dipole both compressed
(Figures 1b and 1c) and twisted in the clockwise direction looking down onto the surface (Figure 1a). The
maximum magnetic field strength at the surface increases from 870 nT to 890 nT in the center of the cusp. The
largest compression, however, is found 9 km away from the center where the field strength rises from roughly
470 to 520 nT at the surface. The field lines are being dragged (pushed down) onto the surface (Figure 1b).

Concentrating on Figure 1a, we identify three distinct segments in the magnetic field lines projected onto
the surface. Their structure is representative for the field in the entire simulation domain. Most central
we observe a radially outward pointing segment where the dipole field dominates the electron dynamics
(up to roughly 15 km from the center). Ions become magnetized only in the very center of the dipole cusp.
The ion gyroradius reads ∼700 m at the surface in the cusp center. Between 15 and 50 km from the center the
field lines are curved. In this region the electron population transitions from an unmagnetized (𝜌e ∼10 km at
50 km) to a magnetized regime (𝜌e ≲2 km below 15 km). Ions and electrons decouple, resulting in a net current
density component, Jnet=Je + Ji, pointing along the direction of flow toward the surface (Figure 2a). We
call the lower boundary of this region the electropause (indicated with a red dash on the figure), the loca-
tion where the electron kinetic (solar wind + thermal) pressure equals the magnetic pressure. Finally, the field
lines originating from the dipole field connect to the boundaries of the simulation domain in the outermost
segment. Note that in our simulation we have neglected the interplanetary magnetic field (IMF). The inclusion
of various IMF magnitudes and orientations is under active investigation.

Figure 2c shows the generation of a circular current system in a clockwise direction when looking down on
the surface. Both the ∇B and E ×B drift steer the electron motion. Whereas the former dominates the interac-
tion above x=30 km, the latter drift mechanism is dominant within and directly above the electron shielding
region (a region where mostly electrons are shielded away from the surface, leaving a positively charged
area [Howes et al., 2015], see also the discussion of Figure 3 in the next paragraph) where a normal electric field
exists (Figure 1c) due to charge separation. Above the electropause only a fraction of the electron population
is magnetized, and hence, the circular (electron) current twists the magnetic field lines in a clockwise direction
following the electron motion. Note that reversing the dipole moment would also reverse the twist direction.

Figure 3 shows the density structure resulting from the vertical dipole configuration. Both the ion and electron
charge density profiles (Figures 3b and 3c) and prevail a higher density bulge (up to 3.5 times the free-stream
solar wind density) near the origin as they are funneled (and possibly reflected) within the magnetic cusp.
Observe as well the population of particles pushed sideways (away from the cusp center) along the com-
pressed magnetic field. This is most pronounced in the electron charge density profile (Figure 3b) as electrons
are magnetized in this area of the simulation domain and a large fraction cannot reach the surface [Howes et al.,
2015]. Adding up the ion and electron charge density at the surface results in the profile shown in Figure 3a.
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Figure 2. Two-dimensional profiles of the net current density components (Je + Ji) in the XY plane. (a) x, (b) y, and
(c) z components. Superimposed in black are projected magnetic field lines. The height of the electropause above the
lunar surface at the dipole center is indicated with a red dash.

Around the central bulge, dominated by the electron population (for most of the electrons the mirror point
finds itself below the surface), we observe a positively charged ring formed because up to 70% of the lighter
plasma species is prevented from reaching the surface as they travel along the magnetic field into the cusp.
The associated electric field in the XY plane is displayed in Figure 1c. Most ions travel almost undisturbed
to the surface in this region [Howes et al., 2015], resulting in a ring visible in the density structure up to 5 km
above the surface under the adopted plasma conditions. We anticipate that reducing the solar wind pressure
will increase the height of the electron shielding region.

Figure 3. Two-dimensional profiles of the net charge density (𝜌net =𝜌e + 𝜌i) in the YZ plane at the (a) lunar surface and
the (b) electron and (c) ion charge density in the XY plane through the dipole center.
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Figure 4. (a–d) Electron and (e–h) ion distribution functions along the profile parallel to the solar wind flow and
through the center of the dipole. Figures 4a and 4e show the total energy distribution normalized to the solar wind
energy. Figures 4b–4d and 4f–4h hold the velocity distributions along the three Cartesian axes of the simulation
domain normalized to the solar wind density.

