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The lunar surface is exposed to many violent interactions, which include the impinging solar

wind, micrometeorite bombardment and large cometary nuclei. Yet in such a destructive envi-

ronment, a few beautiful and enigmatic surface features called lunar swirls have emerged in the

presence of crustal lunar magnetic anomalies (LMAs) [1]. Theories attempting to explain all the

anomalous properties of lunar swirls range from impinging swarms of micrometeorites [2],[3], the

magnetic shielding of solar wind [4],[5] and the electrostatic transport of lofted dust grains [6].

While all three of the theories seem to satisfy some of the swirl properties, none can sufficiently

explain them all [7]. For this reason, additional or complementary models may be needed to resolve

all observed phenomenon.

In this thesis, a new model is proposed which attempts to reconcile the solar wind standoff

theory with the unique photometric properties of swirls. This model assumes that magnetized lunar

dust, following a ballistic trajectory, will rotate in response to the torque they feel in the presence

of an LMA, thereby producing a characteristic landing pattering in the swirl regolith.

To test the hypothesis, the rotation of needle like dust grains are simulated using a simple

rotation model. The emergent landing pattern is then analyzed for regions of grain uniformity. No

such model has previously been explored, and the results of the simulation seem to justify further

consideration, especially since grain orientation may provide a novel approach to understanding

the reflectance patterns observed from lunar swirls.
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Chapter 1

Introduction

The intent of this chapter is to introduce the reader to the ongoing conversation about

lunar swirl morphology. I will begin by describing the defining and anomalous characteristics of

lunar swirls. Then, I will discuss the three most compelling theories for swirl morphology (1)

micrometeorite swarms, (2) the electrostatic transport of lofted dust grains and (3) solar wind

standoff. In my discussion of these three models, I will bring attention to their successes and

shortcomings, providing a context for the exploration of this thesis into a new dust rotation model.

With this model in mind, I will demonstrate a simple proof of concept in the subsequent chapters,

thereby justifying future investigation.

1.1 What Are Lunar Swirls

Lunar swirls are one of the most striking features in the lunar regolith. They are identified

by static patterns of highly reflective dust in the visible and near infrared spectrum [8]. Spanning

nearly 3300 km2 across the western region of Oceanus Porcellarum [9], Reiner Gamma is the largest

and most recognizable swirl on the moon, and it is shown in figure 1.1. Its anomalous regions of high

reflectivity suggest an immature lunar regolith, which has, unlike the surrounding environment, not

suffered the darkening effects of space weathering [6].

Perhaps the most curious feature of lunar swirls is their association with lunar magnetic

anomalies (LMAs). While the moon has no global magnetic field, it does have multiple large-scale

crustal magnetic fields, spanning hundreds of kilometers, with surface strengths as high as several
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Figure 1.1: Reiner Gamma swirl

thousand nanoTeslas [10]. While not every LMA has a lunar swirl, every lunar swirl is found in an

LMA [1]. For this reason, it is assumed that the formation of a lunar swirl is either dependent on

the existence of an LMA, or will produce an LMA.

These swirls provide a natural laboratory in which to study the cross section between space

weathering and crustal magnetization, providing a unique window to the moon’s surface char-

acteristics. The question of swirl morphology must therefore begin with insights into these two

phenomenon. First, I will consider two theories concerning the formation of an LMA. Then, I will

briefly discuss the process of space weathering. After that, I will describe the unique photometric

properties of lunar swirls, which demonstrate an anomalous surface feature that is the primary

motivation for the work herein.

The competing theories for the formation of an LMA generally fall into two categories; the

slow formation that occurs in the presence of a former core dynamo, and the more rapid formation

that results from the shock remanent magnetization of a high energy impact [10]. The former
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process is best supported in the case where an LMA is located at the center of an old (>3.85 Gyr)

impact basin [11]. Numerical simulations have demonstrated that such impact events can raise the

subsurface temperature to above 1,000 K for a period of 1 Myr [10]. These temperatures would

exceed the curie point of metallic iron, thereby erasing any remanent magnetization in the regolith.

Therefore, these LMAs must have been produced as the impact basin cooled in the presence of a

long lived magnetic field, which would suggest a former core dynamo [11],[10].

Not all LMAs, however, occur in old impact basin. In fact, many LMAs have been correlated

with the antipodal region of relatively young (<3.85 Gyr) impact basin [5],[12]. It is believed that

these impacts produce both seismic waves and a partially ionized ejecta cloud of vaporized particles,

expanding thermally around the moon, converging in the region antipodal to the impact basin

[13],[14]. The vapor cloud, reacting strongly with any ambient magnetic field, either embedded

in the lunar surface or contained in the solar wind plasma, will substantially, and temporarily,

increase the magnetic field strength in the antipodal region [13]. Then, either the seismic waves,

the converging vapor cloud, or potentially both will produce surface pressures between 5-25 GPa

[13]. It has been shown experimentally that this pressure is sufficiently high to achieve shock

remanent magnetization of the metallic iron particles found in the lunar regolith [15]. Therefore,

one may expect the region antipodal to these young impact basin could adopt whatever magnetic

field they encounter due to the converging ejecta cloud.

