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Abstract

The main purpose of this research is to understand various aspects of the solar
wind plasma interaction with the Earth’s Moon by the means of kinetic computer
simulations. The Moon is essentially a non-conducting object, that has a tenuous
atmosphere and no global magnetic field. Then the solar wind plasma impacts the
lunar surface, where it is absorbed or neutralized for the most part. On average about
10% of the solar wind protons reflect in charge form from lunar crustal magnetization
and up to 20% reflect from the lunar surface as neutral atoms.

First we consider the Moon to be a perfect plasma absorber and we study the
global effects of the solar wind plasma interaction with the Moon using a three-
dimensional self-consistent hybrid model. We show that due to the plasma absorption
in the lunar dayside, a void region forms behind the Moon and a plasma wake
forms downstream. Then we study different parameters that control the lunar wake,
discuss various mechanisms that fill in the wake, and compare our simulations with
observations. We also discuss the effects of lunar surface plasma absorption on the
solar wind proton velocity space distribution at close distances to the Moon in the
lunar wake. Moreover, we show that three current systems form in the wake that
enhance the magnetic fields in the central wake, depress the fields in the surrounding
areas, and confine the fields and plasma perturbations within a Mach cone. Finally
we study the effects of protons reflected from lunar crustal magnetic fields on the
global lunar plasma environment. We show that the reflected protons interact with
the solar wind plasma, compress the fields and plasma upstream in the lunar dayside
and downstream outside the Mach cone.

The conclusion of this thesis work is that the solar wind plasma interaction
with the Moon is dynamic and complex. This is, however, due to the kinetic
nature of this interaction because of the scales of the interaction regions where the
Magnetohydrodynamics (fluid) approach cannot address the detailed physics. This
reveals the importance of kinetic modeling to understand this interaction. The results
of this study will feed forward to human space exploration, kinetic theories of plasma
interaction with airless bodies, and fundamental plasma physics processes.
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Physical Constants

Boltzmann constant kB = 1.3806×10−23 [J/K]
Electron mass me = 9.1093×10−31 [kg]
Elementary charge q = 1.6022×10−19 [C]
Lunar radius RL = 1.7300×106 [m]
Permeability of free space μ0 = 1.2566×10−6 [H/m]
Proton mass mi = 1.6726×10−27 [kg]
Speed of light c = 2.9979×108 [m/s]
Vacuum permittivity ε0 = 8.8542×10−12 [F/m]

Abbreviations

BL Backward Liouville
IMF Interplanetary Magnetic Field
MHD Magnetohydrodynamics
ODE Ordinary Differential Equation
PDE Partial Differential Equation
PIC Particle-In-Cell
VSDF Velocity Space Distribution Function
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Notation

In what follows we use SI units as far as possible. Vectors are denoted by bold
symbols, and symbol ’ˆ’ is used to denote unit vectors. The corresponding symbol
with subscript s, specify particle specie s, which is often s = i for ions and s = e for
electrons. Directional subscripts ⊥ and || are perpendicular and parallel components
to the background magnetic field.
The following symbols are used throughout the thesis:

a acceleration
B magnetic field
β plasma beta
c speed of light
cs sound speed
E electric field
η resistivity
f phase space density
fp plasma frequency
F force
γ adiabatic index
J current density
L characteristic length scale
λD Debye length
m mass
n number of particles per unit volume
ND number of particles in a Debye sphere
Ωg gyro-frequency
p pressure
φ electrostatic potential
q electric charge
rg gyro-radius
r position
ρm mass density
ρq electric charge density
σ conductivity
t time
T temperature
Tg gyro-period
τ characteristic time scale
u bulk velocity
vA Alfvén speed
vth thermal speed
v velocity of a particle



1 – Introduction

The solar wind is a multi-species, almost collisionless plasma (ionized gas). As it
flows supersonically outward from the Sun, it encounters various objects in its path
and interacts with them, from sub-micron size dust to giant planets. Generally, this
interaction depends on the characteristics of the interacting objects, e.g., their sizes
and shapes, and the the solar wind plasma that flows onto them, e.g., solar wind
density and velocity [44].

Since our solar system was formed, the solar wind plasma and radiation have
been interacting with the different solar system objects. Studying the solar wind
interaction with solar system objects will help us to understand planetary evolution
and gain valuable knowledge to predict their future. Understanding life formation
on our beautiful planet, the Earth, predicting its future, and finding evidences of
life similar or perhaps of different kinds than that of the Earth have been the human
ambitions for many years. Although science and technology are developing fast
these days, we still are not able to answer many of the fundamental questions even
about the planet that we have been living on for over thousands of years. Therefore,
studying the solar wind interaction with different objects will help us to fill the key
knowledge gaps of our understanding of the physical processes of the interaction. It
also expands out understanding to answer some of the basic questions about life, and
perhaps predict the future of our planet and other objects in our solar system.

From one general perspective the solar wind interaction with solar system objects
can be categorized into four groups [12]:
1. Earth Type:

The Earth is surrounded by its intrinsic magnetic field that creates the magne-
tosphere. The magnetosphere acts as an obstacle to the solar wind plasma flow
and diverts most of the solar wind around it. However, since the solar wind
plasma contains charged particles, they interact with the magnetospheric fields
and penetrate into the magnetosphere, mainly at the magnetospheric poles
where the field lines are open and merge to the interplanetary magnetic field
(IMF). Other solar system planets such as Mercury and all the giant planets
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(Jupiter, Saturn, Uranus and Neptune) also have global magnetic fields, and
their interaction is categorized in this group.

2. Venus Type
Venus does not have a global magnetic field, but has a dense neutral atmo-
sphere. The photoionization of neutrals by solar extreme ultraviolet radiation
generates a significant ionosphere, which acts as an obstacle to the solar wind
flow. This results in piling-up the fields upstream and draping them around
Venus. Titan, a Saturnian satellite, is another example of this type of interac-
tion.

3. Lunar Type
The Earth’s Moon does not have any significant atmosphere and no global
magnetic fields. Therefore, the solar wind plasma directly impacts the lunar
surface and is absorbed and neutralized there. The airless bodies without in-
trinsic magnetic fields are categorized in this group. Examples include Phobos,
a Martian satellite, 4 Vesta, one of the largest asteroids in our solar system,
and 433 Eros, a near-Earth asteroid (see Figure 1.1). This type of interaction is
the main subject of this thesis with the focus on the Moon, that is extensively
discussed in Chapter 4 and in the appended papers.

4. Comet Type
Comets have negligible intrinsic magnetic field, but their nuclei contains of ice
and dust. While the comets are far away from the Sun, their interaction with
the solar wind is similar to that of the Lunar type, but when they get close to
the Sun, their nuclei are heated and evaporate water. Therefore an extensive
atmosphere is formed around a comet that extends thousands of kilometers
behind it. Photoionization of cometary neutrals forms an ionosphere close to
the nucleus that deflects the solar wind flow. Examples include 1P/Halley, and
67P/Churyumov-Gerasimenko.

However, as the characteristics of the objects, like their size and shape, change,
the morphology of their interaction with the solar wind plasma is considerably altered.
For example, when the obstacle size reaches the proton gyro-radius, particle gyration
plays an important role in the interaction that has to be considered. Figure 1.1 shows
a size-mass diagram of some of the airless bodies bounded within various plasma
scale lengths [14].

Several techniques including observations, theoretical models and numerical
simulations have been used to study the solar wind interaction with different objects.
Here we briefly explain the numerical modeling techniques used to study the solar
wind interaction with different objects. Then in the following chapters of this thesis
we choose one of the modeling techniques to study the kinetics of the solar wind
plasma interaction with the Moon.

The most commonly applied models are magnetohydrodynamics (MHD), particle-
in-cell (PIC), hybrid, and test particle/Monte-Carlo models. MHD simulations con-
sider the plasma as a charge neutral fluid (often a single fluid). Therefore, the kinetic
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Figure 1.1: Size-mass diagram of some of the airless bodies bounded between
different plasma scale lengths. Vertical dashed lines mark different plasma scale-
lengths, and horizontal dashed lines indicate escape velocity ranges for these objects
[15].

properties of plasma can not be examined using this approach. In PIC models, the
different plasma species are treated as kinetic particles; therefore, the kinetic nature
of plasma species can be examined. Another kinetic simulation approach is the
hybrid model, that treats the ions as kinetic particles and the electrons as a mass-less
fluid. Since the hybrid models take computationally less time compared to the PIC
models, they are more suitable tools to study large interaction domains, e.g., solar
wind interaction with Mars, Moon, and Mercury. The test-particle/Monte-Carlo
approach traces the ion and/or electron motion through a background magnetic and
electric field. This method does not resolve the electromagnetic equations, and often
the background fields are taken from MHD or hybrid simulations [46].

The solar wind plasma interaction with the Moon is dynamic and complex.
This is, however, due to the kinetic nature of this interaction because of the small-
scale interaction regions where the MHD/fluid approach cannot address the detailed
physics of the interaction. This reveals the importance of kinetic modeling to
understand the morphology of this interaction. Therefore, in this research we choose
a kinetic simulation technique to study the solar wind plasma interaction with the
Moon. However, to obtain a full velocity space distribution of the particles, a three-
dimensional (3D) model is needed. Other kinetic simulation approaches than the
hybrid model of plasma, e.g. PIC model, are computationally expensive for 3D
modeling of the solar wind interaction with the Moon. Therefore we choose a
self-consistent 3D hybrid model of plasma [35] for this study.
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The main physical questions that are investigated in this research and discussed
in the appended papers are as follows:

1. What are the global effects of the solar wind plasma interaction with the
Moon? (see papers I, II, and V)

2. What are the physics and dynamics of the lunar plasma wake? (see papers
I, II, III, IV and V)

3. What are the effects of lunar surface plasma absorption on the solar wind
plasma in the lunar wake? (see papers I and IV)

4. How much does the proton reflection from lunar day side affect the physics
of the interaction? (see paper V)

The results of this study will feed forward to kinetic theories of plasma interac-
tion with airless bodies, fundamental plasma physics processes, and human space
exploration.

In this thesis we briefly explain the basic concepts of plasma in Chapter 2, then
we explain the hybrid model of plasma in Chapter 3 and we give an overview of the
solar wind interaction with the Moon in Chapter 4. Finally, in the appended papers,
we study the solar wind plasma interaction with the Moon using a 3D hybrid plasma
solver, and we discuss the questions listed above.



2 – Basics of Plasma Physics

2.1 Definition of a Plasma

A plasma is an ionized gas of electrically charged particles, that consists of equal
numbers of free positive and negative charge carriers (quasi-neutral) that exhibits
collective behavior. Since plasmas are composed of charged particles, they can exert
electromagnetic forces on each other, which make them different from neutral gases.
However, any ionized gas cannot be called a plasma because there is always some
small degree of ionization in any gas. There are three conditions that an ionized gas
must satisfy to be called a plasma [7]:

1. λD � L
2. ND � 1
3. τ > 1/ fp

We briefly explain these conditions here.

2.1.1 Quasi-neutrality and Debye Shielding

A fundamental characteristic of a plasma is its ability to shield out electric potentials
that are applied to it by forming a cloud of charged particles surrounding the particles
of different charges [7].

The Coulomb electric potential of a test charge qt in a vacuum is

φC(r) =
qt

4πε0r
[V] (2.1)

where ε0 is the free space permittivity and r is the distance from the test charge. In a
plasma the test charge alters the distribution of the particles in its vicinity to cancel
out their electric field and maintain charge neutrality. The electric potential around a
charged particle in a plasma is then

φD(r) =
qt

4πε0r
exp

(
− r

λD

)
[V] (2.2)
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where λD is called the Debye length. The Debye length is the characteristic length
scale (a distance) in which a balance between the electrostatic potential energy and
the thermal energy of the particles is obtained, that tends to restore charge neutrality
[4]. For plasma density ni � ne and temperatures Ti � Te,

λD =

(
ε0kBTe

neq2
e

)1/2

[m] (2.3)

where kB is the Boltzmann constant, and the subindex i and e denote ions and
electrons, respectively.

For a plasma to be quasi-neutral, the physical dimension of a system, L, has to
be much larger than λD, otherwise the collective shielding effect is not sufficient to
cancel out external potentials. The number of required particles in a distance of λD
is given by the number of particles in a Debye sphere [4]:

ND =
4
3

πneλ 3
D ≈ 1.38×106

(
T 3

e
ne

)1/2

[numbers] (2.4)

Plasma collective behaviors requires that ND � 1. The solid and dashed lines
in Figure 2.1 indicate the Debye length, λD, and the number ND of particles inside
a Debye sphere for a finite range of electron number density, ne, and electron
temperature, Te. Typical plasma parameters upstream the Moon while the Moon is
in the solar wind, in the Earth’s magnetosheath, in the Earth’s tail lobe and in the
plasma sheet are marked with circles in this figure.

Solar wind

Magneto-

sheath

Tail lobe

Plasma

sheet

3 4 5

λ=1 mλ=10 m

λ=100 m

λ=1000 m

ND=1.0E+7

ND=1.0E+9

ND=1.0E+11

ND=1.0E+13

ND=1.0E+15

Figure 2.1: Plasma electron number density ne, electron temperature Te, plasma
frequency fe, Debye length λD, and number of particles inside a Debye sphere ND.
This figure is based on Fig. 1.1 in [42] and Fig. 1.2. in [4].
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2.1.2 Plasma Frequency

Assume that the quasi-neutrality of the plasma is perturbed by an external force. The
electrons, due to their higher mobility than the heavy ions, respond to that force and
subsequently oscillate about the heavier ions to restore the charge neutrality. The
electron oscillation frequency is known as the plasma frequency and is written as

fpe =

(
neq2

e
4π2ε0me

)1/2

[Hz] (2.5)

For an ionized gas to be considered as a plasma, the mean time between plasma
collisions with neutral atoms, τ , has to be larger than plasma oscillation time (τ >
1/ fpe) [7].

2.2 Single Particle Dynamics

The motion of a single charged-particle is governed by the presence of different
forces acting on that particle. These forces can be electric, magnetic, or external
forces like gravity force. Collisions with other particles will also affect the motion.

Consider a charged particle of specie s with mass ms and charge qs. The trajectory
of the particle is determined from solving the equation of motion (Newton’s second
law),

ms
dvs

dt
= Fs (2.6)

where Fs and vs are respectively the applied force and the velocity of the particle at
position rs at time t. Position rs is obtained from drs/dt = vs. In the presence of
electric, E, and magnetic, B, fields, the equation of motion for a charged particle is
given by

ms
dvs

dt
= qs(E+vs×B) (2.7)

The motion of a charged particle changes the local electric and magnetic fields
which result in changing the particle’s motion. The relation between particles and
fields is described by Maxwell’s equations

Gauss’s law: ∇ ·B = 0 (2.8a)

Poisson’s equation: ∇ ·E =
ρq

ε0
(2.8b)

Ampère’s law: ∇×B = μ0(J+ ε0
∂ E
∂ t

) (2.8c)

Faraday’s law: ∇×E =−∂ B
∂ t

(2.8d)
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where the charge density, ρq, and the current density, J, are

ρq = ∑
s

qsns [C/m3] (2.9a)

J = ∑
s

qsnsvs [A/m2] (2.9b)

and μ0 is the permeability of free space.
A charged particle of specie s gyrates around a uniform magnetic field B in the

plane perpendicular to the magnetic field with the angular frequency of Ωgs, which
is named gyro-frequency or cyclotron frequency and is defined as

Ωgs =
qsB
ms

[rad/s] (2.10)

Then the gyro-period will be Tgs = 2π/Ωgs, and the gyro-radius of this circular
motion is defined as

rgs =
v⊥s

Ωgs
[m] (2.11)

where v⊥ is the perpendicular component of the particle’s velocity around the
magnetic field lines.

