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Figure 1: A cartoon depicting the various fields and par-
ticle populations present in the interaction between an
ambient plasma and a lunar crustal magnetic anomaly.

Introduction

Recent observations and analysis of both lunar surface
hydration and the formation of lunar swirls has stimu-
lated the need for a quantitative understanding of the role
that lunar crustal remanent magnetic fields play in shap-
ing the near-surface lunar plasma environment [1, 2].
The lunar surface is continuously exposed to a variety of
ambient plasmas which, in combination with solar UV-
induced photoemission and surface remanent magnetic
fields, determine the plasma environment near the lunar
surface. Any acceleration and/or deceleration of protons
due to near-surface electrostatic potentials or crustal re-
manent magnetic fields can significantly alter the proton
flux to the lunar surface. In this study, we use a 11/2-
dimensional, electrostatic particle-in-cell code to model
the self-consistent plasma environment above the lunar
dayside in the presence of lunar crustal remanent mag-
netic fields. We discuss the implications of this work
for magnetic shielding of the lunar surface, including the
role that crustal fields may play in the formation of lunar
swirls and proton bombardment of the lunar surface.

Particle-in-Cell Simulations

Figure 1 shows a cartoon overview of the geometry and
various particle populations and fields present in this
model. Shown in grey and black, respectively, are the

lunar surface and a dipolar model of the lunar crustal
remanent magnetic field. The simulation axis models
the central field line, normal to the lunar surface. Elec-
trons (blue) and ions (red) enter the magnetic sheath re-
gion, gyrating around the magnetic fields lines with dif-
ferent gyro-radii. Photoelectrons (orange) are generated
at the lunar surface and are typically bound to the field
lines given their small gyro-radius. In the absence of
crustal magnetic fields, it has been shown that two op-
posing electric fields develop an equilibrium, with the
sheath electric field (green) accelerating ions into the
near-surface region and the photoelectric field (orange)
trapping photoelectrons near the surface [3]. Introduc-
ing a magnetic field to the model should generate an am-
bipolar electric field (purple) due to the non-adiabatic na-
ture of the ions. The sheath and ambipolar electric fields
should oppose each other, yet will not necessarily have
identical strength as a function of height above the sur-
face.

In order to simulate the effect of crustal remanent
magnetic fields on the lunar photoelectron sheath, we
use a 11/2-dimensional, electrostatic particle-in-cell (PIC)
code, adapted from a 1-dimensional PIC code previously
used to model this environment [3, 4, 5]. The 11/2-d code
is identical to the 1-d code, with the addition that per-
pendicular velocities are now tracked for all particles.
Our initial modeling has used a relatively simple geom-
etry for the magnetic fields due to the low dimensional-
ity of the 11/2-d code, namely, a magnetic mirror, where
the magnetic field and the simulation axis are aligned.
The magnetic field, B(z), is comprised of two compo-
nents: the background magnetic field, Bbg , assumed to
be a constant throughout the simulation, and the crustal
anomaly field,Banom(z), which varies along the simula-
tion axis. Similar to previous work, we model the crustal
anomaly field to be due to a magnetic dipole with mo-
ment, mo, buried at some depth, h, below the lunar sur-
face [7]; however, we only consider the case where the
dipole is aligned with the simulation axis, due to the 11/2-
d nature of the simulation. The strength of the anomaly
magnetic field then has the form,Banom(z) ∝ (z+h)−3,
with derivative dBz(z)/dz ∝ (z + h)−4, which gen-
erates the well-known magnetic mirror restoring force,
F (z) = −µdBz(z)/dz, where µ = 1

2mv
2
⊥/B is the

magnetic moment of the particle. As particles enter the
simulation at either end, they are assigned parallel and
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Figure 2: The logarithmic, relative phase space density
of solar wind protons above a 50nT crustal surface mag-
netic field.

perpendicular velocities according to specified distribu-
tions. Using the initial perpendicular velocity and the
local value of the magnetic field, the magnetic moment
for each particle can be calculated. Under the adiabatic
assumption, dµ/dt = 0, and thus, we can use the con-
servation of µ to calculate the perpendicular velocity at
any later point in time by using the strength of the mag-
netic field at the particles location. Parallel velocities are
then subject to the sum of the electrostatic and magnetic
mirror forces,

m
dv||

dt
= −q∇φ(z)− µdBz(z)

dz
. (1)

It is important to note that while the electric force de-
pends on the charge of the particle, q, the magnetic mir-
ror force does not, and for all magnetic field models used
here, always points away from the surface for both ions
and electrons.

Preliminary Results

Initial simulations have focused on modeling two basic
incoming plasma distributions: (1) the terrestrial plasma
sheet, where the plasma has typical temperatures of 100-
1000 eV with no bulk drift, and (2) the solar wind, with
temperatures approximately 10 eV and a bulk drift of ap-
proximately 400 km/sec. Both simulations have been

benchmarked to previous simulations without the pres-
ence of a magnetic field, in order to ensure proper func-
tioning of the code. Following this step, we have in-
troduced crustal magnetic fields and analyzed how vari-
ations in plasma temperature, plasma bulk speed (for
the solar wind), ion anisotropy/adiabaticity and magnetic
field strength and vertical structure influence the electro-
static field and particle populations, the surface charge,
and the proton flux to the lunar surface. Figure 2 shows
the logarithmic, relative phase space density for adiabatic
solar wind protons interacting with a 50 nT crustal rema-
nent magnetic field. The incident proton beam (v|| < 0)
is partially reflected by the combined electrostatic and
magnetic fields near the surface, developing an energy-
dependent loss cone of protons (v|| > 0) moving away
from the Moon.

We present model-predicted proton fluxes to the lu-
nar surface as a function of plasma parameters and mag-
netic field strength and structure, and discuss the impli-
cations of these results for physical phenomena on the
Moon, including space weathering, proton implantation
and the formation of lunar swirls. Additionally, we also
aim to compare this model with in-situ measurements
made by the twin ARTEMIS spacecraft, currently in or-
bit around the Moon.
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