There are many other theories concerning the formation of an LMA, but to the author’s

knowledge, these two processes seem to be the most widely defended theories in the present litera-

ture. The process of space weathering, by comparison, appears to be more adequately constrained.

It is a process that was first encountered during the Apollo missions, when it was observed that

terrestrial rocks and minerals of composition comparable to those encountered on the moon, were

lighter in color and higher in reflectance albedo than their lunar counterparts [16]. Over the last 50

years, the idea of space weathering has come to refer to the reddened reflectance spectrum, weaker

absorption bands and lower albedo patterns observed in a material exposed to interplanetary envi-

ronments [17],[18],[19].
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On the moon, space weathering is generally understood to be the result of submicroscopic

metallic iron (SMFe) particles, between 4 and 33 nm in diameter [20]. These SMFe particles coat

the surface of larger particles [16], giving the lunar dust its unique optical properties as well as its

ferromagnetic resonance [20],[21],[22],[23]. The production of these SMFe particles has two possible

mechanisms; (1) the irradiation of the lunar surface by the solar wind, leading to the sputtering of

metallic iron on to the surrounding particulates [16],[24] and (2) the vapor deposition of metallic

iron as a result of micrometeorite bombardment [25],[16],[26].

The darkening effects of hydrogen ion irradiation due to sputtering has been demonstrated on

loose powders in many laboratory experiments [27],[28],[29],[30]. It has also been demonstrated with

Ar ions [31],[32],[33], indicating the sputtering is responsible for the darkening effects rather than

the ion species. Furthermore, many of these irradiation experiments have demonstrated darkening

effects in conditions similar to 1 Myr in a lunar environment [16],[34],[35].

The vapor deposition process has been simulated in laboratory environments by flash-heating

of lunar rocks in nanosecond IR laser pulses [36],[37],[25], and in an electron beam furnace [26], all

of which demonstrate the same darkening effects. The time scale of these laboratory experiments

generally correspond to 100 Myr of exposure to the current micrometeorite flux experienced on

the moon [17],[38], describing a darkening process that occurs over a much longer period of time

than ion irradiation. Therefore, any swirl formation mechanism must have occured within the last

1 to 100 Myr, or impede one or preferably both of these processes, leaving the swirl regolith with

a high albedo and strong absorption bands.

There is, however, another characteristic of lunar swirls that is import when considering their

formation, and that is their anomalous photometric properties compared to the lunar background

[39],[40],[6]. Using X- and S-Band radar images taken from the Lunar Reconnaissance Orbiter, it

has been shown that lunar swirls and the lunar background share the same radar backscattering and

circular polarization ratios [41], indicating that lunar swirls have a smooth, reflective surface on the

centimeter to decimeter scale similar to the surrounding environment [42],[43]. This is counter to

the more general property found in the lunar regolith that young immature dust tends to be larger
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than darkened mature dust [44]. This peculiarity with swirls is similarly upheld with observations

made from the European Space Agency’s SMART-1 spacecraft [45], NASA’s Clementine mission

[46],[47] and terrestrial based observations [48], all of which indicate an inverse relationship between

lunar swirl albedo and phase function steepness.

If one assumes an isotropic surface structure with no preferred grain orientation, then theoret-

ical models suggest a shallow phase function would be indicative of smooth surface characteristics

at the millimeter scale [42],[43],[49]. This would imply an on swirl grain size equivalent to, or

slightly larger than particles found in the off swirl background [50]. This, however, is in dramatic

opposition to the high albedo dust found elsewhere on the moon. It is therefore an intent of this

thesis to demonstrate a process in which the ferromagnetic properties of lunar dust may produce

an anisotropy in the lunar regolith in the presence of an LMA, providing new insight into these

unique photometric properties. To provide a better context for this later conversation, it is first

necessary to discuss swirl morphology.

1.2 Swirl Morphology

Compiling the information, one develops a sense of the complexity in these swirl environments.

They all occur in the presence of an anomalous magnetic field, demonstrate high albedo, weak

absorption bands, and a reddened reflectance spectra, as well as unique photometric properties

that indicate a reduced surface roughness when compared to similarly aged dust. Therefore, any

swirl formation process must attempt to explain some, if not all of these anomalous characteristics.