2.3 Many Particle Dynamics
Since plasmas are collections of particles, it would be computationally difficult to
self-consistently solve a problem including N number of particles and follow their
trajectories individually and calculate their effective electromagnetic forces. There-
fore, we need to simplify our problem and make some approximations. Two main
simplified methods used are: kinetic and magnetohydrodynamics (MHD) theory.
In kinetic theory, individual particle motion is taken into account by considering
the velocity distribution function f (v) for each plasma specie. In MHD theory,
plasmas are assumed as a single- or multiple-fluids and fluid equations are used for
the description of plasmas. In the following sections we briefly explain these two
approaches.
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2.4 Kinetic Theory
Consider a system of many particles, each having a time dependent position r j(t) and
velocity v j(t). In kinetic theory, the position and velocity of the particles are taken
as independent coordinates in a six-dimensional space (r,v), called the phase-space.
A velocity space distribution function (VSDF) is defined as a function of seven
independent variables: fs = fs(r,v, t) and it defines the number density of particles
of specie s that at time t is present in an infinitesimally small phase space volume
(Δr, Δv), located at a phase space point (r, v). Therefore, the integral of fs(r,v, t)
over all velocity space gives the number density ns(r, t) of particles of specie s at
time t and position r as

ns(r, t) =
∫

fs(r,v, t) dv [m−3] (2.12)

2.4.1 Boltzmann and Vlasov Equations
The Boltzmann equation of kinetic theory is

d fs

dt
= vs ·∇ fs +as ·∇v fs +

∂ fs

∂ t
(2.13)

where ∇ is the gradient operator in configuration space, ∇v is the gradient operator
in velocity space, as = dvs/dt is the acceleration term and often in space plasma is
defined as

as =
qs

ms
(E+vs×B) (2.14)

The left-hand side of Equation 2.13 is the collisional term in the Boltzmann equation.
In a collision-less plasma this term will be zero. The collision-less form of the
Boltzmann equation is called the Vlasov equation

vs ·∇ fs +
qs

ms
(E+vs×B) ·∇v fs +

∂ fs

∂ t
= 0 (2.15)

2.4.2 Moments of a Distribution Function
During the last decades, some efforts have been done to solve the Boltzmann and
Vlasov equations, both theoretically and numerically, but most of the successful
solutions have been restricted to a few specialized, or low dimensional problems [80].
In many applications, we are only interested in a limited number of macroscopic
variables of the distributions and we do not need to know all the details of the
distribution function. These measurable variables are functions of position and can
be obtained by integrating the distribution function over the velocity space domain.
The general approach to obtain the k-th moment of a single particle distribution
function fs is

Ψk =
∫

vk fs(r,v, t) dv (2.16)
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where Ψ is the moment (macroscopic variable) of the distribution [12].
The first four moments of a single particle distribution function are as follows
• The zero-th moment (k = 0) is the number density of specie s

Ψ0 = ns(r, t) =
∫

fs(r,v, t) dv [m−3] (2.17)

• The first moment (k = 1) is the particle flux of specie s

Ψ1 = Γs(r, t) =
∫

v fs(r,v, t) dv [m−2s−1] (2.18)

The bulk flow velocity of particles of specie s is expressed by

us(r, t) = Γs(r, t)/ns(r, t) [m/s] (2.19)

• The second moment (k = 2) is the particle pressure tensor of specie s

Ψ2 = Ps(r, t) = ms

∫
c c fs(r,v, t) dv [kg m−1s−2] (2.20)

where c = v− us and is the thermal velocity. Ps is a 3× 3 matrix and in
component notation, each of its (i, j) elements are given as

Ps
i, j(r, t) = ms

∫
cic j fs(r,v, t) dv (2.21)

and a scalar pressure ps is defined as one third of the trace of Ps
i, j

ps =
1
3

3

∑
j=1

Ps
j, j (2.22)

The kinetic temperature of specie s can be given in the form of a 3×3 matrix

Ts(r, t) = Ps(r, t)/ns(r, t)kB [K] (2.23)

Kinetic temperature is often expressed in the electron volt (eV) unit, which is
a unit of energy and 1 eV is 1.602×10−19 J. Then 1 eV≈ 11600 K .

• The third moment (k = 3) is the heat flux of specie s and is given by

Ψ3 = Qs(r, t) =
1
2

ms

∫
c c2 fs(r,v, t) dv [W/m2] (2.24)

(for more details about the moments of the distribution functions and the their higher
orders, see [12, 69])

2.4.3 Velocity Space Distribution Functions
There exist a variety of different velocity space distribution functions (VSDF), but
here we only address the important ones that relate to solar wind plasma distribution
functions.
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Maxwellian Distribution

One of the well-studied distribution functions is the Maxwellian distribution. It is
also known as Maxwell-Boltzmann distribution and is defined as

f M
s = ns

(
1

πv2
ths

)3/2

exp

(
−(v−us)

2

v2
ths

)
[s3/m6] (2.25)

where vths is the thermal speed and is defined as

vths =

√
2kBTs

ms
[m/s] (2.26)

The Maxwellian distribution is an isothermal distribution and its vector quantity
moments are symmetric, with respect to the bulk velocity, along all three dimensions
in velocity space. Figure 2.2 shows an example of a two-dimensional drifting
Maxwellian distribution, in one- and two-dimension slices. The bulk flow velocity
can be determined from the peak of the distribution and is here in this example
ux = 400 km/s and uy = 200 km/s. Since the distribution is isothermal, it has equal
thermal speed vth in all directions. f M

max is the maximum of the VSDF and the
thermal speed (the most probable speed) is the velocity difference between f M

max
and f M

max/e, where e is the Napier’s constant. For the Maxwellian distribution
f M
max = ns(1/πv2

ths)
3/2.
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Figure 2.2: Two-dimensional drifting Maxwellian VSDF for protons as a one-
dimensional spectra (left) and a two-dimensional contour plot (right). The color
bar and the dashed contours on the right show the VSDF in linear and logarithmic
scales, respectively. The bulk flow velocity is us = [400, 200] km/s, and since the
distribution is isothermal, the thermal speed vth is equal along the different directions
and is here around 60 km/s.
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ux

Figure 2.3: Comparison between the one-dimensional spectra for different κ values
for κ-distributions (κ =2, 4, and 8) and for a Maxwellian distribution function.
All the distributions have the same number density and kinetic temperature. The
horizontal axis shows the velocity and the vertical axis shows the VSDF values in
logarithmic scale.

Kappa Distribution

Another well-known distribution function is the κ-distribution and it is defined as

f κ
s =

ns

2π(κv2
κ)3/2

Λ(κ +1)
Λ(κ−1/2)Λ(3/2)

(
1+

(v−us)
2

κv2
κ

)−(κ+1)

(2.27)

where

Λ(x) = (x−1)!

Λ(x+1/2) =
1×3×5× ...× (2x−1)

2x

√
π

vκ =

√
(2κ−3)

κ
kBTs

ms

In general, the κ-distribution predicts higher energy for the particles at the tail
of the distribution compared to the Maxwellian, but it approaches a Maxwellian
distribution when κ →+∞. This can be seen in Figure 2.3.

Bi-Maxwellian Distribution

A Bi-Maxwellian distribution is a non-isothermal VSDF. In contrast to the Maxwellian
distribution, particles in a Bi-Maxwellian distribution can have different thermal
speed in different directions in the velocity space. This makes the distribution
function anisotropic.

The Bi-Maxwellian distribution is defined as

f B
s = ns

(
1

πv2
ths||

)1/2(
1

πv2
ths⊥

)
exp

(
−

cs
2
||

v2
ths||

− cs
2
⊥

v2
ths⊥

)
(2.28)
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where the directional subscripts denote directions relative to the background magnetic
field (B) and c|| = v|| −us|| and c⊥ = v⊥−us⊥. Total kinetic temperature for Bi-
Maxwellian distribution is obtained from

Ts =
Ts||+2Ts⊥

3
(2.29)

Figure 2.4 shows an example of a two-dimensional Bi-Maxwellian distribution
function for protons with ns = 5× 106 m−3, us|| = 400 km/s, us⊥ = 200 km/s,
Ts � 17.5 eV and Ts||/Ts⊥ = 2/3.
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Figure 2.4: Two-dimensional Bi-Maxwellian velocity distribution function for pro-
tons as a one-dimensional spectra (left) and as a two-dimensional contour plot (right).
The color bar and the dashed contours in the right show the VSDF in linear and
logarithmic scales, respectively. The bulk flow velocity is us = [400, 200] km/s,
and the distribution has different thermal speed parallel vth|| and perpendicular vth⊥
to the magnetic field. Parallel temperature Ts|| in this example is higher than the
perpendicular temperature Ts⊥.

2.5 Fluid Theory and Magnetohydrodynamics

In fluid theory we consider the evolution of the basic macroscopic moments, i.e.,
number density, ns(r, t), bulk flow velocity, vs(r, t), pressure tensor, Ps(r, t), and
kinetic temperature, Ts(r, t), of the species s in a plasma [4]. In a single conducting
fluid, however, it is necessary to add the contributions of the individual species and
obtain the average and total parameters for a single-fluid. The total mass density, ρm,
the charge density, ρq, the average bulk velocity, u, and the total current density, J,
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for a single fluid are defined as

ρm = ∑
s

msns [kg/m3] (2.30a)

ρq = ∑
s

qsns [C/m3] (2.30b)

u = ∑
s

msnsus/∑
s

msns [m/s] (2.30c)

J = ∑
s

qsnsus [A/m2] (2.30d)

In Section 2.4.2 we defined the macroscopic variables using the k-th moments
of a single particle distribution function (Equations 2.16-2.24). Now by using
Equations 2.30a - 2.30d we define the evolution of each moment in a collision-less
plasma by integrating the Vlasov equation 2.15 over the entire velocity space. We
assume there is no source and loss of plasma, and we obtain a set of equations that
are known as the general MHD equations,

Continuity equation:
∂ ρm

∂ t
+∇ · (ρmu) = 0 (2.31a)

Momentum equation: ρm
Du
Dt

=−∇p+J×B (2.31b)

Equation of state: p/ργ
m = constant (2.31c)

Generalized Ohm’s law: J = σ(E+u×B) (2.31d)

where D/Dt ≡ ∂/∂ t+v ·∇, and σ is the plasma conductivity. γ is the ratio of specific
heat and for an adiabatic flow γ = 5/3 and for an isothermal flow γ = 1 [69]. Electric
and magnetic fields are obtained from the Maxwell’s equations (Equation 2.8).

The ideal MHD equations make restrictions on the typical plasma length scales
L and time scales τ:
• The length scales are large (L� λD).
• The time scales are long (τ � Tgi).
• Plasma is quasi-neutral.
• The speeds are non-relativistic (L/τ � c)
• The pressure and density gradients are parallel.

2.5.1 Pressure Balance

We consider a special case of a steady state (∂/∂ t = 0), incompressible (ρm is
constant then from continuity equation ∇ ·u = 0), and irrotational (∇×u = 0) MHD
flow. Then the momentum Equation 2.31a becomes

ρm(u ·∇)u+∇p−J×B = 0 (2.32)

For slow variations, when the displacement current from Ampère’s law can be
neglected, and we can replace J×B in Equation 2.32 with −B× (∇×B)/μ0. Then
if we take the assumptions above into account, and also assume the plasma flows
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only in one arbitrary direction r with u = u(r)r̂, Equation 2.32 becomes

∂
∂ r

(
ρmu2 + p+

B2

2μ0

)
= 0 (2.33)

Then for an equilibrium, isotropic, and quasi-neutral plasma we have

ρmu2 + p+
B2

2μ0
= constant (2.34)

where ρmu2 is the dynamic pressure, p = nkB(Ti +Te) is the kinetic pressure , and
B2/2μ0 is the magnetic pressure. Equation 2.34 is known as the plasma pressure
balance equation. This equation, for the assumed conditions above, indicates that the
total pressure (ρmu2 + p+B2/2μ0) remains constant along a streamline r.

2.5.2 Diamagnetic Current
Now we consider another approximation to the conditions for the pressure balance
equation. We assume a stationary plasma (u = 0). Then the momentum equation
from Equation 2.32 reduces to

∇p−J×B = 0 (2.35)

Consider a cylindrical plasma with pressure gradient ∇p directed toward the
cylinder axis (Figure 2.5). The plasma magnetic field is normal to the ∇p direction.
To cancel out the outward force of plasma expansion, there must be an azimuthal
current perpendicular to both the ∇p and B, as shown in Figure 2.5 [7]. Since this
current acts to reduce the plasma magnetic field inside the cylinder, it is named a
diamagnetic current. Taking the cross product of Equation 2.35 with B gives

B×∇p = B× (J×B) = B2J⊥ (2.36)

then the diamagnetic current, J⊥, can be written as

J⊥ =
B×∇p

B2 [A/m2] (2.37)

JB

ps

Figure 2.5: Illustration of the origin of the diamagnetic current.
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2.5.3 Plasma Beta

In a stationary plasma (u = 0), if there is a kinetic pressure gradient in the plasma,
plasma diamagnetism implies that the magnetic pressure must change to keep the
total pressure constant. The importance of the ratio between kinetic plasma pressure
and magnetic pressure leads to the definition of a dimension-less parameter that is
called the plasma beta

β ≡ p
pB

(2.38)

where p = nekB(Ti +Te) and pB = B2/2μ0 is the magnetic pressure.
When plasma beta is large (β � 1), the magnetic field does not affect the plasma
dynamics. When plasma beta is small (β � 1), the magnetic field governs the plasma
dynamics.