4. Analysis of the Energy and Velocity Distribution Functions

In this section we concentrate on the ion and electron energy/velocity distributions along the direction of
flow and across the simulation domain parallel to the surface. Figure 4, showing the distributions along the
line (Y=0, Z=0), is constructed by grouping all particles per species within a 6× 6 cell (1.524× 1.524 km)
domain into 50 uniform energy/velocity bins according to their position along the axis. The axis itself is divided
into 200 position bins. Figures 5 and 6 are constructed analogously, but this time dividing along the Y axis at
x=25 km, parallel to the surface.

4.1. Along the Direction of Flow
Figure 4 depicts the line parallel to the dipole axis and through the dipole center hence perpendicular to the
lunar surface. Down to 25 km above the lunar surface the energy and velocity profiles are largely undisturbed.
Moving closer to the surface, the electron total energy profile shows a steady 50% increase toward the surface
starting from 15 km altitude. In this region the electron perpendicular velocity distribution widens (Figures 4c
and 4d) as the electron gyroorbit tightens with increasing magnetic field strength toward the surface. Below
10 km the electron population is accelerated into the cusp (Figure 4b) by the charge-separation normal electric
field (Figure 1c). Note that the broad near-surface distribution in vy and vz is the typical signature of magnetic
mirroring (but cut short by the absorbing surface).

Figure 5. Electron distribution functions along the profile parallel to the surface and along the Y axis at x=25 km above
the surface, split up into the (a–d) downstreaming and (e–h) upstreaming populations. Figures 5a and 5e show the
total energy distribution normalized to the solar wind energy. Figures 5b–5d and 5f–5h hold the velocity distributions
along the three Cartesian axes of the simulation domain normalized to the solar wind density.
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Figure 6. Ion distribution functions along the profile parallel to the surface and along the Y axis at x=25 km above the
surface, split up into the (a–d) downstreaming and (e–h) upstreaming populations. Figures 6a and 6e show the total
energy distribution normalized to the solar wind energy. Figures 6b–6d and 6f–6h hold the velocity distributions along
the three Cartesian axes of the simulation domain normalized to the solar wind density.

In contrast to the energy profile for the electron population, the ion energy distribution (Figure 4e) super-
imposes two distinct components consistent with an almost undisturbed clean Maxwellian plasma, i.e., the
flowing solar wind plasma perpendicular to the lunar surface and a beam of electrostatically reflected ions.
Evaluating the vx distribution (Figure 4f ) we find a significant reflected component all the way up to the inflow
boundary of the simulation domain, accounting for 21% of the ion population, i.e., 21% of the incoming ions
are reflected when looking directly above the cusp region (integrating over a cylinder with diameter 1.524 km
and height 254 m). Note, this does not implicate that ions are retroreflected, we merely capture the distribu-
tion passing our line of sight as ions are electrostatically reflected by the normal electric field (Figure 1c). The
very clear cutoff in the reflected velocity component, not exceeding the chosen upstream solar wind speed,
can easily be identified and is in qualitative agreement with observations [Lue et al., 2014; Saito et al., 2012;
Fatemi et al., 2014]. We find, hence, that both a horizontal and vertical dipole are capable of reflecting a sig-
nificant fraction of the ion population. In our setup the vertical dipole is about a factor 4 more efficient under
the chosen plasma conditions as compared to the horizontal dipole model [Deca et al., 2014, 2015]. This fact
can be attributed to the different electric field structures of both setups. Whereas the horizontal model scat-
ters the reflected ions mostly under a shallow angle with respect to the surface, the semitoroidal structure of
the vertical case focuses the reflected ions more upward [Deca et al., 2016].

Finally, due to the absence of a significantly strong normal electric field directly above the cusp, similar to the
charge separation field generated when a minimagnetosphere forms around a horizontal dipole [see Deca
et al., 2015, Figure 5], the ion population is not significantly slowed down before reaching the surface through
the dipole cusp. A vertical dipole configuration, i.e., a dipole moment perpendicular to the lunar surface,
therefore, does not form a minimagnetosphere in the traditional sense [Lin et al., 1998] (a density cavity
within a higher density halo shielding the lunar surface from the impinging solar wind plasma). Most ions and
electrons will be absorbed at the lunar surface before being reflected/deflected away from the surface within
the cusp region. The electron shielding region surrounding the cusp, however, forms a ring where both plasma
species are to some degree prevented from reaching the lunar surface. In the best shielded region 71% of
the electron population is shielded away versus 28% of ions. Note, the electron shielding efficiency is much
lower as compared to a horizontal configuration where almost the entire electron population cannot reach
the surface within the density halo [Deca et al., 2014, 2015]. The ion shielding efficiency, on the other hand,
is similar as the normal electric field above the electron shielding region reaches a comparable magnitude,
Ex,max ∼150 mV

m
[Figure 1c versus Figure 5 in Deca et al. [2015].