There are currently three such theories; (1) micrometeorite swarms which scour the lunar surface,

revealing immature dust underneath [51],[2],[3], (2) the continual transport of young levitated dust

into the electric fields produced by the interaction of the solar wind with an LMA [6] and (3) the

deflection of the solar wind due to the local LMA, preventing space weather by ion irradiation

[4],[5]. In this section, I will consider the successes and shortcomings of each of these theories,

making the case for an alternative or complementary model.
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1.2.1 Micrometeorite Swarms

The formation of micrometeorite swarms is uncertain. It has been proposed that a cometary

nucleus will experience tidal disruption when passing through the Earth-moon system within 4

Earth radii of the Earth [9], though such encounters are not very common. It is also possible

that a cometary nucleus may experience thermal breakup as it passes near the sun [50]. Either

way, the dispersion of these meteorite swarms requires that the nucleus break up must occur near

the Earth-moon system, or that the break up mechanism is gentle enough to produce small dense

swarms [50]. Otherwise, the size of these swarms would quickly exceed the size of the moon. It is

therefore assumed in swirl morphology that these meteorite swarms remain gravitationally bound

until they collide with the lunar surface [50].

Upon collision, it is expected that these swarms will scour the lunar surface to depths of a

few meters, uncovering young immature soil underneath [51],[2],[50]. The ejecta of these collisions

then collide with one another, breaking into smaller fragments. These comminuted particles may

then fall into the interstices that lie between the uncovered, coarsely grained dust [50],[52]. This

mixing of comminuted older dust with the more coarsely grained young dust could explain the

reduction in millimeter scale roughness observed on the lunar swirls [50],[47],[49],[52]. Another

possible feature of this theory predicts that the ionized gaseous envelopes of the micrometeorite

swarms would compress against the lunar surface, temporarily strengthening the local magnetic

fields [53],[13]. Then, the energy of the swarm impact could produce sufficiently high pressures to

acheive shock remnant magnetization of the metallic iron particles [13],[3], thereby producing the

local LMA.

A swirl formed by a micrometeorite swarm would necessarily have occurred within the last 1 to

100 Myr, otherwise the uncovered dust would have been darkened in the space weathering process.

Therefore, if the micrometeorite swarm theory is used to explain the correlation between swirls

and LMAs, then these LMAs must be of an equivalently young age [2],[3]. This is problematic

when one considers the correlation between LMAs and impact basin dating back over 3.6 Gyr
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[54],[55],[56], suggesting an age for the LMAs many orders of magnitude larger than the age limit

imposed by theory. So while micrometeorite swarms do provide a convenient explanation for the

unique photometric properties of lunar swirls, they do not provide a similarly satisfying answer for

their association with LMAs [6].

1.2.2 Lunar Dust Transport

The lunar dust transport model makes no qualms with LMAs dating back billions of years.

In fact, the model is generally unconcerned with when or how an LMA was formed. Instead, the

theory is based on the phenomenon of lunar dust lofting. Dust lofting may have been observed

during the first Apollo missions, when astronauts reported seeing a distinct horizon glow during

spaceship sunrise and sunset [59]. Some believe the glow may have been the result of forward

scattered light off electrostatically lofted dust grains [60]. These grains, initially at rest on the

lunar surface, are exposed to both UV radiation and the solar wind. This leads to a build up of

electric charge due to photoelectric and/or secondary electron emission [61],[62]. The grains can

then be electrostatically launched off the lunar surface, potentially reaching heights between a few

centimeters [60] to over a kilometer [63],[64] above the surface.

This phenomenon may relate to LMAs through the appearance of steady state electric fields,

which develop as a result of the charge separation due to the greater penetration depth of solar

wind ions in the magnetic field compared to the solar wind electrons [65],[66],[67]. Grains lofted off

the surface will then be either attracted or repelled, depending on their charge, to the electrostatic

field of an LMA. Based on rudimentary models, the time scale for the transport of these grains

across a 2 to 10 km lunar swirl could be below the 1 Myr time scale for space weathering by ion

irradiation [6]. Therefore, the model assumes that lunar swirls are geologically dynamic features

which have young immature dust continually transported in and out of the LMA in a time scale

below that which is required for space weathering. Furthermore, the preferential lofting of small

(<45µm) grains may explain the surface roughness characteristics associated with lunar swirls [6].

This theory may explain the association of lunar swirls with crustal magnetic fields as well
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as their unique photometric properties. This model, however, is the most recent addition to the

field of swirl morphology. As such, the model is not well constrained in terms of lofting heights

or flight times, both of which are explored over multiple orders of magnitude [6]. The model also

predicts compositional differences between on and off swirl locations due to the preferred transport

of feldspar material [6], but this prediction does not seem to be supported by the latest data from

the Lunar Reconnaissance Orbiter [68].

1.2.3 Solar Wind Standoff

Similar to the dust transport model, solar wind standoff is not concerned with the origin

of an LMA. Instead, the model supposes an independent process in which a nearby meteorite or

cometary impact will deposit an ejecta cloud of unsurfaced young dust into a neighboring LMA

[4],[5]. The immature dust, lying within the LMA, will then be shielded from the solar wind by

the component of the LMA lying horizontal to the lunar surface [4],[57]. This shielding may be

sufficient to reduce sputtering due to the solar wind, thereby slowing the space weathering process

[5]. Micrometeorites would, of course, be unaffected by the LMA, so darkening affects may still take

place over 100 Myr, constraining the lifetime of a lunar swirl. But contrary to the micrometeorite

swarm theory, this presents no contradiction with the formation of an LMA.