2.5.4 Magnetic Diffusion-Convection

An equation that describes the transport of magnetic field and plasma is obtained
from substituting the generalized Ohm’s law (Equation 2.31d) into Faraday’s law
(Equation 2.8d),

∂ B
∂ t

=−η∇×J+∇× (u×B) (2.39)

where η = 1/σ and is the plasma resistivity.
From substitution of J from Ampère’s law (Equation 2.8c) and given that ∇ ·B = 0,
Equation 2.39 reduces to

∂ B
∂ t

= Dm∇2B+∇× (u×B) (2.40)

where Dm is the magnetic diffusion coefficient and is given by

Dm =
η
μ0

[m2/s] (2.41)

Assuming the plasma to be at rest (u = 0), then Equation 2.40 reduces to

∂ B
∂ t

= Dm∇2B (2.42)

which is known as the magnetic diffusion equation. This equation describes the
diffusion of magnetic field through a conductor. Assume a plasma with finite
resistivity. The magnetic fields tend to diffuse across the plasma and to smooth any
local inhomogeneities [4]. Suppose B0 is the initial magnetic field strength, L is the
spatial scale over which the magnetic field B varies significantly, and suppose that
τd is the temporal scale for the varying B. Then the local solution of the diffusion
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equation is

B = B0 exp(±t/τd) (2.43)

where τd is the magnetic diffusion time given by

τd ≡ L2/Dm [s] (2.44)

When the conductivity is very large, Dm = 0 and Equation 2.40 reduces to

∂ B
∂ t

= ∇× (u×B) (2.45)

which is known as the magnetic convection equation. This equation implies that
magnetic field lines must move with the plasma. This concept is known as "frozen-in"
field lines and is shown in Figure 2.6.

B
B

uFluid 

pacel Slow Flow

Slow Flow

Fast Flow

t = t0
t > t0

Figure 2.6: Schematic of frozen-in magnetic field. The figure is adapted from [12].

2.5.5 Breakdown of MHD Approximation
Fluid theory can explain the majority of the observed plasma phenomena, and it
is sufficiently accurate when the scales of our interests are much larger than the
scales involving the plasma. However, there are some phenomena that have scales
smaller than the fluid scales and fluid theory can not capture them. For example,
a response to a propagating wave becomes complex due to the non-Maxwellian
distribution of particles, then the resulting perturbations of the VSDF may change
the electromagnetic fields. This cannot be captured by MHD. Therefore, kinetic
theory is required that considers the velocity space distribution function for each
particle species s [43].

2.6 The Solar Wind Plasma
The solar wind is a multi-species plasma but weakly collisional medium. Solar wind
particles mean free path depends on the distance to the Sun, therefore the Coulomb
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collision frequency is low enough that it sometimes can be neglected at 1 AU (1
Astronomical Unit = distance between the Earth and the Sun). As a consequence
of this low collision rate in the solar wind, temperature anisotropies evolve along
the background magnetic field. However, even a few collisions per AU prevents
formation of an extremely large temperature anisotropy in the solar wind plasma
distributions [43, 53].

Figure 2.7 shows solar wind proton parameters between January 2006 and De-
cember 2013 obtained from moment calculations of the WIND spacecraft data at
about 1 AU distance from the Sun (outside the Earth’s magnetospheric disturbances).
We see that the mean of the solar wind bulk speed is about 370 km/s, proton density
is about 4 cm−3, and proton thermal speed is about 35 km/s (�75000 K or 6.5 eV).
These values can be considered as the typical solar wind proton parameters near the
Moon when the Moon is in the undisturbed solar wind plasma.

Figure 2.7: Solar wind proton parameters at 1 AU as seen by the Wind spacecraft
between 1 January 2006 and 31 December 2013. The top panel shows the distribution
of proton number density as a function of proton bulk speed. The bottom panel
shows the distribution of proton thermal speed as a function of proton bulk speed.
For more details about Wind spacecraft and its moment calculations, see [43].
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} 3 – Hybrid Model of Plasmas

3.1 General Description of Hybrid Models
Hybrid modeling of plasmas is a self-consistent kinetic modeling approach that
involves solving Maxwell’s equations, Equations 2.8c-2.8d, for positively charged
particles while the electrons are treated as a mass-less fluid.

Generally in particle-in-cell (PIC) and/or hybrid plasma solvers there are a
number of basic steps in the calculations that have to be made. These steps are
illustrated in Figure 3.1 and they are as follows [47, 80]:
• Plasma species, their mass and mass per charge ratio are defined and each of

them are represented as macro-particles, the rest are considered as fluids.
• The subset of Maxwell’s equations (electromagnetic or electrostatic) to be

solved is decided.
• The geometry of the simulation/calculation, initial values and the boundary

conditions for the problem should be defined.
• The particle species are advanced in small amounts of time, Δt, and their new

positions and velocities in space and time are obtained.
• The sources, which are plasma charge density ρq and current density J, are

collected to solve for the fields and once the new fields have been obtained,
the particles can be moved again. The steps shown inside the dashed box in
Figure 3.1 are repeated until a final time is reached.

• Finally the results are analyzed through appropriate diagnostics.
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Figure 3.1: Basic steps in setting up kinetic/hybrid simulations. The figure is adapted
from [80].

3.2 Hybrid Approximations

Several assumptions are considered in a hybrid solver which are mostly in common
for all kinetic solvers [35, 46].

Quasi-neutrality

ρq = ∑
s

ρqs = ρqe +∑ρqi = 0 (3.1)

where ρq is the charge density of different particle species s. This assumption
implies that ∇ ·J = 0, where J = ∑Js is the total current density. This removes most
electrostatic instabilities and it is only valid for grid resolutions larger than the Debye
length λD.

Darwin Approximation

If we assume a quantity Q can be separated into transverse, QT , and longitudinal,
QL, parts (Q = QT +QL) such that ∇ ·QT = 0 and ∇×QL = 0, Ampére’s law
(Equation 2.8c) can be decomposed into two parts: a divergence-free and a curl-free
part [47].
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∇×BT = μ0

(
JT + ε0

∂ET

∂ t

)
, and (3.2a)

0 = μ0

(
JL + ε0

∂EL

∂ t

)
(3.2b)

In the Darwin approximation, the transverse displacement current ∂ET/∂ t is
neglected. This removes both relativistic phenomena and light waves (high frequency
waves). Then Ampére’s law is simply reduced to

∇×B = μ0 J (3.3)

Since in a hybrid model electrons are treated as a mass-less fluid, the electron
current, Je, and electron velocity, ue, are calculated from the charge neutrality
approximation as

Je = J−∑Ji (3.4)

and

ue = Je/ρqe =
∑Ji−J

∑ρqi
= ui− ∇×B

μ0 ∑ρqi
(3.5)

Although the quasi-neutrality is one of the main assumptions of the hybrid model,
Equation 3.5 indicates that the electrons velocity can be different than the ions
velocity when an electric current exists.

Adiabatic Pressure

Electron pressure, pe, can be assumed to be adiabatic. Then the electron pressure is
related to the electron charge density by pe ∝ |ρqe|γ , where γ is the ratio of specific
heat or adiabatic index, which is often chosen as γ = 5/3 [21, 38].

Massless Electrons

We know that me/mi � 1, then we can assume that me = 0. In this assumption, the
plasma mass density is only the ion’s mass density, and the electron gyro frequency
and the electron plasma frequency are removed from the calculations because of
the electron’s zero mass. The electron momentum equation with me = 0 gives an
explicit expression for electric field, that is no longer an independent unknown (see
Equation 3.8) [35].

Faraday’s Law

Faraday’s law is used to advance the magnetic field in time

∂B
∂ t

=−∇×E (3.6)
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3.3 The Hybrid Equations
Ions positions, ri, and velocities, vi, are obtained by solving the equation of motion
(Equation 2.6) which is an Ordinary Differential Equation (ODE)

d
dt

[
vi
ri

]
=

[ qi

mi
(E+vi×B)+Fext

vi

]
(3.7)

where Fext is an external force other than electromagnetic force and is often assumed
to be zero for space plasma applications, B is given by Equation 3.6 and E is given
by

E =
1

∑ρqi

(−∑Ji×B+μ−1
0 (∇×B)×B−∇pe

)
+

η
μ0

∇×B (3.8)

where pe can be given from adiabatic pressure assumption, and η [Ω m] is resistivity.
Now we have a complete set of hybrid equations to solve the system. We assume

that the simulation geometry, initial and boundary conditions are known and we
aim to solve the equations by following the cycle surrounded by the dashed lines in
Figure 3.1.

3.3.1 Moving Particles
Equation of motion (Equation 3.7) is an initial value problem for ODEs, where all
derivatives are with respect to single independent variable. To solve such equations
numerically, several methods with different level of accuracy and stability exist. For
example, explicit and implicit Euler methods, and explicit and implicit Runge-Kutta.
The method we use in our hybrid plasma solver is an explicit Leapfrog method. It has
global error order of 2, but it runs nearly 2 times faster than a 3rd order Runge-Kutta
method. In the Leapfrog method particles position and velocity are advanced in time
alternatively. This algorithm is commonly used in kinetic plasma solvers [6, 47]. In
this method, the equation of motion is advanced as follows:

vk+1/2
s −vk−1/2

s

Δt
=

qs

ms

(
E(rk)+

vk+1/2
s +vk−1/2

s

2
×B(rk)

)
(3.9a)

rk+1
s − rk

s
Δt

= vk+1/2
s (3.9b)

The superscript denotes the time level, for example vk+1/2
s = vs((k+1/2)Δt). The

method is shown in Figure 3.2. We define full-integer grids at t = kΔt and half-integer
grids at t = (k+1/2)Δt, where k is an integer number. In this method:
(1) A particle’s position and velocity at t = 0 (initial condition) are known [r0, v0].
(2) Push v0 back from t = 0 to t =−Δt/2 to obtain v−1/2, using electric and magnetic
fields at r0.
(3) Set k = 0.
(4) Compute vk+1/2

s , and rk+1
s from Equations 3.9a and 3.9b.
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(5) Get electric and magnetic fields at rk (see Sections 3.3.2 and 3.3.3 for more
details).
(6) advance the time by setting k← k+1 and goto step (4).

Time

Time

Velocity

Position

tt - Δt/2 t + Δt/2 t + Δt

vold vnew

rold rnew
aold anew

Figure 3.2: Schematic of Leap-frog method to advance a particle velocity and
position by time. Previous velocity and positions of a particle is shown by subindex
old, and the updated velocity and position are shown by subindex new. Note that the
particle’s position and acceleration are advanced on the full-integer grid while the
particle’s velocity is advanced on the half-integer grid.

3.3.2 Collecting Sources
The sources of electric and magnetic fields are the charge density and the current
density which are used to solve for the electric and magnetic fields. Here we find the
charge density first, and then compute the current density.

For simplicity we assume a one-dimensional spatial domain along the X-axis
(Figure 3.3). We discretize the domain into equal length cells of size Δx. When
we move particles in time and space, a charged particle at position xp has a charge
density distribution qs/Δx in the range xp−Δx/2 ≤ xp < xp +Δx/2. On the other
hand, the cell around each grid point at Xk is Xk−Δx/2 ≤ Xk < Xk +Δx/2 and
shown in Figure 3.3. The charge of the particle is split to the closest grid points,
proportional to the areas covered in each cell. This method is called linear weighting.
The numerical assignment of the charge qs to the adjacent grid points Xk and Xk+1 is
as follows,

ρq(Xk) = qs(Xk+1− xp)/Δx (3.10a)
ρq(Xk+1) = qs(xp−Xk)/Δx (3.10b)

The total current density, J, is obtained from the simplified Ampère’s law (Equa-
tion 3.3). Ion current density, ∑Ji, is deposited on the grid from ∑qivi, and using
the same scheme as the charge density. Then Je = J−∑Ji. Both the charge density
and the current density are calculated in time on the half-integer grid, similar to the
velocity.
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Δx Δx

Xk Xk+1xp

One-Dimensional Cell

Figure 3.3: Linear weighting method for computing charge density. Simulation cell
centers are shown by squares and a particle position is shown by a circle.

3.3.3 Solving Fields
Several methods exist to solve the electric and magnetic fields in Equations 3.6
and 3.8. One method that is explained in [35] is as following,
(1) Using Faraday’s law (Equation 3.6), Bk is advanced to Bk+1/2

Bk+1/2 = Bk− Δt
2

∇×Ek (3.11)

(2) We see from Equation 3.8 that the electric field E is a function of B, ρqi and Ji,
then

E∗ = F
(

Bk+1/2, ∑ρk+1/2
q , ∑Jk

)
(3.12)

where F denotes the function on the right-hand side of Equation 3.8.
(3) We use Bk+1/2 and E∗ obtained from steps 1 and 2 to advance the particles
velocity for a half time-step.

vk+1/2
s = vk

s +
Δt
2

qs

ms

(
E∗+vk

s ×Bk+1/2
)

(3.13)

(4) From Equation 3.8 we get

Ek+1/2 = F
(

Bk+1/2, ∑ρk+1/2
q , ∑Jk+1/2

)
(3.14)

(5) Advance particles velocity

vk+1
s = vk

s +Δt
qs

ms

(
Ek+1/2 +vk+1/2

s ×Bk+1/2
)

(3.15)

For more details about this method, see [35] and for more information about other
methods, see [47].

3.4 Particle Injection and Boundary Conditions
We divide the 3D simulation domain into a Cartesian grid with equal size cubic
cells. Of course there are more methods, e.g., adaptive grids, but they are out of
the scope of this thesis. One side of the simulation domain is assumed to be the
inflow boundary and one or more sides can be assumed as outflow boundaries. The
charged particles are injected into the simulation domain at the inflow boundary and
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are removed from the system at the outflow boundaries. We can also define some of
the simulation boundaries as periodic boundaries, which means that if a particle goes
out for example from +y direction, it comes back into the system from −y direction.
Particles are equally distributed in space at the inflow boundary with a Maxwellian
VSDF in a cell (Equation 2.25). The type of the velocity distribution is arbitrary and
they can have any type of the distributions mentioned in the previous chapter, but
since the number of the particles in a cell are too few (usually in a 3D particle model
it is not more than a few hundreds), most distributions will be indistinguishable from
a Maxwellian distribution.

3.5 Simulation Coordinate System
Figure 3.4 shows the coordinate system we use in our hybrid simulations, which
is a right-handed coordinate system centered at the object of our interest (here the
Earth’s Moon). The +x axis is toward the Sun, so the solar wind flows opposite
to the +x axis. The +z axis is perpendicular to the ecliptic plane and points to the
ecliptic north, and the y axis completes the right-hand system. We assume that the
IMF is in the xy plane. We often denote this plane as the IMF plane. In Figure 3.4
the IMF is along the +y axis and is perpendicular to the solar wind flow.
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Figure 3.4: Illustration of the coordinate system used in our simulations.

3.6 The FLASH Software Framework
The FLASH code is a modular, parallel multiphysics simulation code. It is written in
Fortran90 and C, and it uses Message-Passing Interface (MPI) for inter-processor
communications. The code is developed by the Flash Center for Computational
Science at the University of Chicago. FLASH handles general compressible flow
problems found in many astrophysical environments [24]. What makes FLASH
stand-out from other multiphysics codes, besides its simplicity to customize and its
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well-developed infrastructure, is its ability to combine inter-operable modules to
generate different applications.

