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1. Introduction
Reiner Gamma (7.4◦N, 300.9◦E) on the western side
of Oceanus Procellarum (Figure 1) is the most distinc-
tive example of a ‘Lunar Swirl’ [1]. Lunar swirls are
white, ‘wispy’ formations on the Lunar surface that
appear to be unrelated to any topographical features or
impact ejecta that could otherwise explain the higher
albedo of the regolith. The ‘fluid-like’ discolouration
of the formations are often accentuated by low albedo
regions, or ‘dark lanes’, that wind between the bright
swirls.(Figure 1). The width of the light and dark fea-
tures can be < 1km. This indicates that the mecha-
nism that creates them operates on a very fine scale.

Figure 1: Reiner Gamma is an example of the altered
albedo formations of ’lunar swirls’ on the Moon. The
magnetic field strength (nT) contours overlaid were
recorded by Lunar Prospector (LP) in low altitude
passes (∼ 35km). (Image adapted from [2]).

It is well established that the lunar swirls are co-
located with crustal magnetic field anomalies [3]. The
implication is that it is an electromagnetic interaction
with the fixed magnetic field of the crustal anomaly
with the ions in the solar wind that is responsible for
albedo alterations [3]. The proton flux is decreased at

the swirls i.e. the surface is ‘shielded’, retarding the
ageing processes, compared to non-swirl regions. Yet
simultaneously the ion flux is increased on to the adja-
cent dark lanes accelerating the maturing process. This
requires that the plasma interaction between the so-
lar wind and the magnetic anomalies are similarly fine
scaled as the markings. This places it in the realm of
electron scale collisionless plasma interactions where
large-scale approximations such as frozen-in-field and
single fluid mechanics, are no longer applicable.

Clear indications that this interaction is a miniature
collisionless plasma shock is provided by the in-situ
spacecraft observations that have traversed, at low al-
titude, the plasma environment directly above the lu-
nar swirls and other crustal magnetic field anomalies
[4]. The in-situ data from multiple spacecraft e.g.
[4, 5, 6, 3] is summarized graphically in Figure 2. The
collisionless shocks occur as low as 10-20 km above
the surface from magnetic field intensities of 10nT (at
the shock altitude).

In this small scale regime below the ion gyro ra-
dius (which is generally � 100km), the plasma has
to be treated by kinetic theory and a particle-in-a-cell
(PIC) code is necessary to model the complex dynam-
ics taking place between the solar wind and the crustal
magnetic fields. We will describe results of PIC simu-
lations and compare them to in-situ observations from
multiple lunar missions as well as laboratory experi-
ments.

The simulations code
OSIRIS[8] is a mature three dimensional, fully rela-
tivistic PIC code used for modeling plasma kinetics
under a variety of conditions. OSIRIS solves the full
set of Maxwell’s equations, including Poisson’s equa-
tion, using currents and charge densities and weighted
discrete particles. Each particle’s position and mo-
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Figure 2: A graphical summary of the in-situ observa-
tions of the nature of the mini-magnetospheres formed
from the small regions of magnetic field on the Moon’s
surface.

mentum is calculated via self-consistently calculated
fields. The result is that once a scenario is composed
within a simulation box, the result evolves fully self
consistently.

Figure 3 shows an example of the ion density from a
two-dimensional OSIRIS simulation where a flowing
solar wind plasma (flowing left to right) is impacting
small-scale magnetic field representing a single, sim-
ple magnetic dipole with axis aligned parallel to the
surface. The units are normalized to the electron skin
depth c/ωpe, where c is the speed of light and ωpe is
the electron plasma frequency.

Summary and Conclusions
The overall extent of the magnetic field within the sim-
ulation box is less than the simulation ion gyro radius.
The simulation results clearly show the formation of
a cavity in the ion density reaching the plane of the
“lunar surface". Most significantly is the narrowness
of the magnetopause boundary is of the order of the
electron skin depth, ≈ c/ωpe, consistent with theo-
retical expectations [7]. The counter streaming ions
being reflected back by the magnetic boundary can be
seen to result in turbulence and waves as are observed
by in-situ spacecraft. Changes in the plasma particle
distributions show non-adiabatic changes and acceler-
ations and deaccelerations that are also consistent with
the in-situ observations.

Together this provides a quantified comparison be-
tween the observations, both in space and in the labo-
ratory [7], with theoretical values and show excellent
agreement.

Figure 3: Normalized OSIRIS simulation results of
a 2D mini-magnetosphere cavity formed by a crustal
magnetic field anomaly.
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