If true, solar wind standoff would nicely explain the association of lunar swirls with LMAs,

but unfortunately, the shielding effects of LMAs have not been well demonstrated [6],[7]. In fact,

the Reiner Gamma formation, which has the strongest LMA of all the known swirls [58], is the only

swirl for which sufficient shielding has been modeled [5]. But rather then discrediting the theory,

this shortcoming highlights the need for better flux measurements of the solar wind in regions of

LMAs.

A more troubling limitation is that solar wind standoff does not easily explain the anomalous

photometric properties observed on lunar swirls [39], [47], [40]. Therefore, even if solar wind standoff

can be theoretically and experimentally verified, it would still be an incomplete theory on swirl

morphology. In the next section, a complementary model to solar wind standoff will be presented.
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The intent of this model is to provide a potential new insight into the photometric properties of

lunar swirls, thereby attempting to preserve solar wind standoff.



Chapter 2

Dust Rotation Model

In the previous chapter, the topic of swirl morphology was introduced. The conversation

was intended to demonstrate a need for a new or complementary model. In this chapter, one such

model will be presented, and will be referred to as the dust rotation model. In the first section, I

will describe its motivation, as well as the specific swirl characteristics it may one day help resolve.

After that, I will describe the mathematical model used to simulate the relevant dust rotations.

2.1 Introduction to the Model

The fact that lunar dust has ferromagnetic properties has been understood since the first

Apollo samples were returned from the moon [69],[23],[21]. What has not been explored, however,

is how the dust will rotate in response to the torque it experiences in a magnetic field. Therefore,

this dust rotation model aims to characterize the rotation of lunar dust as it follows a ballistic

trajectory through an LMA. If lunar particles, originating from a nearby meteorite impact or an

electrostatic lofting event, can be shown to rotate along their trajectory so as to align with a local

magnetic field, then perhaps one could expect a grain orientation pattern to emerge in the vicinity

of an LMA.

While such an orientation pattern may not produce the bright albedo features observed in

a lunar swirl, it may affect the reflectance properties in a way that would produce the observed

photometric anomalies. Therefore, if these anisotropic dust structures were to be confirmed, a dust

rotation model could play the role of a complementary theory to solar wind standoff. The desire
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to resolve solar wind standoff with the observed photometric properties comes from the fact that

the theory seems to be the simplest explanation for the two most definitive characteristics of lunar

swirls, their high albedo and association with LMAs.

It should be noted, however, that the effects of grain orientation on the reflectance properties

of a particulate medium is not an established phenomenon. Therefore, regardless of any orientation

patterns that may exist in the lunar regolith, many features of this model will have to be further

developed before it is considered efficacious. But the work herein does provide an initial first step

towards characterizing its viability.

2.2 Simulation

In this section, I will describe the model I used to simulate dust rotations. As a matter of

notation, I will represent non unitary vectors with an arrow (~x), unitary vectors with a hat (x̂) and

time derivatives with Newtonian dot notation (ẋ).

The simulated dust grains are modeled as narrow cylinders, with a diameter one tenth their

height h. Each dust grain has a characteristic diameter, which corresponds to the diameter of a

spherical particle of equivalent volume. This characteristic diameter is constrained to a range of

0.1 to 10 µm, which is the diametric range of the most magnetic population of lunar dust [70]. The

density of the dust grains is constrained as 2.3 to 3.2 g/cm3, which represents an average density

for a variety of lunar soil samples [71]. The magnetic moment for grains below 10 µm in diameter

falls within the range of 0.62 to 1.2 Am2/kg [70], and the electric charge on lofted dust grains of

the same size can be estimated within (1-5)×104 units of elementary negative charge, in rough

accordance with the patch charge model for lunar dust lofting [62]. The above ranges for our dust

parameters are shown in Table 2.1.

The trajectory of each particle is modeled using Newton’s Second Law, accounting for the

gravitational and Lorentz forces.

~̈r = −GM
r2

r̂ +
Q

m

(
~̇r × ~B(~r) + ~E(~r)

)
(2.1)
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Table 2.1: Simulated Dust Parameters

Parameter Min Max

Diameter (µm) 0.1 10

Density (g/cm3) 2.3 3.2

Magnetic Moment (Am2/kg) 0.62 1.2

Charge (e−) 1× 104 5× 104

For simulations in which the dust grains are bound within a few meters of the lunar surface,

the gravitational force is assumed to be constant. We can then replace the variable gravitational

term GM/r2 with g = 1.625m/s2.