The current available version of FLASH is its 4th version (FLASH4). There is a
three-dimensional (3D) self-consistent hybrid plasma solver based on the 2nd version
of the FLASH code (FLASH2) [35, 36] and upgrades of the code as the FLASH
has been upgraded [37, 38]. This hybrid plasma solver is one of the FLASH built-in
particle modules since the FLASH4 version was released in 2012. I have been using
the hybrid solver since the FLASH3 version. This model solves the hybrid equations
for multi-specie ions. However, since the most dominant solar wind plasma specie is
proton, we only consider protons in our simulations and neglect the other solar wind
charged particles.

The general approximations of the hybrid plasma solver, which are explained
in Section 3.2, remained unchanged in the transition from the hybrid FLASH2 to
the hybrid FLASH4. The major difference occurred between the hybrid FLASH3
and the hybrid FLASH4 to handle plasma absorption at the obstacle surface. When
a particle model is applied to study the plasma interaction with an atmosphereless
object, e.g., the Moon, a critical boundary condition occurs at the surface of the
object where the plasma impacts the surface. Since the plasma is mostly neutralized
and absorbed by the surface, the impacted charged particles should be removed from
the simulation domain. If they are removed immediately at the moment they impact
the surface, numerical oscillations may occur in the system and affect the solution.
Below we explain how the plasma absorption at an obstacle’s surface is handled in
hybrid FLASH3 and FLASH4.

3.6.1 FLASH3 Hybrid Solver

In the hybrid FLASH3 the method used to remove impacted charged particles to
an obstacle’s surface is as follows: the mass and charge of the charged particles
that hit the surface are reduced simultaneously by a factor fobs after each time step
while they are inside the object [21]. Theoretically 0.0≤ fobs ≤ 1.0, but practically
it is preferred to be close to zero to handle the surface plasma absorption correctly.
Nevertheless, the choice of a small-enough fobs such that it does not considerably
affect the physics of interaction demands lots of efforts and requires experiences. If
fobs=0.0, the particles mass and charge are set to zero when they impact the surface.
This is equivalent to remove the particles from simulations when they impact the
surface, which generates numerical oscillations and instabilities in the simulations
due to the introduced density discontinuity. On the other hand fobs=1.0 is equivalent
to the conditions that no obstacle exists in the simulations. Our hybrid simulations
for the solar wind interaction with the Moon used fobs between 0.970 and 0.995
to avoid numerical instabilities, and to capture the physics of interaction correctly.
Since fobs reduces particles’ mass and charge for every time step, the choice of
fobs close to 0.995 results in the passage of most of the charged particles through
the entire obstacle and their motion into the nightside. This considerably alters the
physics of the interaction, therefore has to be avoided. However, this issue cannot
be correctly addressed at and/or near the poles of an obstacle, unless fobs is chosen
to be nearly zero. The effects of different fobs values at 100 km altitude above the
lunar surface in the lunar nightside is discussed in Section 2.3 by Fatemi et al., 2012
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(paper IV). The simulation results presented in papers I, II, and IV in this thesis were
obtained from hybrid FLASH3.

Besides the challenges to determine a suitable fobs value for the simulations,
the physics of the plasma interaction with the surface is not correctly addressed.
Moreover, if an obstacle is partly or completely magnetized, that magnetization
considerably influences the trajectory of the mass- and charge-reduced particles
inside the obstacle, and consequently the physics of the interaction. This shows a
need to handle the surface interaction more correctly than what we did in hybrid
FLASH3. Therefore by the release of FLASH4, we also changed the physics of the
surface interaction.

3.6.2 FLASH4 Hybrid Solver
The obstacle in the hybrid FLASH4 is a resistive object and its surface is assumed
to be a plasma particle absorber. Thus the impacted charged particles to the surface
are immediately removed from simulations. In this version, the magnetic diffusion
equation (Equation 2.42) is solved instead of the Faraday’s law (Equation 3.6) for
the simulation grid cells that their ion charge density drops below a value ρqmin. This
enables us to handle the region inside the obstacle as well as the vacuum region that
may form elsewhere, e.g., behind the obstacle in the nightside. Our hybrid simulation
experiences show that ρqmin ≤ 0.01ρq p is a good estimate for modeling the solar
wind proton interaction with the Moon, where ρq p is the solar wind proton charge
density.

We also assume that the resistivity is defined as η = η(r, t) in the simulation
domain. We define a radial profile for the resistivity inside an obstacle, ηobs, and
a uniform resistivity for plasma, ηp. In the simulation results presented in this
thesis, we assume a very large homogenous resistivity inside the Moon, often
106 ≤ ηobs ≤ 108 Ωm, and a very low resistivity in the plasma, often 0≤ ηp ≤ 104

Ωm. Moreover, the vacuum regions forming outside the obstacle can be viewed as
an infinite resistivity region, where we often choose the resistivity to be as large as
the resistivity inside the obstacle.

The diffusion equation for the magnetic field (Equation 2.42) is a parabolic partial
differential equation (PDE) and gives an approximate time-step limit for stability of

Δt <
μ0Δx2

2ηmax
[s] (3.16)

where Δt is the time step for an explicit time integrator, Δx is the simulation cell size,
and ηmax is the maximum resistivity defined in the simulation [37]. Figure 3.5 shows
the maximum time step that can be chosen in our simulation as a function of cell
size for three different resistivities (η = 106,107,and 108 Ωm), which we often use
in our hybrid simulations for the Moon.

The simulation results presented in papers III and V in this thesis were obtained
from hybrid FLASH4.
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Figure 3.5: Time-step constrains for the hybrid FLASH4 simulations as a function
of simulation cell size for three different resistivities. For numerical stability, the
time-step has to be chosen below the plotted lines.

3.6.3 Comparison between FLASH3 and FLASH4 Hybrid Solvers

Holmström et al., 2012 [38] compared magnetic fields, plasma density and plasma
velocity from hybrid FLASH3 simulations with a WIND spacecraft observation
at 6.5RL downstream across the lunar wake [60], where RL=1730 km is the lunar
radius. Figure 3.6 compares the magnetic field magnitude from that study with
hybrid FLASH4 simulations with ηobs = 107 Ωm and ηp = 0 Ωm. The solar wind
upstream parameters applied to the hybrid FLASH4 simulations are the same as
those used in the hybrid FLASH3. As discussed in [38] (see paper I), the upstream
solar wind parameters before the WIND spacecraft entered the lunar wake and after
it exited the wake had changed. Thus we made two separated simulations, one with
the before and one with the after upstream conditions.

In Figure 3.6 the magnetic field magnitude observed by WIND is shown by
a solid line and the modeled magnetic field magnitudes for the before and after
conditions are shown by circles and triangles, respectively. As Figure 3.6 shows,
there is an agreement between the modeled results from FLASH3 and FLASH4, and
both simulation results match well with the observations. The agreement between
the two models are due to the large distance of the observations from the obstacle. At
such a large distance downstream, the choice of fobs within the experimental range
(0.97≤ fobs ≤ 0.995) does not considerably affect the physics of the lunar wake.

However, if we move to close distances to the Moon, where the fobs plays a
major role in the physics of the wake in hybrid FLASH3, we expect considerable
differences between our two models. This is shown in Figure 3.7 where we cross
the lunar wake at ∼300 km above the Moon. We made two simulations with
identical upstream conditions, one with hybrid FLASH3 for fobs=0.980 and one with
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Figure 3.6: The magnetic field magnitudes obtained from hybrid FLASH3 (red
marks) and hybrid FLASH4 (blue marks) simulations, compared with Wind space-
craft observation (black line) at x=-6.5RL downstream in the lunar wake for two
different upstream solar wind conditions labeled before (circles) and after (triangles).
For the FLASH4 simulation the lunar resistivity is homogeneous with ηobs = 107

Ωm and plasma resistivity ηp = 0 Ωm.

hybrid FLASH4 with ρqmin = 0.001ρq p. Figure 3.7 shows that the hybrid FLASH4
simulation predicts larger magnetic field enhancement in the lunar wake compared
to the hybrid FLASH3 However, if we had chosen fobs < 0.98, then the could get
larger magnetic field enhancement and more closer to FLASH4 predictions in the
wake.
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Figure 3.7: The magnetic field magnitudes across the lunar wake at x=-300 km
obtained from hybrid FLASH3 for fobs=0.980 (dashed line) and hybrid FLASH4
for ρqmin = 0.001ρq p (solid line) simulations. For the FLASH4 simulation the lunar
resistivity is homogeneous with ηobs = 107 Ωm and plasma resistivity ηp = 0 Ωm.
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3.7 The Backward Liouville Method
Analyzing the VSDFs in PIC models poses a problem. Accurate representation of
the velocity space might require thousands of particles per cell, resulting in billions
of particles in total for a simulation. Storing all these particles for later analysis of
VSDFs in different regions is often infeasible. Several approaches are possible to
analyze VSDFs from such PIC simulations [46]. A solution that gives arbitrarily
high velocity space resolution for a PIC method is to use the Backward Liouville
(BL) method. The BL method has been used with electric and magnetic fields from
fluid solvers [51, 52], but not with fields from PIC solvers. The idea behind the BL
method is that the VSDF at any location can be computed by integration backward
in time until we reach a position with known VSDF, using the electromagnetic fields
obtained from PIC/hybrid simulations. This enhances the velocity space resolution
and we can compute the VSDF at any arbitrary position in our simulation domain.
We have discussed this method in details and applied it to obtain the results presented
in paper IV.



4 – The Moon-Solar Wind Interaction

As we explained in Chapter 1, the solar wind interaction with different objects can
be categorized into four different groups: Earth type, Venus type, Lunar type and
Comet type. Here, in this chapter, we focus on the lunar type interaction and we
study the solar wind plasma interaction with Earth’s Moon using 3D self-consistent
hybrid model of plasma described in Chapter 3.

4.1 The Moon
The Moon is the the fifth largest natural satellite in the solar system. Ganymede,
Callisto, and Io (Jovian satellites), as well as Titan (a Kronian satellite) are larger
than the Moon. Some of the general characteristics of the Moon are listed in Table 4.1
and compared with those of the Earth.

Table 4.1: Moon/Earth Comparison

Characteristics Moon Earth Ratio
Mass (1024 kg) 0.07342 5.9726 0.0123
Equatorial radius (km) 1738.1 6378.1 0.2725
Polar radius (km) 1736.0 6356.8 0.2731
Ellipticity (Flattening) 0.0012 0.00335 0.36
Surface gravity (m/s2) 1.62 9.80 0.165
Escape velocity (km/s) 2.38 11.2 0.213

http://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html

The Moon might have been formed nearly 4.5 billion years ago, about a few
hundred million years after the Earth. Since the Moon is the closest celestial body
to the Earth (∼384400 km), it has been the only object after the Earth that humans
have put their feet on. The orbital (synodic) period of the Moon around the Earth is
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29.53 days with mean orbital velocity of ∼1 km/s. The Moon spends nearly 2/3 of
its orbit in the solar wind and the rest is in the Earth’s magnetosphere.

The Moon has a tenuous atmosphere today, with a total mass of nearly 104 kg. A
few of the neutral species measured in the lunar atmosphere are, without any specific
orders, He, CH4, O, OH, Na, Al, Si, N2, CO, K, Ar, and CO2 [34, 72, 81]. Their
total density is of the order of 1011 m−3 with a mean free path of the order of 1010

m, that greatly exceeds the atmospheric scale height. Thus the atmosphere can be
assumed to be a collision free region. The main sources that feed the atmosphere
are lunar particle release, surface sputtering, back-scattering of the solar wind ions,
micro-meteorite impact vaporization, thermal and photon stimulated desorption.
The main atmospheric loss-processes are gravitational escape, photo ionization, and
surface adsorption [72].

Similarly to the neutral atmosphere, charged-particle collisions are very rare
in the lunar exosphere. The ion production rate is proportional to the product of
the neutral number density and the ionization rate. The newly formed ions that are
traveling upward with velocities higher than the escape velocity are lost from the
lunar atmosphere, but on average about half of the ions are getting back to the lunar
surface [72].

The Moon has very low surface conductivity (∼ 10−9 S/m), but it probably has
a conductive mantle (∼ 10−4 S/m) and core (∼ 10−2 S/m) [16, 17]. Magnetic field
observations on the lunar surface and in the lunar nightside during the Apollo era
indicated that the solar wind magnetic field that passes the lunar body almost remain
unchanged. Hence, the lunar conductivity is not large enough to considerably perturb
magnetic fields [10, 17].

The Moon of today does not have a global dipolar intrinsic magnetic field, but
only has small-scale localized crustal magnetization. The nature of this magnetization
is still unknown. There are a few possibilities, including the Earth’s magnetic field,
magnetic fields associated with the Sun, a lunar core dynamo, and impact generated
fields [11]. The lunar crustal fields are mainly distributed over the lunar far side
southern hemisphere. Their magnetic field strength is from hundreds of nano-Tesla
on the lunar surface to a few nano-Tesla at 100 km altitude above the surface [64].

4.2 General Aspects of the Moon-Plasma Interaction
Over a half-century exploration of the lunar environment and study of its interaction
with the solar wind and magnetospheric plasmas, the physics of this interaction
is still in some aspects mysterious. Renewed interest in lunar exploration in the
last two decades and proposed man-made missions to near-earth asteroids demand
an assessment of the hazards around these objects. This requires research on the
interaction between plasma and radiation with these bodies. The physics of the solar
wind plasma interaction with the Moon, although it might seem simple compared to
the interaction with planets, is very dynamic and complex. This is, however, due to
the kinetic nature of this interaction because of the small-scale interaction regions
where the MHD (fluid) approach cannot truly address the detailed physics of them.
Figure 4.1 shows an overview of the solar and magnetospheric plasma drivers and
fundamental physical processes in the very active lunar environment, including the
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release of neutral atoms, surface charging, crustal magnetic field interaction, pickup
processes, dust transport, and the formation of a substantial trailing lunar wake [14].

4.2.1 The Lunar Day Side Plasma Interaction
The Moon, as a first order approximation, can be considered as a non-conductor
and almost atmosphere-less body that has some crustal magnetizations. Thus the
solar wind and/or magnetospheric plasmas, as shown in Figure 4.1, directly interact
with the day side lunar surface and are mostly (> 70%) absorbed and neutralized
by the Moon [50]. Recent observations show that ∼10-20% of the solar wind ions
reflect as energetic neutral atoms (ENAs) [78], ∼10% reflect in charged form from
lunar crustal magnetic anomalies [48, 67], and ∼1% reflect in charged form from
unmagnetized and/or weakly magnetized areas on the lunar surface [66]. Neutral
hydrogen atoms have low photoionization rate and do not strongly interact with
the ambient plasma. On the other hand, reflected ions are picked up by the plasma
convective electric field, and accelerate to higher energies than the ambient plasma.
These ions perturb upstream fields and plasma, forming plasma limb compressions,
and some may penetrate into the wake and affect the fields and plasma there [23]
(for more details see paper V).