4.2. Parallel to the Surface
To characterize the behavior of the ion and electron populations at various radial distances from the dipole
center, we generate a similar series of 1-D profiles as in Figure 4, but parallel to the surface. This time,
however, we split the distributions in their downstreaming and upstreaming components, taking the sign of
vx as a reference (vx<0: downstreaming, vx>0: upstreaming). We cut along the Y direction at x=25 km above
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the lunar surface hence above the positively charged density ring and the complex ion reflection region
(Figures 5 and 6).

Figures 5a–5d show the energy and velocity distribution functions of the downstreaming electrons and indi-
cate little deflection from the initial drifting Maxwellian distribution released into the simulation domain along
the entire width of the box. The small rotational component inevitably invoked by the magnetized electrons
interacting with the vertical dipole structure is most clearly seen in the vz distribution (the wobble at±20 km).
In the upstreaming component (Figures 5e–5h), on the other hand, the bulge in the central cusp region is
readily observed and consists partially of reflected electrons spiraling (Figures 5g and 5h) upward out of the
cusp on top of the initial distribution. The reflected population cannot be identified as a separate compo-
nent in Figures 4a–4d, because the thermal spread of the electron distribution is larger than the magnitude
of the upstreaming component. It is therefore quickly reintegrated into the bulk distribution. With exception
of the central bulge, the upstreaming electrons are 25% less energetic as compared to their downstreaming
counterparts.

As the ion population is nonmagnetized at 25 km above the lunar surface, the downstreaming popula-
tion keeps its perfect drifting Maxwellian shape (Figures 6a–6d). The upstreaming/reflected population
(Figure 6e–6h), on the other hand, shows that the lion’s share of the ions is reflected close to the center axis
of the vertical dipole with energies on the lower side of the energy distribution as compared to the initialized
downstreaming population. Similar to the electrons, also the reflected ion population shows a spiraling
tendency upward as they are reflected by the electrostatic electric field (Figure 1c). Close to the surface and
the cusp all particles are briefly “magnetized” to some degree. Traveling away from the surface, their trajec-
tories straighten out again as the magnetic field magnitude drops, leaving the ion with a significant velocity
component oblique to the solar wind direction. The E×B drift motion is greatest in this region and most likely
the main responsible for the spiraling tendency of the reflected ions. A detailed study of the electron and ion
reflection processes around dipolar LMAs is under active investigation.

5. Concluding Remarks

In this work we have discussed the solar wind interaction with a vertical dipole resembling a medium-size
vertical LMA using a three-dimensional full-kinetic electromagnetic particle-in-cell approach. For simplicity
the case study was performed without IMF. We find that the magnetic field is compressed by the solar wind
pressure and twisted in a clockwise direction as the ion and electron populations decouple above the lunar
surface. In contrast to a horizontal dipole, the vertical magnetic field structure does not form a minimagne-
tosphere. We find that roughly 21% of the impinging ion plasma is reflected, close to a factor 4 more than
the typical numbers obtained for a horizontal dipole [Deca et al., 2014, 2015]. Both numbers are within the
ranges observed by the most recent lunar missions and can possibly be used as tracers to reveal the underly-
ing magnetic structure [e.g., Halekas et al., 2013; Lue et al., 2014; Vorburger et al., 2015, and references therein].
In addition, they indicate the ranges to expect for more general simulation setups and parameter studies.

Of course, not a single observed LMA can be characterized as a single dipole. Nevertheless, understand-
ing the details of the idealized scenarios first is a must to built more comprehensive models in the future.
Investigating the structural outcome and particle dynamics of the latter might shed new, clarifying light on
the suggested correlations between LMAs and lunar swirls, high-albedo markings, and space weathering, in
general. In particular, studying the weathering patterns predicted by simulations with a realistic magnetic
field model will help evaluate the importance of the solar wind standoff mechanisms.
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