To model grain rotation, each grain has its own body frame, represented by its principle

axes ê1, ê2 and ê3. The body frame is measured with respect to the space frame, represented with

axes x̂, ŷ and ẑ as shown in figure 2.1. In figure 2.1(b), the section on the northern hemisphere

enclosed by the circle, bisected by ẑ, is the landing domain for any full scale lunar simulation. For

the remainder of this thesis, any vector presented in the body frame will be denoted with a prime

in its superscript, while any vector in the general space frame will be presented with no prime.

(a) Body frame (b) Space frame

Figure 2.1: Body frame and Space frame
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The angular acceleration of each particle in its body frame is modeled using Euler’s formula,

and is shown in equation 2.2. The torque acting on the dust grain ~N is due to the interaction

between the local magnetic field ~B and the grain’s magnetic moment ~µ. The magnetic moment is

assumed to be parallel with the grain’s central principle axis ~µ = µê3.

~̇ω′ = I−1
[
~N ′ − (ω′ × I~ω′)

]
(2.2)

~N ′ = ~µ′ × ~B′ (2.3)

Since the grains are modeled as narrow, needle-like particles, their moment of inertia can be

approximated with two non-zero eigenvalues.

I ≈ 1

12
mh2


1 0 0

0 1 0

0 0 0

 (2.4)

The rotation of the grain is followed along its trajectory until the lowest part of the particle

collides with the lunar surface. The collision is then modeled as an inelastic collision with a surface

that has an infinite coefficient of friction. Therefore, we need not concern ourselves with any

bouncing effects, and the lowest point of contact is treated as the new point of rotation. This

changes the moment of inertia so that it has three non-zero eigenvalues.

I ≈ mh2


1
3 0 0

0 1
3 0

0 0 1
4

 (2.5)

The torque acting on each grain must also be changed to include the forces due to gravity

and the local electric field acting on the particle’s center of mass. Since the collision takes place at

the lunar surface, the variable acceleration due to gravity has been replaced by the constant g.

~N = ê3 ×
[
µ~B +

1

2
h
ê3 · r̂
|ê3 · r̂|

(
Q~E −mgr̂

)]
(2.6)
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After the collision, the grain’s linear velocity ~̇r contributes to its angular velocity ~ω as shown

in equation 2.7, where ~ωo represents the angular velocity immediately before the collision.

~ω = ~ωo +
2

h

ê3 · r̂
|ê3 · r̂|

[
−(~̇r · ê2)ê1 + (~̇r · ê1)ê2

]
(2.7)

Substituting the torque from equation 2.6 and the initial angular velocity from equation 2.7

into equation 2.2, the final rotations of the dust grain are tracked until |ê3 · r̂| < 0.1. The final

landing position of the particle’s center of mass ~r is then recorded along with its orientation vector

in the space frame ê3 and the length of the grain’s cylindrical height h.

It should be noted that to integrate equation 2.6, the angular velocity and particle orientation

were parameterized using quaternions, which are preferred to Euler angles due to their numerical

stability in highly rotationally dynamic systems [72]. Since this parameterization does not change

the physical behavior of the system or make any additional assumptions, I will neglect to include

the details here. If the reader is interested in a mathematical introduction to quaternions, refer

to appendix A.1. If they would like a description of how I implemented the quaternion number

structure, refer to appendix A.2.



Chapter 3

Results

In this chapter, I will review the results of four different simulations. The first two simulations

take place in a dipolar magnetic field, and are intended to verify the efficacy of the rotation model

described in Chapter 2. The first simulation tracks the rotation of a single particle, while the second

is used to construct a landing pattern from many simulated particles. The last two simulations

both take place in the Reiner Gamma magnetic and electric field data, which is a collection of

observational field strengths [73] and simulated field compression due to the interaction with the

solar wind [74]. The first Reiner Gamma simulation will be for electrostatically lofted dust grains,

while the second will be for grains ejected from the lunar surface due to a meteorite impact.

The code implemented in these simulations, and the subsequent analysis, was written by the

author, using both numpy and scipy libraries. The differential equations were solved numerically

using the VODE integrator in scipy’s integrate library, which uses an implicit Adams method for

non-stiff problems.

3.1 Single Particle in Dipole Field

As a first test for my simulation, I launched a single particle along a ballistic trajectory

through a dipole field, with a downward acceleration of 9.8 m/s2. The grain had a characteristic

diameter of 10 µm, a mass of 2.5·10−11kg, and a magnetic moment of 3·10−11Am2. The magnetic

field is produced by a dipole placed at the center of the XY domain, 1 cm below the surface. The

dipole’s magnetic moment points in the positive X direction with a magnitude of 0.875 Am2, which
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is roughly equivalent to a 1 cm3 neodymium magnet. In figure 3.1 I have shown the rotation of

the particle along its trajectory, which begins near Y = 0.5 m and lands near X = 0.5 m. The red

end of the grain indicates the direction of its magnetic moment. The grain has no initial angular

velocity, so any rotation is due to the torque it experiences as a result of the magnetic field. The

initial and final scalar products between the particle’s magnetic moment and the local magnetic

field are approximately 0.27 and 0.97, respectively, indicating the grain rotated to align with the

magnetic field.