4.2.2 Global Structure of the Lunar Wake
Most of the solar wind ions impacting the lunar surface are absorbed by the Moon.
This forms a wake structure downstream and leaves a plasma cavity behind the
Moon (see papers I and II for more details). The lunar wake is filled in through
various processes, including thermal expansion, effects of the space charge electric
field, plasma gyration, particle reflection from the day side, and perhaps some other
unknown mechanisms. The wake structure significantly changes in response to
changes in the upstream plasma flow; however, most of the basics of the interaction
remain unchanged. These basic features include magnetic field enhancement in the
central wake, rarefaction waves traveling away from the wake, ion and electron de-
pletion, constant ion temperature, enhanced electron temperature, counter-streaming
ion beams, and a number of electrostatic and electromagnetic waves [5]. Some of
these have been explained via fluid dynamics, but to provide a complete description
a number of kinetic effects have to be considered. Figure 4.2 shows the global
structure of the lunar wake when the Moon is in the solar wind, as predicted by
hybrid FLASH4, and in general confirmed by observations [27, 60, 82].

As Figure 4.2 shows, when the plasma expands into the wake, magnetic fields
start to gradually increase in the cavity region [38, 54] as a consequence of a
diamagnetic current system generated by the pressure gradient across the wake
boundary [9, 22] (for more details about the lunar wake currents see paper II). In
addition, the plasma-vacuum discontinuity generates a rarefaction wave that travels
away from the wake, and moves perpendicular to the plasma flow direction [5, 38, 54].
This forms a bounding depression in the electromagnetic field magnitude and the
plasma density [5, 18, 38, 60]. Since the solar wind velocity is much higher than the
rarefaction propagation speed, the rarefied region is confined into a plasma Mach
cone [71, 76]. In Figure 4.2 bottom panel the void region and the rarefaction region
are labeled, and the boundaries of Mach cone are marked by the dashed lines.
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Figure 4.1: The very active lunar environment [14].

void void

rarefactionrarefaction

Figure 4.2: General structure of the lunar wake obtained from hybrid FLASH4
simulations. The solar wind is flowing along the −x axis (black arrow), and the IMF
is on the xy plane (green arrow), forming 45 degree angle with the solar wind flow
direction (Parker spiral). Solar wind upstream parameters are taken from Table 4.2,
which are the same as the upstream parameters in the papers I and II. The Moon has
a uniform resistivity ηobs = 107 Ωm and plasma resistivity is ηp = 0 Ωm. The top
panels show the magnetic field magnitude and the bottom panels show the proton
number density, all are normalized to the solar wind upstream parameters. The axes
are in units of the Moon radius (RL = 1730 km). The left panels are cuts in the planes
z = 0 (seen from +z) and the right panels are cuts in the planes y = 0 (seen from
−y).
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During plasma expansion, electrons stream ahead of the ions into the wake,
making an electric charge separation and causing an electrostatic potential difference
between the plasma in the wake and the ambient solar wind [5, 18]. The generated
ambipolar electric field retards electrons and accelerates ions into the wake to
cancel the developed charge separation that eventually disappears [18]. Because
of this electrostatic potential drop, and due to the nature of the solar wind electron
distributions, electron temperature increases in the wake [27].

Downstream from the Moon, further than 3 lunar radii, observations and simu-
lations indicate that ion beams counterstream to refill the wake along the magnetic
field lines with higher energies than the ambient solar wind energy [18, 31, 60] and
with unstable distributions that grows ion-beam instabilities [5]. Electrostatic PIC
simulation of the lunar wake shows that the ambipolar electric field extends about
3–5RL behind the Moon and generates accelerated beams at low altitudes (< 5RL)
that then are convected downstream in the wake. Significant electrostatic instabilities
are evident far in the wake (> 10RL) that ruptures the ion beams and increases their
number densities [5, 8, 18].

Occasional occurrences of high energy protons in the low altitude lunar wake
(∼100 km) were also observed by Apollo 12 and 14 [25], Selene [Kaguya] [57, 58],
Chandrayaan-1 [13, 26] and Chang’E-1 [75] satellites. In contrast to the ion beams
in the far tail, protons at low altitudes get access to the wake from both parallel and
perpendicular directions to the IMF and make five different types of entries: (1)
The gyrating solar wind protons enter the lunar wake perpendicular to the direction
of the IMF as a result of ambipolar processes, known as Type-I entry [57]. (2)
Scattered protons from the lunar day side are picked-up by the solar wind and enter
deep into the wake perpendicular to the IMF, known as Type-II entry [58]. (3) The
scattered protons at lower deflection angles on the day side are accelerated close
to the polar terminator, perhaps by the same procedure as the Type-I, and enter the
lunar night side perpendicular to the magnetic field lines [75]. (4) The solar wind
protons intrude into the wake along the magnetic field lines perhaps similarly to the
Type-I mechanism [26]. (5) The high energy solar wind protons from the tail of
the proton VSDF can enter deep into the lunar wake even during the parallel IMF
conditions [13]. All these types of entries are illustrated in Figure 4.3.

Some of the downstream lunar wake features have also been observed at very
low altitudes above the Moon. The enhanced magnetic fields at the central wake and
reduced fields at the flanks, electron density depletion, electron temperature increase
and electrostatic potential drop at the central wake were observed at low-altitudes
almost similarly to the downstream observations [27]. Moreover, Fatemi et al., 2012
explained the effect of lunar plasma absorption in the low altitude lunar plasma wake.
They showed that the Moon removes a part of the solar wind VSDF, resulting in a
change of the solar wind parameters in the wake (see paper IV).

Generally, the wake structure is affected by a large number of variables including
the solar wind parameters [27, 59], IMF strength and orientation [27, 38, 60], electron
and ion temperature [5, 18], lunar crustal magnetic anomalies [31] and perhaps
more unknown parameters. Studying the lunar wake response to various upstream
parameters is outside the scope of this thesis, therefore not discussed here. For more
details about the lunar plasma wake and its dynamics, see [32, 82].
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Figure 4.3: Five types of solar wind proton entries into the low-altitude lunar wake.
Image by the courtesy of Y. Futaana.

4.3 Plasma Expansion into a Vacuum During Extreme IMF
Plasma expansion into a vacuum is a basic plasma physics problem, that has received
significant attention of physicists during the last decades [68]. This problem has a
variety of applications in various contexts, such as ion acceleration and rarefaction
wave propagation [1, 70], as well as in the lunar plasma wake (e.g. see [26, 27]).
Due to the dayside plasma absorption by the Moon, a nearly plasma void (vacuum)
region forms downstream in the lunar nightside. Since there is no gas pressure in the
void region, plasma tends to expand into the vacuum.

In this section we assume the Moon is in the solar wind and we focus on the
plasma expansion into the lunar wake during two extreme IMF conditions: parallel
IMF and perpendicular IMF to the solar wind flow direction. The reason that
these two conditions are called ’extreme’ here is because the probability of the
IMF alignment exactly parallel or perpendicular to the solar wind at 1 AU is rare.
However, these two conditions give us a constructive picture about the physics of the
interaction.

In what follows we use one-dimensional fluid theory to explain the lunar wake
physics during the extreme IMF conditions. Then we compare and discuss the results
using hybrid FLASH simulations.

4.3.1 Lunar Wake During Parallel IMF

Figure 4.4 shows an example of the solar wind interaction with the Moon during
parallel IMF condition obtained from hybrid FLASH4 simulations. As we can see,
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the plasma flows cylindrically symmetric around the Moon-Sun axis (x axis). We
can see from the top panels that the solar wind plasma cannot entirely fill in the
void region (black area). Therefore, the plasma gas pressure shrinks the void until
the pressure balance is reached between the expanding plasma and the magnetic
field. This results in compressing the magnetic fields in the void region. Comparing
density (top panels) with magnetic field (bottom panels), we see the magnetic field
gradually increases as the void region shrinks at x >−4RL. Then at about x =−4RL,
where the pressure balance is reached, the void stops shrinking and the magnetic
field stops increasing and remains constant in the void.

Figure 4.4: Lunar wake structure during parallel IMF condition. The solar wind
(black arrow) and the IMF are along the −x axis. Solar wind upstream velocity is
400 km/s, IMF magnitude is 3.5 nT, solar wind proton density is 6 cm−3, and solar
wind thermal speed is 50 km/s. The geometry of the cuts of the planes are the same
as in Figure 4.2. The Moon has a uniform resistivity ηobs = 107 Ωm and plasma
resistivity is ηp = 0 Ωm.

Here we theoretically explain the physics of what we observe in the central wake
in Figure 4.2. We use a simplified one-dimensional fluid model and compare the
results with hybrid simulations.

From the conservation of mass and flux we get,

BvR2
v = BswR2

L (4.1)

where Bv and Bsw are the magnetic field in the void and in the undisturbed solar
wind, respectively. Rv is the radius of the void region, and RL is the lunar radius. The
void compression size is d = RL−Rv, as shown in Figure 4.5. Then we can rewrite
Equation 4.1 as a function of compression size,
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B2
v = B2

sw
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1− d

RL

)−4

(4.2)

Now by applying the pressure balance equation (2.34) to the void region we calculate
maximum void compression. We assume a stationary solar wind plasma (usw = 0),
and we assume plasma expands into the void only along the d, perpendicular to the
magnetic field, as shown in Figure 4.5. Then,

ρmu2
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B2
v

2μ0
=

B2
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2μ0
+nswkB(Ti +Te) (4.3)

where ud is the plasma expansion velocity into the void. The substitution of B2
v from
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Figure 4.5: Schematic of the lunar wake compression during parallel IMF condition.
When pressure balance is reached, plasma stops expanding into the void region and
the void compression stops (ud = 0).

Equation 4.2 into Equation 4.3 leads to an equation for the plasma expansion speed,
and is given by

ud =
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)−4

]
+v2

th

)1/2

(4.4)

where vA =Bsw/
√ρmμ0 is the solar wind Alfvén speed, and vth =(kB(Ti+Te)/mi)

1/2

is the solar wind thermal speed.
We know that ud = ∂d/∂ t, then from Equation 4.4 we get
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(4.5)

Assume the solar wind bulk velocity is usw = 400 km/s. For the plasma thermal
speed vth = 50 km/s, and for different solar wind magnetic field magnitudes we
solve Equation 4.5 analytically, and the results are shown in Figure 4.6 for a moon
size object (RL = 1730 km). This Figure shows how long it takes until the pressure
balance is reached, the plasma stops, and how much the void size is compressed for
the various solar wind magnetic field strengths. For example we see the maximum
void compression size for 3.5 nT solar wind magnetic field is 0.36 RL, and the
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solar wind flow stops moving into the void after 18 s, which is equivalent to 4.2 RL
distance from the center of the Moon.

Figure 4.6: Lunar void compression size d as a function of time t and distance
X from the center of the Moon for different upstream solar wind magnetic field
magnitudes for parallel IMF.

When there is no longer plasma motion into the void (ud = 0), the void compression
stops. Then from Equation 4.3 we obtain magnetic field expression in the void as a
function of plasma beta,

Bv = Bsw(1+β )1/2 (4.6)

and from Equation 4.4 we get the maximum compression distance in the void, dmax,
that is

dmax = RL

[
1−

(
1+

2vth

v2
A

)−1/4
]

(4.7)

Figure 4.7 shows the solution to Equation 4.6. We see for the nominal plasma
beta at 1 AU (β � 1), maximum magnetic field compression in the void is ∼1.4,
which is in agreement with observations [27, 59].

Figure 4.8 compares void compression and magnetic field enhancement in the
lunar wake between the fluid theory approach explained above (black line) and the
hybrid FLASH4 simulations (colored dots) for four different upstream IMF strengths.
Solar wind upstream parameters are the same as those in Figure 4.6. We see that the
hybrid simulation results agree very well with the fluid theory results, especially for
IMF magnitudes larger than 1 nT. The problem for hybrid modeling the low magnetic
field strength is the statistical noise we get, which can be resolved by taking smaller
simulation cell sizes. Hybrid simulation results for IMF strength 3.5 nT is shown in
Figure 4.4.
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Figure 4.7: Lunar void magnetic field compression as a function of plasma beta.

ARTEMIS spacecraft observations in the lunar plasma environment recently
found extreme magnetic field enhancements in the lunar wake during large plasma
betas. Although the magnetic field was not aligned with the plasma flow during these
observations, but a clear correlation between the field enhancement and plasma beta
was found, as theoretically discussed in this section. For more details, see paper III
[61].

14.0 nT

7.0 nT

3.5 nT

1.0 nT

Figure 4.8: Lunar void maximum compression during parallel IMF conditions. A
comparison between the fluid theoretical approach (black line) and hybrid simula-
tions (colored dots). The void compression size d is shown as a function of magnetic
field compression Bv/Bsw for upstream IMF magnitudes of 1.0, 3.5, 7.0 and 14.0 nT.
Solar wind velocity is 400 km/s, solar wind proton density is 6 cm−3, and solar wind
thermal speed is 50 km/s.
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4.3.2 Lunar Wake During Perpendicular IMF

Here we construct a simple one-dimensional scenario of a semi-infinite collisionless
plasma expansion into a vacuum when the IMF is perpendicular to the solar wind.
Figure 4.9 shows an illustration of the initial setup. At time t = 0, the half of the
space at S≤ 0 contains a semi-infinite neutral plasma, and the other half at S > 0 is
a vacuum. The neutral plasma consists of hot mass-less electrons and cold ions. We
assume that the electrons have Maxwellian velocity distribution and are in thermal
equilibrium before expansion begins. Their temperature also remains constant during
expansion process. Since expansion time period is longer than electron plasma
period, we can assume that the electrons are always in equilibrium. We also assume
that the magnetic field is constant and is along the expansion direction, and the
expansion process is electrostatic [68].

At time t > 0 the plasma expands into a vacuum. The expansion is driven by
electron pressure, where the energy transfers from the electrons to the ions. As the
expansion begins, the electrons move ahead of the ions into a vacuum because of
their higher thermal speed. This results in a space charge separation and a polar-
ization electrostatic field is developed that results in ion acceleration and electron
deceleration into the vacuum. During the expansion phase, the electron motion
ahead of the ions create a region where the ion density exceeds that of the electrons.
This forms two adjacent regions of negative electrons and positive ions that results
in breaking the quasi-neutrality assumption and forming a so-called ’double-layer’
structure [19].

After the polarization electrostatic field developed, the ions and electrons move
together as a single fluid and we call this phase as the ambipolar expansion phase
where ni = ne and ui = ue. During this phase, the momentum equation (2.31b) for
electrons reduces to

ρme

(
∂ue

∂ t
+ue

∂ue

∂S

)
=−∇pe +neFe (4.8)

where S is the distance into the vacuum, ue is electron convection speed, pe = nekBTe
is electron pressure, and Fe is the force applied on the electrons. Since we assumed
the electrons are mass-less (me = 0), then

−∇pe +neFe = 0 (4.9)

Here we assume that the applied force to the electrons is electrostatic, then

Fe = qe

(
−∂φ

∂S

)
(4.10)

where φ is the developed ambipolar electrostatic potential due to the plasma ex-
pansion. If we assume that the plasma expansion into the vacuum is an isothermal
expansion, applying Equation 4.10 to Equation 4.9 gives

kBTe
∂ne

∂S
=−qene

∂φ
∂S

(4.11)
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If we solve Equation 4.11 and assume the quasi-neutrality holds between electrons
and ions, then

ne = ni = n0 exp
(−qeφ

kBTe

)
(4.12)

where n0 is the plasma density at t < 0.