3.2 Many Particles in Dipole Field

The next verification was to simulate many grains being dropped into a magnetic field. The

downward acceleration and magnetic field for this simulation were identical to those used for the

single particle simulation, with the only exception being that now the magnetic moment of the

dipole points in the positive Y direction. The grain parameters were randomized in accordance

with table 2.1, except the grains were initialized with zero electric charge rather than the values

listed in the table. Each grain was also initialized with zero angular velocity within a 0.75 m

radial disk centered above the magnetic dipole at a height of 1 m. Therefore, this simulation was

an attempt to recreate the landing pattern that would be produced by dropping a collection of

magnetic lunar dust onto a surface with a 1 cm3 neodymium magnet underneath it.

The results are shown in figure 3.2. The figure was made by separating the landing region

into 250,000 rectilinear bins. Within each bin, each grain’s landing vector was summed together,

weighted with respect to the grain’s length. The resultant was then normalized to produce an

average orientation for each bin. That data was used to produce a landing pattern which is

superimposed on a local correlation background in figure 3.2(b), where a radially reduced subset

of the data is shown so as to resolve the individual landing vectors represented by the black lines.

The background, which is shown over the full domain in figure 3.2(a), was created by taking the

average scalar product between the orientation vector in one bin and the corresponding vectors in

the eight bins adjacent to it. Therefore, the plot will depict regions of uniform grain orientation in
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(a) Initial position: Y ≈ 0.5m

(b) Landing position: X ≈ 0.5m

Figure 3.1: These images show the simulated rotation of a single particle in a dipole field. The
dipole lies 1 cm below the XY plane, with the magnetic moment pointing in the +X direction.
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red, and regions of random orientation shifted towards blue and violet.

The results of this simulation indicate significant grain alignment within the 0.75 m radial

disk of the landing surface, thereby producing the iconic symmetric lobes one may expect from

magnetic particles in a dipolar field. In addition to verifying the efficacy of the model, I also

intend for these results to serve as a qualitative verification for the local correlation plot’s ability

to represent regions of grain uniformity. While the technique is surely not be a rigorous treatment

of the data, it does seem to effectively highlight regions of uniformity, and will therefore be used in

the analysis of all subsequent simulations.

3.3 Ejected Particles in Reiner Gamma Field

For the Reiner Gamma simulation, each particle was initialized with a collection of randomly

sampled parameters in full accordance with table 2.1. For this initial simulation, the dust grains

were assumed to originate as ejecta due to a nearby meteorite impact. To determine the initial

conditions for such grains, I randomly sampled a point along the lunar surface within a 125 km

radius of the Reiner Gamma swirl. That point was then used as an approximation for the dust

grain’s final landing position ~rf . The grain’s final speed ~vf was randomly sampled from a range

of 250 to 1000 m/s, a range which constitutes nearly 75 percent of ejected grains according to the

speed distribution functions derived from the LADEE/LDEX measurements [75]. The ejector angle

was sampled from 5 to 20 degrees, measured off the normal to the lunar surface, and the azimuthal

angle was between 0 and 2π radians.

Due to the prohibitively long processing time of such a rotationally dynamic system, it seemed

unreasonable to track the rotation of the ejected dust grains along their entire ballistic path.

Instead, I used ~rf and ~vf to characterize each grain’s orbital ellipse, assuming a gravitationally

dominate trajectory. Then, I calculated the point of intersection between the orbital ellipse and

a plane lying normal to the ẑ axis of the space frame 1 km above the surface of the moon. The

intersection between the ellipse and the plane, and the corresponding velocity at that point, were

used for the initial position and velocity of the ejected dust grain. Therefore, each grain was



19

(a) Local correlation is shown over the full domain of the simulation.

(b) The black lines represent the averaged landing vectors. The background is the
radially reduced local correlation.

Figure 3.2: These images show the landing pattern from the dipole field simulation. The magnetic
moment of the dipole lies 1cm behind the XY plane, pointing in the +Y direction.
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initialized within the strongest region of the Reiner Gamma field data. Each dust grain was then

given a random orientation and angular velocity. The later of which was determined from sampling

a range of 4π to 10π rad/s along both azimuthal principle axes. Without any supporting data for

the angular velocities of ejected lunar dust, this range was selected as a balance between a relatively

high angular speed and a low processing time.