The momentum equation for ions is

ρmi

(
∂ui

∂ t
+ui

∂ui

∂S

)
=−∇pi +niFi (4.13)

Since we assumed the ions are cold (Ti = 0) then ∇pi = 0, and the applied force to
the ions is Fi = Fe. Then Equation 4.13 reduces to

∂ui

∂ t
+ui

∂ui

∂S
=− qi

mi

(
∂φ
∂S

)
(4.14)

and the continuity equation for the ions is

∂ni

∂ t
+

∂
∂S

(niui) = 0 (4.15)

Equations 4.12, 4.14, 4.15 yield self-similar solutions, that depend only on the S/t
ratio of independent variables, S and t [69]. The self-similar solutions for a single
proton species and a Maxwellian electron distribution are

ni = ne = n0 exp [−(ξ +1)] , (4.16)

φ = −kBTe

qi
(ξ +1), (4.17)

ui = cs(ξ +1) (4.18)

where ξ = S/(cst) is a dimension-less variable that has no characteristic scale length,
and cs =

√
kBTe/mi is the ion sound speed. The associated polarization electrostatic

field, E=−∂φ/∂S, is

E =
kBTe

qi

1
cst

(4.19)

The self-similar solutions for proton expansion into a vacuum is shown in Figure 4.9.
For t > 0 a front of plasma, called the expansion front, moves into the vacuum and
the density of the ions near this front decreases exponentially with distance. In
addition, a rarefaction wave propagates into the ambient plasma at the ion sound
speed. Figure 4.9 shows that the polarization electrostatic field magnitude is inversely
proportional to the time, but does not change with position. Also, the ion velocity
increases linearly with distance due to the ion acceleration associated with the



4.3 Plasma Expansion into a Vacuum During Extreme IMF 59

Plasma

S

S

nsw

n

t 

n

Vacuum

i

S

ui

S

Ei

cst 

= 0

_

cst 
_

cst 
_

> 0t 

Expanding plasma

Rarefaction wave

Plasma

Figure 4.9: Self-similar solution for a single-ion plasma expansion into a vacuum.
The initial plasma-vacuum configuration is shown in the top panel and the plasma
expansion features at time t are shown in the bottom panels. This schematic is
adapted from Fig. 5.5 in [69].

polarization electrostatic field [69].
Note that the self-similar solutions are only valid as long as the quasi-neutrality

assumption is fulfilled. Then their validity is restricted to −1 ≤ ξ < ξm, where
the lower bound is obtained from Equation 4.16 and the upper bound is obtained
by equating a characteristic length of the expansion, L = cst, to the local Debye
length λD at the edge of the expansion front. Then ξm = [2ln( fpit)− 1] and t >
(1/ fpi), where fpi is the ion plasma frequency (see Equation 2.5 for electron plasma
frequency). This is the time it takes for the ions to respond to the rapid electron
expansion into the vacuum and to form the ambipolar expansion phase [68].

To apply this one-dimensional model of plasma expansion to the lunar plasma
wake, we need to include effects from solar wind convection as discussed by [18].
We assume the solar wind flow is perpendicular to the magnetic field, and it flows
past the lunar limb at a speed of usw. Then we move our reference frame with solar
wind velocity and we assume that each fluid element is convecting downstream
(Figure 4.10a). Then the one-dimensional self-similar solutions indicate plasma
particles motion and applied electrostatic forces across the lunar wake in a plane
convecting tailward at X = uswt. Figures 4.10b-d show the self-similar solutions for
this experiment when the solar wind only contains cold protons and hot electrons. We
assume the solar wind velocity usw =−400X̂ km/s, electron temperature Te = 15 eV,
and undisturbed plasma density nsw = 5 cm−3. Then the sound speed cs = 38 km/s,
and the proton plasma frequency fpi = 470 Hz. In Figure 4.10b we have indicated
the rarefaction and expansion fronts, obtained from restrictions for ξ . Acceptable
solutions are the areas between the two dashed lines. The lunar surface, although not
considered in this model, is shown by the black curves.
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Figure 4.10: Self-similar solution for proton expansion into a vacuum as the plasma
convection plane moves downstream in the lunar wake. The dashed lines show the
constrains to the self-similar solution. Acceptable solutions are bounded between
the two dashed lines.

The theoretical approach explained above has been applied to study the lunar
plasma wake and the results have been compared with observations [26, 27]. How-
ever, this model underestimated observations in the lunar wake, even by assuming
velocity distributions other than Maxwellian for ions [27]. Although it gives a gen-
eral overview of the problem but it is not a suitable method to study the lunar wake.
This is due to the simplistic assumptions have been made in this model, e.g., the
direction of the magnetic field is perpendicular to the solar wind flow, ions gyration
and the physical shape of the incident object are neglected. For more details about
plasma expansion into a vacuum, see [68].
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4.3.3 Electric Forces During Perpendicular IMF

The general hybrid electric field equation (Equation 3.8) shows that the electric
field calculated in the hybrid model consists of four electric forces: Motional field
(∑Ji×B)/∑ρqi, Hall field (J×B)/∑ρqi, Ambipolar field ∇pe/∑ρqi, and Ohmic
field η∇×B/μ0. We used our hybrid FLASH3 simulation results of the solar wind
interaction with the Moon, presented in paper I and II, during perpendicular IMF
condition. We assumed the resistivity is zero in the solar wind, then the ohmic term
does not contribute in the total electric field. Figures 4.11 and 4.12 compare different
electric forces in the IMF plane (xy plane) and in a plane perpendicular to the IMF
(xz plane), respectively. From both Figures we see that the motional electric field,
which is formed due to the motion of the particle ions, is the most dominant electric
force compared to the other forces. We also see the ambipolar electric field behind
the obstacle near the poles and at the terminator, as predicted by the one-dimensional
model for perpendicular IMF. The ambipolar electric field is negligible for x <−4RL
from the Moon, as predicted by observations and simulations [5, 18, 60]. Moreover,
the effect of reduced mass and charge of the impacted particles into the Moon from
hybrid FLASH3 model can be clearly seen in the ambipolar electric field panels in
both Figures 4.11 and 4.12 inside the Moon.

4.4 Surface Charging and Electrostatic Potentials

The surface of an object immersed in plasma charges to an electrostatic potential
[77]. This potential is a result of a current balance to the surface and it varies over
the dayside and the nightside of the object as well as any shadowed region. On the
dayside, photoemission from solar ultraviolet and soft X-ray photons is the largest
source of current compared to the electron and ion currents, whereas in the shadowed
regions, electron current provides the largest current due to the large electron thermal
flux. Consequently, the dayside surface should charge to positive potentials on the
order of the photoelectron temperature (a few eV), while the shadowed regions
should charge to negative potentials on the order of the electron temperature (a few
tens of eV) [77].

While the Moon is in the solar wind, its dayside surface charges to nearly +5
V at solar zenith angles smaller than ∼ 60◦, about -70 V at the terminator with the
transition from the positive potential in the day side to negative potential in the night
side. On the lunar night side, surface charges to about 100-200 V negative potential,
or even lower [31]. These values are considerably affected by variations in the solar
wind flux [73]. In addition, in the Earth’s magnetotail, the surface potential of the
lunar dayside may drop to large negative potentials, e.g. ∼-500 V in the plasma
sheet, due to the high-energy electron flux to the surface [28].

Studying the surface charging and electrostatic potentials using a hybrid plasma
solver is not doable self-consistently. This is due to the quasi-neutrality assumption
(Equation 3.1) and the lack of electron dynamics in the hybrid model. Based on the
hybrid model assumptions, whenever a positively charged ion impacts the surface,
an electron sits right next to it to keep the quasi-neutrality. Thus we did not consider
surface charging in the simulation results presented in this thesis.
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Figure 4.11: Electric forces in the lunar plasma wake predicted by the hybrid
FLASH3 simulation. All the electric field components based on Equation 3.8 are
shown in the xy plane. Solar wind upstream parameters are taken from Table 4.2,
which are the same as the upstream parameters in papers I, II, and V. The direction
of the solar wind and IMF are shown by arrows in the top-left panel, which are the
same for all the other three panels. The panels are cuts in the planes z = 0 (seen from
+z).
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Figure 4.12: Electric forces in the lunar plasma wake predicted by the hybrid
FLASH3 simulation. All the electric field components based on Equation 3.8 are
shown in the xz plane. Solar wind upstream parameters are the same as those for
Figure 4.11. The direction of the solar wind and IMF are shown by arrows in the
top-left panel, which are the same for all the other three panels. The left panels are
cuts in the planes y = 0 (seen from −y).
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4.5 Interaction with Crustal Magnetic Fields
It is well-known that the Earth’s Moon currently does not have a global intrinsic
magnetic field, but it has, instead, localized remnant crustal magnetization [41].
Lunar Prospector and Kaguya satellite observations at an altitude of 100 km and
lower provided global maps of the lunar magnetization [41, 74].

Figure 4.13: Lunar crustal magnetic field magnitude at the lunar surface predicted
by an empirical model [62] based on Lunar Prospector observations.

Figure 4.14: Lunar crustal magnetic field magnitude at 30 km altitude above the
lunar surface predicted by an empirical model [62] based on Lunar Prospector
observations.

Figures 4.13 and 4.14 show the lunar crustal magnetic field magnitude at the
lunar surface and at 30 km altitude above the surface, respectively (note that the
figures have different color bar scales). These results are obtained from an empirical
model based on Lunar Prospector observations [62, 63]. Lunar Prospector never
observed the fields at the surface of the Moon and the presented results from the
empirical model are extrapolated from 30 km down to the surface. In Figures 4.13
and 4.14 the lunar far side is bounded between 90◦ and 270◦ longitudes. We can
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clearly see that the lunar crustal magnetization is extensively spread over the whole
lunar surface, but mostly clustered on the southern hemisphere on the far side of
the Moon. These fields are mainly non-dipolar and their maximum strength on the
surface is expected to be up to a few hundreds of nano-Tesla [17, 64].

Several spacecrafts have detected the effects of the lunar magnetic anomalies on
the solar wind as an increase in the solar wind magnetic field and plasma density
upstream above the anomalies [29, 30, 65] and downstream outside the lunar wake
[10, 55]. Since the Moon is a non-conductive obstacle [17] and does not have a dense
atmosphere [34], the solar wind particles impact the lunar surface unhindered, where
they are absorbed and neutralized. Observations at about 100 km altitude showed
that on average about 10% of the solar wind proton flux incident on the Moon is
deviated, mainly over the magnetic anomalies, and deflect in charge form [48, 67].
This deflection over the strongest anomalies can be up to 50% [48]. Fatemi et al.,
2014 using the observed flux of reflected protons from lunar magnetic anomalies
modeled the effects of this reflection on the lunar plasma environment [23]. The
results of this study are presented in paper V.

4.6 The Moon in the Different Plasma Regimes
As the Moon moves in its orbit around the Earth, different plasmas impinges on the
lunar plasma environment. Table 4.2 summarizes plasma parameters near the Moon
when it is in the solar wind and when it passes through the Earth’s magnetosphere.
The most noticeable difference is the different plasma regimes. While in the solar
wind, plasma is supersonic, whereas in the magnetosphere the plasma flow is mainly
subsonic. This generates different types of interaction. When the Moon is in the
magnetosphere, its interaction with the magnetospheric plasma is similar to those of
the giant-planet’s satellites interaction with the co-rotating magnetospheric plasma,
e.g., Rhea’s interaction with Saturn’s magnetospheric plasma. Studying the Moon
interaction in these different plasma regimes is left for future investigations.

However, while the Moon is in the solar wind, the solar wind plasma parameters
may change considerably (see Figure 2.7). Although this does not change the
interaction regime, but changes the plasma beta. We explained the importance of
plasma beta on the magnetic field compression in the lunar wake during parallel
IMF in Section 4.3.1. Here we used our hybrid FLASH4 to study the solar wind
interaction with the Moon during different plasma betas. We made three simulation
runs with three different upstream plasma betas. The solar wind upstream parameters
used for these simulations are listed in Table 4.3. We assumed that the Moon has
a uniform resistivity ηobs = 107 Ωm and plasma resistivity is ηp = 0 Ωm. We also
assumed the IMF to be perpendicular to the solar wind to study the effect of IMF
direction. Figures 4.15 and 4.16 respectively compare the magnetic field magnitude
and the plasma density obtained from these three simulations in the IMF plane
(xy plane) and in a plane perpendicular to the IMF (xz plane). As the plasma beta
increases (from Run#1 to Run #3), the magnetic field is more compressed inside
the lunar wake and more depressed outside. Our simulations predict a magnetic
field increase of ∼220% in the lunar wake for plasma beta 5.5 in Run #3, which is
consistent with the theoretical calculations in Section 4.3.1.
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Table 4.2: Typical values of some plasma parameters near the Moon. This table is
adapted and combined from [45, 49].