The simulation was allowed to run for over 2 million particles. The results are shown in figure

3.3. The landing pattern, produced in the same fashion as the landing pattern in section 3.2, using

34,225 rectilinear bins, is represented by the black lines, which are superimposed over the local

correlation plot. From this plot it is clear there is no significant region of grain uniformity. This

is most likely due to the low rotational kinetic energy of the dust grains compared to their much

higher linear kinetic energies. This energy discrepancy may obfuscate any potential orientation

pattern due to the dominating affect of the grain’s linear velocity ~̇r in equation 2.7, where the

rotation of the dust grain after its initial collision with the lunar surface will be almost entirely

determined by its linear velocity. The truncated ballistic path may also contribute to the absence

of any emergent pattern, though I suspect its effect would be negligible when compared to the

difference in linear and rotational kinetic energies.

3.4 Lofted Particles in Reiner Gamma Field

In an attempt to reduce the discrepancy between the linear and rotational kinetic energies

of the dust grains, I simulated the rotations of electrostatically lofted grains, which would have

linear kinetic energies significantly lower than grains ejected from a meteorite impact. The dust

parameters used were identical to those used in section 3.3. In this simulation, however, the

randomly sampled point along the lunar surface, within the 125 km of the Reiner Gamma swirl,

was used as the initial position of each dust grain ~ri. The observed dust lofting on the lunar surface

suggests lofting heights between 3 and 30 cm [60]. Therefore, with a randomly selected ejector

angle between 0 and π/4 radians, measured off the normal to the lunar surface, and an azimuthal

angle between 0 and 2π radians, the magnitude of each grain’s initial velocity was constrained to a
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Figure 3.3: Landing pattern from Reiner Gamma simulation with ejected dust grains.
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range of 0.44 to 1.0 m/s. The initial orientation of each particle was randomized within the plane

that lies tangential to the lunar surface at ~ri, and the initial angular velocity was randomly sampled

from 0 to 2π rad/s along each principle axis of the dust grain. This way, the rotation of each dust

grain was tracked along a parabolic trajectory within 1.0 m of the lunar surface.

The simulation was allowed to run for over 12.5 million particles, and the results are shown

in figure 3.4. The landing pattern, produced in the same fashion as the landing pattern in section

3.3, is superimposed on figures 3.4(a) and 3.4(b). The background in figure 3.4(a) is the local

correlation plot, shown over the entire domain of the simulation. The background in figure 3.4(b)

is the log of the magnetic field strength horizontal to the lunar surface, normalized with respect to

the global maximum. Figure 3.4(c) shows the Reiner Gamma swirl, and is included for comparison

to the simulated images.

The results of this simulation seem to indicate significant uniformity in grain orientation

for regions with strong horizontal magnetic fields. These same regions correlate with the bright

segments of the Reiner Gamma swirl, which is consistent with solar wind standoff. This leads

the author to believe it may be reasonable to expect significant grain uniformity for the smallest

fraction of lunar dust in regions of horizontal magnetic fields in the Reiner Gamma LMA.
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(a) Local corelation background

(b) Horizontal magnetic field background (c) Reiner Gamma swirl

Figure 3.4: Landing pattern from Reiner Gamma simulation with electrostatically lofted dust
grains.



Chapter 4

Conclusion

The unique photometric properties of lunar swirls suggest a reduced surface roughness when

compared to similarly aged dust elsewhere in the lunar regolith. This anomaly has contributed

significantly to the resiliency of the micrometeorite swarm theory, despite its inability to provide a

satisfactory answer to the correlation between lunar swirls and LMAs. Similarly, the anomaly has

contributed to the recent rise in popularity of the electrostatic transport model, while also hindering

the ascendancy of solar wind standoff. Therefore, the resolution of this photometric anomaly is

integral to the issue of swirl morphology.

Prior to the work presented in this thesis, there had been no consideration for the influence of

individual dust rotations on the photometric properties of lunar swirls. Simulating these rotations,

however, indicates that fine lunar grains (<10 µm) may have a sufficiently high magnetic moment

for emergent patterns to arise in the lunar regolith, especially in the vicinity of a strong magnetic

field. This has been demonstrated for electrostatically lofted grains in the Reiner Gamma swirl,

but not for particles ejected from a meteorite impact. This, however, does not indicate that ejected

grains will not produce a similar landing pattern, since the failure to produce the pattern was most

likely the result of unrealistically low rotational energies compared to the linear kinetic energies of

the simulated grains. Therefore, the orientation pattern produced in section 3.3 should serve as

motivation for the continued exploration into the affects of dust rotation on swirl properties.

Considerable ground work has been laid in this regard, with numerous models attempting

to explain the reflectance patterns observed from the lunar surface [42],[27],[40]. Should these



25

models be adapted to demonstrate shallower phase functions for an anisotropic surface structure

in a particulate media, then the photometric properties of swirls could possibly be explained with

a dust rotation model that is compatible with solar wind standoff. This would open the door for

novel laboratory experiments in which one could investigate how the reflectance properties of a

magnetic and particulate media might change in the presence of a magnetic field. If such work

should ever prove fruitful, then eventually the rotational energies necessary for significant grain

alignment would have to be better constrained than what has been presented in this thesis. The

work herein, however, does provide a starting point, as well as a first step in forming a foundational

proof of concept for the dust rotation model.
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planetary bodies. Geophysical Research Letters, 43(12):6103–6110, 2016.