Solar Magnetotail
wind Magneto- Tail Plasma

sheath lobe sheet
Characteristics
number density n [m−3] 7.1×106 5.0×106 1.0×104 5.0×105

ion temperature Ti [K] 1.2×105 1.0×106 1.0×106 5.0×107

electron temperature Te [K] 1.4×105 5.0×105 5.0×105 1.0×107

magnetic field B [nT] 7.0×100 5.0×100 2.5×101 1.0×101

electric field E [mV/m] 3.2×100 1.0×100 1.0×10−1 1.0×10−2

Lengths
Debye length λD [m] 1.0×101 2.2×101 5.0×102 3.1×102

skin depth δe [km] 1.2×101 1.5×101 3.4×102 4.7×101

electron gyroradius rge [km] 1.5×100 4.3×100 9.0×10−1 9.9×100

ion gyroradius rgi [km] 6.7×101 2.7×102 5.4×101 9.5×102

Frequencies
electron gyrofreq. fge [Hz] 2.0×102 1.4×102 7.0×102 2.8×102

ion gyrofreq. fgi [Hz] 1.0×10−1 7.0×10−2 4.0×10−1 1.5×10−1

electron plasma freq. fpe [Hz] 2.4×104 2.0×104 9.0×103 6.4×103

ion plasma freq. fpi [Hz] 5.6×102 4.7×102 2.1×101 1.5×102

Speeds
ion sound speed cs [km/s] 6.0×101 1.4×102 1.4×102 9.1×102

Alfvén speed vA [km/s] 5.8×101 5.0×101 5.4×103 3.1×102

electron thermal speed vthe [km/s] 2.1×103 3.9×103 3.9×103 1.7×104

ion thermal speed vthi [km/s] 4.5×101 1.3×102 1.3×102 9.1×102

convection speed vc [km/s] 4.5×102 2.0×102 4.0×100 1.0×100

Miscellaneous
plasma beta β 1.3×100 1.0×101 1.0×10−3 1.0×101

sonic mach number Ms 7.5×100 1.4×100 3.0×10−2 1.0×10−3

Alfvénic mach number MA 7.8×100 4.1×100 8.0×10−4 3.0×10−3

We also calculated the sonic, cs, Alfvénic , vA, and fast magnetosonic, (c2
s +

v2
A)

1/2, wave fronts for each of these simulations, and show them by lines on one side
of the wake on every panel in Figures 4.15 and 4.16. We can see from Figure 4.15 top
panels that the lunar wake magnetic perturbation boundaries are driven by the Alfvén
waves in the IMF plane and by the fast magnetosonic waves in a perpendicular
plane to the IMF. The Alfvén waves bend the field lines in the IMF plane toward
the Moon, which represents an evidence of plasma slowed down in the wake. The
plasma slowed down in the IMF plane has been recently observed by the ARTEMIS
spacecraft [82].
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Figure 4.15: Normalized magnitude of the magnetic field in the lunar plasma wake
for three different plasma betas listed in Table 4.3. The IMF is perpendicular to
the solar wind flow and its direction is shown by arrows in the left panels. The
boundaries of sonic (blue), Alfvénic (black) and fast magnetosonic (magenta) Mach
cones are marked by lines.
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Figure 4.16: Normalized proton number density in the lunar plasma wake for three
different plasma betas listed in Table 4.3. The IMF is perpendicular to the solar wind
flow and its direction is shown by arrows in the left panels. The boundaries of sonic
(blue), Alfvénic (black) and fast magnetosonic (magenta) Mach cones are marked by
lines.
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Table 4.3: Solar wind upstream parameters used in our model
Parameter Symbol Run #1 Run #2 Run #3 Unit
Solar wind speed |vsw| 400.0 400.0 400.0 km/s
IMF magnitude |Bsw| 5.0 5.0 5.0 nT
Number density nsw = np = ne 1.0 5.0 20.0 cm−3

Plasma temperature Tp=Te 8.6 8.6 8.6 eV
Sound speed cs 52.5 52.5 52.5 km/s
Alfvén speed vA 109.1 48.8 24.4 km/s
Sonic Mach number Ms 7.6 7.6 7.6
Alfvén Mach number MA 3.7 8.2 16.4
Plasma beta β 0.3 1.4 5.5

4.7 Conclusion
The Moon-solar wind interaction is very dynamic and complex. Considering the
small scale lunar magnetic anomalies [48, 79], surface potential charging [73],
physics of the lunar wake and its dependences on the solar wind parameters [27, 38,
60], existence of different wave modes in the wake [18, 38, 56] and their interaction
with plasma, the occurrence of unstable plasma velocity distributions [2, 3, 33] and
the generation of the instabilities [8] as well as many other features such as the lunar
swirls [39] and formation of the magnetic anomalies [40, 41] are evidences for this
complexity. Perhaps in the future, more accurate observations and simulations will
help us to understand more details about the solar wind interaction with the Moon.
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We study the interaction between the Moon and the solar wind using a three-dimensional hybrid plasma solver.
The proton fluxes and electromagnetical fields are presented for typical solar wind conditions with different
magnetic field directions. We find two different wake structures for an interplanetary magnetic field that is
perpendicular to the solar wind flow, and for one that is parallell to the flow. The wake for intermediate magnetic
field directions will be a mix of these two extreme conditions. Several features are consistent with a fluid
interaction, e.g., the presence of a rarefaction cone, and an increased magnetic field in the wake. There are
however several kinetic features of the interaction. We find kinks in the magnetic field at the wake boundary.
There are also density and magnetic field variations in the far wake, maybe from an ion beam instability related
to the wake refill. The results are compared to observations by the WIND spacecraft during a wake crossing. The
model magnetic field and ion velocities are in agreement with the measurements. The density and the electron
temperature in the central wake are not as well captured by the model, probably from the lack of electron physics
in the hybrid model.
Key words: Moon, solar wind, hybrid model, plasma.

1. Introduction
Bodies that lack a significant atmosphere and internal

magnetic fields, such as the Moon and asteroids, can to a
first approximation be considered passive absorbers of the
solar wind. The solar wind ions and electrons directly im-
pact the surface of these bodies due to the lack of atmo-
sphere, and the interplanetary magnetic field passes through
the obstacle relatively undisturbed because the bodies are
assumed to be non-conductive. Since the solar wind is ab-
sorbed by the body, a wake is created behind the object.
This wake is gradually filled by solar wind plasma down-
stream of the body, through thermal expansion and the re-
sulting ambipolar electric field, along the magnetic field
lines. For a review of the Moon-solar wind interaction,
including recent findings, see Halekas et al. (2011), who
also point out the fact that we can view the near lunar space
as a plasma laboratory. Although the Moon lacks any sig-
nificant atmosphere and ionosphere there are many inter-
esting features to this seemingly simple solar wind interac-
tion. To understand the global interaction between the solar
wind and the moon we need computer models that can give
us a three-dimensional picture that complements the in-situ
plasma observations.

Magnetohydrodynamic (MHD) modeling of the Moon-
solar wind interaction has a long history, starting with the
work of Spreiter et al. (1970), who analytically treated
the special case of an interplanetary magnetic field (IMF)
aligned with the solar wind flow direction by finding a trans-
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formation of the MHD equations into a hydrodynamic prob-
lem. However, there are many kinetic processes that can-
not be described by fluid models, e.g., the non-Maxwellian
particle populations in the wake region, so particle mod-
els should capture more of the physical processes. An
approximation of the refill of the lunar wake is the gen-
eral one-dimensional problem where plasma expands into
a vacuum (Widner et al., 1971; Samir et al., 1983; Mora,
2003), and such models have specifically been applied to
the refill of the lunar wake (Farrell et al., 1998; Birch and
Chapman, 2001). A nice property of such models is that
even if they are one-dimensional, they can to some degree
approximate a two-dimensional model of the lunar wake,
where time corresponds to distance downstream the wake,
i.e., the one-dimensional model is applied perpendicular to
the solar wind flow and convects with the flow. A disad-
vantage of one-dimensional models, e.g., along x , is that
the magnetic field component along the x-axis is forced to
be constant, from the requirement that ∇ · B = 0. This
is a severe restriction for modeling the lunar wake, where
the field component across the wake can increase. Due to
the computational complexity, particle in cell (PIC) models,
that include electrons as particles, are for the foreseeable fu-
ture limited to at most two spatial dimensions, so what has
been investigated using such models is the interaction of an
infinite cylinder with the solar wind (Harnett and Winglee,
2003; Kimura and Nakagawa, 2008).

Hybrid models, where ions are particles and electrons a
fluid, are less computational demanding that full PIC mod-
els and are suitable for studying processes of size compa-
rable to the ion inertial length and gyro radius. A two-
dimensional hybrid model by Trávnı́ček et al. (2005) fo-
cused mostly on wave activity in the lunar wake. The
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Moon-solar wind interaction is however a fully three-
dimensional problem, since the IMF component perpendic-
ular to the solar wind flow introduces asymmetry into an
otherwise cylindrical symmetric problem. A three dimen-
sional hybrid model by Kallio (2005) had a fairly coarse
grid on a small region, and did not handle the wake re-
gion in a self consistent way (the electric field was specified
in that region). Recently another three dimensional hybrid
model has been presented in Wiehle et al. (2011). They
compare observations by one of the ARTEMIS spacecrafts
to a model run with time dependent inflow conditions, and
find a good agreement. The time dependence enables com-
parison with observations even during changing solar wind
conditions, but makes it more difficult to see how the wake
forms differently depending on the solar wind conditions.

Here we also apply a three dimensional hybrid model
to the Moon-solar wind interaction, but for steady inflow
conditions. This allow us to study how the wake depends
on the direction of the IMF, and in what follows we describe
the method and present a comprehensive global overview of
the different plasma quantities in the wake.

2. Model
In the hybrid approximation, ions are treated as particles,

and electrons as a massless fluid. In what follows we use SI
units. The trajectory of an ion, r(t) and v(t), with charge q
and mass m, is computed from the Lorentz force,

dr
dt

= v,
dv
dt

= q

m
(E + v × B) ,

where E = E(r, t) is the electric field, and B = B(r, t) is
the magnetic field. The electric field is given by

E = 1

ρI

(−JI × B + μ−1
0 (∇ × B) × B − ∇ pe

)
, (1)

where ρI is the ion charge density, JI is the ion current, pe

is the electron pressure, and μ0 = 4π · 10−7 [H m−1] is
the magnetic constant. We assume that the electrons are
an ideal gas, then pe = nekTe, so the pressure is directly
related to temperature (k is Boltzmann’s constant). There
are several ways to handle the electron pressure (p. 8790,
Winske and Quest, 1986). Here we assume that pe is adi-
abatic (small collision frequency), with an adiabatic in-
dex, γ = 5/3. Then the relative change in electron pres-
sure is related to the relative change in electron density by
pe ∝ |ρe|γ (Winske and Quest, 1986), and we have that

pe

pe0
=

(
ne

ne0

)γ

,

where the zero subscript denote reference values (here the
solar wind values at the inflow boundary). From charge
neutrality and pe = nekTe we can derive that

pe = Aρ
γ

I with A = k

e
ρ

1−γ

I Te (2)

a constant that is evaluated using reference values of ρI and
Te (solar wind values). Note that γ = 1 corresponds to
assuming that Te is constant, and γ = 0 gives a constant pe.

Finally, Faraday’s law is used to advance the magnetic
field in time,

∂B
∂t

= −∇ × E.

We use a cell-centered representation of the magnetic
field on a uniform grid. All spatial derivatives are dis-
cretized using standard second order finite difference sten-
cils. Time advancement is done by a predictor-corrector
leapfrog method with subcycling of the field update, de-
noted cyclic leapfrog (CL) by Matthews (1994). An advan-
tage of the discretization is that the divergence of the mag-
netic field is zero, down to round off errors. Also, the dis-
cretization conserves energy very well (Holmström, 2011).
The ion macroparticles (each representing a large number of
real particles) are deposited on the grid by a cloud-in-cell
method (linear weighting), and interpolation of the fields
to the particle positions are done by the corresponding lin-
ear interpolation. Initial particle positions are drawn from
a uniform distribution, and initial particle velocities from
a drifting Maxwellian distribution. Further details on the
hybrid model can be found in Holmström (2010).

The implementation of the algorithm was done in the
FLASH software framework, developed at the University
of Chicago (Fryxell et al., 2000), that implements a block-
structured adaptive (or uniform) Cartesian grid and is par-
allelized using the Message-Passing Interface (MPI) library
for communication. Further details on the FLASH hybrid
solver can be found in Holmström (2011). The general
solver will be included in future releases of FLASH.

A crucial point in modeling the interaction between the
Moon and the solar wind is how to choose the inner bound-
ary conditions, at the surface of the moon. Here we model
the Moon as an absorber of the solar wind. Ideally we
should then remove all ions that hit the surface of the Moon,
but that would introduce a discontinuity in the charge den-
sity, from solar wind values outside the sphere, to zero in-
side the sphere. However, numerical differentiation of dis-
continuous functions on a grid will lead to oscillations and
instabilities in the fields. Therefore we choose to keep also
ions inside the Moon, but we gradually reduce their weight
by a factor fobs after each time step while they are inside the
Moon (the mass and charge of each particle are reduced).
Thus, the Moon acts as a gradual sink for ions, and this ap-
proach also avoids the problem of ρI = 0 in Eq. (1). How-
ever, we do not plot these reduced ions in what follows, only
protons that have never hit the Moon are used when com-
puting the various statistics. This can be seen as a form of
smoothing, done in a self consistent way. Often smoothing
of fields are used in hybrid solvers, but it is then done in an
ad-hoc way, as an extra step. The downside of our approach
is that we introduce a numerical parameter, but experience
shows that the solution will not change by much when re-
ducing fobs, indicating that the solution is converging. The
reduction parameter cannot be chosen too small however,
since a steep gradient in ion density will cause oscillations
in the magnetic field. We have verified numerically that this
approach keeps the IMF constant inside the Moon, and thus
that no spurious currents are present there. There are no
inner boundary conditions on the electro-magnetic fields.

The coordinate system is centered at the Moon, with the
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Fig. 1. The proton number density for an IMF along the direction (1, 1, 0). This also illustrates the coordinate system and the simulation geometry. The
cuts are the planes x = −10000 km, x = −30000 km, y = 0, and z = 0. These cutting planes are the same that later are used in Figs. 2–4.

x-axis is directed toward the Sun, so the solar wind flows
opposite to the x-axis. The IMF is in the xy-plane, and
we will from now on denote it as the IMF plane. This
defines a plane of symmetry, since the only asymmetry in
the problem stems from a non-zero component of the IMF
perpendicular to the x-axis. The solar wind consists only
of protons (and the massless electron fluid), and we have a
rectangular simulation domain divided into cells. The +x-
face of the domain is an inflow boundary where we have a
layer of shadow cells outside the domain that are filled with
macroparticles drawn from the solar wind proton velocity
distribution, and where the solar wind magnetic field is
set. The −x-face is an outflow boundary where particles
exiting the domain are removed, and where the magnetic
field is extrapolated from the interior. The four other faces
have periodic boundary conditions for fields and particles.
The simulation domain is divided into a Cartesian grid with
cubic cells of size 160 km. The geometry of the simulation
domain is shown in Fig. 1. The extent of the simulation
box is [−32.40, 4.08]× [−8.32, 8.32]× [−8.32, 8.32] ·103

km ≈ [−18, 2.4] × [−4.8, 4.8]2 RL, with the Moon as a
sphere of radius RL = 1730 km at the origin. The total
number of simulation macroparticles is about 300 million,
with 121 particles per cell on average. Here we have used
values of γ = 5/3, fobs = 0.965, a time step of 0.08 s,
and a final time of 170 s, when the solution has reached a
steady state. The plots in what follows show the solution at
the final time. Five subcycles of the CL algorithm are used
here when updating the magnetic field, and the execution
time is about 13 hours on 384 CPU cores.

3. Results
In what follows, we have used typical solar wind condi-

tions at 1 AU (table 4.1, Kivelson and Russell, 1995), un-
less otherwise noted. The solar wind velocity is 450 km/s,
the number density is 7.1 cm−3, and the ion temperature is
1.2 · 105 K. The electron temperature is 1.4 · 105 K, and
the IMF is in the xy-plane with a magnitude of 7 nT. For
these plasma parameters, the ion inertial length is 85 km,
the Alfvén velocity is 58 km/s, the thermal proton gyro ra-
dius is 66 km (the gyro time is 9 s), and the ion plasma beta
is 0.6.