[63] Herbert A. Zook and James E. McCoy. Large scale lunar horizon glow and a high altitude
lunar dust exosphere. Geophysical Research Letters, 18(11):2117–2120, 1991.

[64] Timothy J. Stubbs, Richard R. Vondrak, and William M. Farrell. A dynamic fountain model
for lunar dust. Advances in Space Research, 37(1):59 – 66, 2006. The Moon and Near-Earth
Objects.

[65] M. Neugebauer, C.W. Snyder, D.R. Clay, and B.E. Goldstein. Solar wind observations on the
lunar surface with the apollo-12 alsep. Planetary and Space Science, 20(10):1577 – 1591, 1972.

[66] K. Takahashi, T. Kaneko, and R. Hatakeyama. Double layer created by electron cyclotron
resonance heating in an inhomogeneously magnetized plasma with high-speed ion flow. Physics
of Plasmas, 15(7):072108, 2008.
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Appendix A

Quaternion Parameterization

A.1 Introduction to Quaternions

All statements concerning quaternions are referenced to [72] and the citations therein. Quater-

nions are a four dimensional number structure forming a closed non-commutative division algebra.

They are frequently used in navigation systems and computer animation because of their stabil-

ity when modeling highly rotationally dynamic systems. Each quaternion has one real and three

imaginary components, which relate to one another by the following rules.

q = q0 + q1i + q2j + q3k (A.1)

ij = k, ji = −k

jk = i, kj = −i

ki = j, ik = −j

Any three dimensional vector is therefore a subset of the quaternion group, and is considered

to be a pure quaternion, which is a quaternion with purely imaginary components. By convention, i,

j and k corresponding to x̂, ŷ and ẑ, respectively. Therefore, quaternions allow for the multiplication

and division of vectors by allowing a fourth degree of freedom, which is the real component of a

quaternion. The process of quaternion division is performed using a complex conjugate, similar

to that of a complex number. Therefore, the conjugate of equation A.1 is equation A.2, and their
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product is equation A.3.

q∗ = q0 − q1i− q2j− q3k (A.2)

qq∗ =
√
q20 + q21 + q22 + q23 (A.3)

Any unit quaternion, where qq∗ = 1, can be described with a unit vector û and an angle α

using equation A.4. The geometric interpretation of such an object says that a unit quaternion will

describe a rotation of α about the unit vector û.

q = cos
(α

2

)
+ û sin

(α
2

)
(A.4)

û = uxi + uyj + uzk (A.5)

Such a rotation can be applied to any arbitrary vector ~v, transforming ~v → ~̃v by equation

A.6 or ~̃v → ~v by equation A.7.

~̃v = q~vq∗ (A.6)

~v = q∗~̃vq (A.7)

It can be shown that Euler’s formula for complex numbers can be extended to quaternions,

so that any unit quaternion can be described by equation A.8.

q = Exp
[(α

2

)
û
]

(A.8)

If one then takes the first time derivative of the natural logarithm of equation A.8, they will

get equation A.9.

q̇

q
=

1

2

d

dt
(αû) (A.9)

Since û can be interpreted geometrically as an axis of rotation, and α as the angle of rotation

about that axis, then the time derivative of αû is, by definition, an angular velocity. Therefore,
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equation A.9 can be simplified to A.10, which shows how the angular velocity ~ω of a rigid body

can be parameterized using quaternions.

~ω = 2q̇q∗ (A.10)

A.2 Application of the Quaternion Number Structure

This structure provides a stable configuration for any rotational system, making it superior

to Euler angles. In order to apply these relations to the simulation, I define the body frame by

equations A.11, A.12 and A.13.

ê′1 = i (A.11)

ê′2 = j (A.12)

ê′3 = k (A.13)

In a simulation, when each dust grain is initialized, its orientation is randomized with an

initial quaternion q, which is constrained by the specific conditions of the simulation and then

calculated using equation A.4. Any vector in the body frame can then be transformed to the space

frame using equation A.14, and a transformation from the space frame to the body frame can be

carried out by the inverse operation. Similarly, with an angular velocity initialized in the body

frame ~ω′, the first time derivate of q can be determine from equation A.15.

ên = qê′nq
∗ (A.14)

q̇ =
1

2
q~ω′ (A.15)

One can use equation A.15 to find the second time derivative of the system’s quaternion,

simplifying to equation A.17. Then, using Euler’s formula for ~̇ω′ as described in equation 2.2,

equation A.17 becomes an integrable equation for q, thus characterizing the orientation of the
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grain along its entire trajectory.

q̈ =
1

2
q̇~ω′ +

1

2
q~̇ω′ (A.16)

q̈ = q̇q∗q̇ +
1

2
q~̇ω′ (A.17)