3.1 Overview
In Fig. 2 the number density (three first rows) and the

ion velocities (three last rows) are shown, each for three
different IMF directions (at 0, 45 and 90 degrees to the
x-axis, in the xy-plane). The most obvious feature of the
interaction between the Moon and the solar wind is that a
wake is formed behind the Moon, visible as a region of low
density. We also see how the refill of the wake depends
on the IMF direction. The wake refills along the magnetic
field lines, making the wake shorter when the component
of the IMF that is perpendicular to the solar wind is larger
(Fig. 2(1)). When the IMF is anti-parallel to the solar wind
flow there is hardly any refill of the wake over the length
of the simulation domain, also the flow then is cylindrical
symmetric around the Moon-Sun axis. That the wake refill
occur along the magnetic field lines is also visible in the
cuts of the far wake (Fig. 2(1d)), with the refill region as a
rectangle aligned with the IMF.

Another notable feature is the density rarefaction cone
that emanate from the terminator region. This region of
low density propagate mostly above the poles in the case
of a perpendicular IMF (Fig. 2(1)), indicating that it prop-
agates perpendicular to the magnetic field lines. This will
be discussed in more detail when we look at the associated
reduction in magnetic field strength (Fig. 3).

We now examine the ion velocities, computed from the
ion current and the charge density as JI/ρI, as is usual for
particle in cell models, since the ion current density and the
ion charge density are quantities that are available on the
computational grid. The small white region downstream
of the Moon is a region without any particles that has not
hit the Moon, thus no velocities can be computed there.
The x-velocity is shown as the deviation from the solar
wind velocity, when the IMF is perpendicular to the flow,
in Fig. 2(4). We see a slight slow down of the solar wind
in the rarefaction cone. There is also a slow down behind
the +z hemisphere (and a speed up behind the −z hemi-
sphere) seen in Fig. 2(4b). This is probably a geometric
effect, where part of the velocity distribution function is
emptied by collisions with the lunar surface. The y-velocity
(Fig. 2(5)) shows how the wake symmetrically refills from
both sides of the wake. The ions move inward not only in
the central part of the wake, but also in the rarefaction cone.
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Fig. 2. Proton number density and velocities in different planes, for different upstream IMF conditions. Arrows show the direction of the IMF. Top
three rows show number density for different upstream IMF directions. Along the directions (x, y) = (0, 1), (1, 1), and (1, 0), respectively. The
geometry is repeated in the lower three rows (4–6) for the proton velocities ux − usw, uy , and uz . The columns are from the left, cuts in the planes
z = 0 (seen from +z), y = 0 (seen from +y), x = −10000 km, and x = −30000 km (seen from +x). Figure 1 provides a three-dimensional
illustration of the cutting planes. The two vertical lines in (1–3b) show the position of the cuts perpendicular to the x-axis.

For the case of an aligned IMF, the z-velocity (Fig. 2(6))
also shows a flow in the rarefaction cone toward the wake
center. There we also see a flow of ions at the wake bound-
ary in the IMF plane, and there seem to be a small kinetic
effect of alternating upward and downward going ions in the
upper and lower part of the wake (Fig. 2(6b)). This seems
associated with the wave pattern in density inside the rar-
efaction cone (Fig. 2(1–3)), possibly caused by oscillations
at the wake boundary.

The magnetic field magnitude (three first rows) is shown
for three different IMF directions in Fig. 3, where also each
of the vector components (rows 4–9) are shown for two
different IMF directions (perpendicular and aligned to the
solar wind flow).

The most prominent feature is the enhanced magnetic
field in the wake. For a perpendicular IMF (Fig. 3(1)) this
region spreads out in the IMF plane, in the same region
where we in the density saw the wake refill. For the aligned
IMF the magnetic field increase is larger, and confined to
the narrow wake (Fig. 3(3)). There are also structured fluc-

tuations in the far wake region in the IMF plane. Then there
is a cone of lower field strength in the case of an aligned
IMF (Fig. 3(3)), corresponding to the cone of reduced den-
sity (Fig. 2(3)). For the perpendicular IMF the cone is par-
tial, and only extends perpendicular to the IMF, toward +z
and −z (Fig. 2(1)). Between the central region of enhanced
field and the cone of lower field, there are field fluctuations
parallel to the cone, as is also seen in the density (Fig. 2(1b,
2b, 3b)). Examining these density plots, the waves seem to
originate at the wake boundary and could be caused by os-
cillations at this interface between high and low ion density.

The magnetic field z-component for the case of a per-
pendicular IMF (Fig. 3(8)) exhibits a pinching of the field,
consistent with earlier predictions (figure 3, Owen, 1996)
and model observations (Kallio, 2005). The field is bent to-
ward the IMF plane in the wake (Fig. 3(8c, 8d)). However,
the x-component of the magnetic field is also perturbed
(Fig. 3(4)). Close to the IMF plane, the field is bent toward
the moon on one side of the wake, and away from the moon
on the other side of the wake (Fig. 3(4a)). Note also that



M. HOLMSTRÖM et al.: MOON-SOLAR WIND INTERACTION 241

Fig. 3. The magnetic field magnitude, and components in different planes, for different upstream IMF conditions. Arrows show the direction of the IMF.
Top three rows show magnetic field magnitude for different upstream IMF directions. Then the magnetic field x-component for an IMF perpendicular
to and opposite the solar wind flow is shown on row 4 and 5. Similarly, the y-component is shown on row 6 and 7, and the z-component on row 8
and 9. The geometry of the cuts in the different columns are the same as in Fig. 2. The colorbar is for the row immediately to the left, and for all
following rows, until the next colorbar.

these bends in the magnetic field are not confined to central
parts of the wake, but expand along with the rarefaction in
magnetic field (Fig. 3(1d)) and density (Fig. 2(1d)). Thus,
for a perpendicular IMF the magnetic field in the wake is
not only bent toward the IMF plane, but also toward the

moon, as shown in Fig. 4.
The Mach cone of decreased density and magnetic field

makes an angle to the solar wind flow direction of about
10 degrees, as seen in Fig. 2 and Fig. 3. Since the outer
edge of the cone is diffuse, it is impossible to give a
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Fig. 4. Magnetic field lines 10000 km behind the Moon for an IMF along the y-axis (same as in Fig. 3(1)). (a) seen along the +x-axis, and (b) along
the −z-axis. The color scale shows the magnitude of the magnetic field similarly to Fig. 3. To enhance the bending of the field the magnetic field
x-component was multiplied by 4, and the z-component by 2, before drawing the field lines.

Fig. 5. The electric field magnitude, and the three components in different planes, for an IMF that is perpendicular to the solar wind flow direction.
Arrows show the direction of the IMF. For the magnitude and z-component, the solar wind convective electric field, Esw = −usw × Bsw, has been
subtracted. The cuts in the different columns are the same as in Figs. 2 and 3.

more exact angle. The ion-acoustic wave velocity is vS ≈√
2γ kBTe/m i ≈ 58 km/s, and the Alfvén velocity is also

vA ≈ 58 km/s for these solar wind conditions, correspond-
ing to angles of 7 degrees. We see that the density deple-
tion travel perpendicular to the magnetic field. This together
with the fact that the propagation velocity is larger than both
the ion-acoustic and the Alfvén velocity suggests that the

fast magnetosonic wave, with a phase velocity of
√

v2
A + v2

S

leading to an angle of 10 degrees, is responsible for the cre-
ation of the Mach cone in the hybrid model. This is con-
sistent with the observation of Wiehle et al. (2011) that all
three MHD modes (fast, Alfvén and slow) will be mani-
fested in the lunar wake.

In Fig. 5 the electric field magnitude (top row) is shown
along with the three vector components (three lower rows)
for the case of an IMF perpendicular to the solar wind

flow direction. What is shown is the electric field with the
solar wind convective electric field, Esw = −usw × Bsw,
(directed along the z-axis) subtracted. We do not show the
electric field for the case of an IMF aligned with the x-axis,
since it is indistinguishable from zero using the same color
scale. We can note that the regions of enhanced electric field
magnitude coincide with those of enhanced magnetic field
magnitude shown in Fig. 3(1). Also, there are similarities
in the components of the electric and magnetic fields. Ey

is very similar to Bz (Fig. 3(8)), and correspondingly Ex is
similar to By (Fig. 3(8)).
3.2 Comparison with WIND observations

We here compare the hybrid model results with obser-
vations by the WIND spacecraft on December 27, 1994,
when it traversed the lunar wake approximately perpen-
dicular to the solar wind flow, in the plane of the IMF, at
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Fig. 6. The hybrid model magnetic field magnitude [nT] along y at x = −6.5 RL = −11245 km for two different upstream solar wind conditions
(labeled before and after), compared to WIND observations from Ogilvie et al. (figure 1, 1996). The vertical lines show the location of the optical
shadow, and the x-axis shows time on December 27, 1994, as in the original plot.

a distance of x = −6.5RL ≈ −11300 km. Ogilvie et
al. (figure 1, 1996) plots several plasma parameters during
the wake crossing. Apparently the solar wind conditions
changed during the observation. This is most apparent in
the plasma number density that decreased by more than a
factor of two from the undisturbed solar wind on the in-
bound trajectory to the solar wind on the outbound trajec-
tory. Therefore we make two runs of the hybrid model for
the two sets of solar wind conditions, here denoted before
and after. The solar wind conditions used for the before
(after) case are as follows. A solar wind velocity of 470
(500) km/s, a number density of 5 (2) cm−3, an ion temper-
ature of 0.9 (0.5) ·105 K, and an electron temperature of 1.5
(2) · 105 K. The IMF was (6.39, 2.33, 0) nT for the before
case, and (5.57, 5.02, 0) nT for the after case. The time step
was 0.08 (0.05) s and fobs = 0.98(0.985). Since the plasma
parameters are different in the two cases, these numerical
parameters have different values to ensure the stability of
the solutions.

In Fig. 6 we show the model magnetic field magnitudes,
compared with the observation by WIND. The observed
magnetic field magnitude matches well to the model values,
if we assume that there was a change in the upstream solar
wind conditions around wake entry (there we switch from
comparing the before model results to comparing the after
model results with the observation). Before the wake cross-
ing there is a drop in the observed magnetic field strength
that is also seen in the model. This is the rarefaction wave
that we saw in Fig. 3 earlier. The IMF in the before case
has the largest component along the x-axis and therefore
the magnetic field magnitude should best match Fig. 3(3a),
with a pronounced rarefaction cone. Then there is an in-
crease in the central wake which is reproduced in the after
model. Followed by a gradual decrease at wake exit, but
no rarefaction wave. For the after case the IMF is at about
45◦ away from the x-axis and thus correspond to Fig. 3(2a),

with a much weaker rarefaction cone. In the observation
there are some large variations further away from the wake
that are not present in the model. This could be upstream
solar wind disturbances.

In Fig. 7 the proton velocity observed by WIND is com-
pared to the velocity in the two hybrid model runs.

Again we have fairly good agreement between the model
and observations, assuming a shift in solar wind conditions
around wake entry. There are more variations in the ob-
served velocities, but the locations of the velocity changes,
and the slopes match the model. In the central wake there
is however no data from the model since the model den-
sity is too low. This can be seen when we compare the
proton number density from the model with observations in
Fig. 8. We see that the general features of the observed den-
sity profile across the wake is found in the model, including
a shift of the minimum density toward the outbound part of
the trajectory, if we assume the shift in solar wind condi-
tions around wake entry. However, the drop off in density
is quicker in the hybrid model, and is much below the ob-
servations in the central part of the wake. The cause of this
could be the incomplete treatment of electron dynamics in
a hybrid model. Since the electrons are a massless charge
neutralizing fluid, there are no forces from the electrons on
the ions, except for the electron pressure gradient term in
the definition of the electric field (Eq. (1)). In reality, the
refill of the wake is governed by the electrons. Due to their
higher thermal velocity they will speed ahead of the ions to
refill the wake, setting up an ambipolar electric field due to
the charge separation that will accelerate the ions into the
wake (Halekas et al., 2011).

Similarly, the lack of electron dynamics in the hybrid
model will affect the electron temperature, Te, in the wake.
Observations show an increased electron temperature in the
wake (figure 1, Ogilvie et al., 1996). But from Eq. (2), and
the ideal gas law, Te ∼ ρ

γ−1
I = ρ

2/3
I for γ = 5/3, so Te in

the hybrid model is then lower in the wake.
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Fig. 7. The hybrid model proton x-velocity magnitude [km/s] for two different upstream solar wind conditions (labeled before and after), compared to
WIND observations. Otherwise similar to Fig. 6. The reason that the WIND velocity is double valued in the center of the wake is that the velocity of
the two proton beams refilling the wake from each side is computed separately, as explained in the original publication (Ogilvie et al., 1996).

Fig. 8. The hybrid model proton number density [cm−3] for two different upstream solar wind conditions, compared to WIND observations. Otherwise
similar to Fig. 6.

4. Discussion
Since the only deviation from axial symmetry is the com-

ponent of the IMF that is perpendicular to the solar wind
flow, we can see that the two extreme cases are when the
IMF is perpendicular to the flow, and when the IMF is
aligned with the flow. For a constant IMF magnitude, the
flow and field for cases when the IMF is at an angle to the
flow will be a mixture of these extreme cases, as seen in
Fig. 2(2) and Fig. 3(2).

There are many processes related to electron dynamics
that are not captured by a hybrid model. The process of
plasma expansion into a vacuum has a lot of details, and in-
stabilities that can form (Birch and Chapman, 2001). Also,
the region near the lunar surface probably has strong electric
fields, and charge separation effects (Farrell et al., 2008).
However using the hybrid approximation it is possible to
model the global three-dimensional interaction between the
Moon and the solar wind, so full PIC models and hybrid

models are complementary tools in the study of this inter-
action. Also, the Moon-solar wind interaction, although
seemingly simple, is complex enough to be a good test of
the applicability of different models; fluid, hybrid, and PIC
models.

We have here considered the simplest possible model of
the Moon in the solar wind—a spherical sink of solar wind
protons. There are many physical processes that make the
real interaction more complex than that. Two examples
are magnetic anomalies that deflect the solar wind and will
cause downstream disturbances (Lue et al., 2011), and the
reflection of solar wind protons by the dayside lunar surface
(Holmström et al., 2010).

5. Summary and Conclusions
We have presented a fully self consistent three-

dimensional hybrid plasma model of the interaction be-
tween the Moon and the solar wind and shown the resulting
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global ion fluxes and fields for typical solar wind conditions
and different IMF directions. Magnetic field enhancement
in the wake, and a rarefaction wave in density and magnetic
field are seen in the model. The two extreme cases are that
of an IMF perpendicular to the solar wind flow, and that
of an IMF that is parallel to the solar wind flow. We find
that the wake for intermediate IMF directions can be seen
as a superposition of these two states. Some kinetic effects
were also observed in the model. There are density and field
variation in the far wake, maybe caused by an ion beam in-
stability from the refill of the wake. Visible are also kinks
in the magnetic field at the inner boundary of the rarefac-
tion cone for an IMF perpendicular to the solar wind flow
direction.

Observations by the WIND spacecraft were fairly well
reproduced by the hybrid model, showing that a hybrid
model with the moon as a spherical sink of ions is able to
represent many global features of the interaction. However,
the model central wake density and electron temperature
were different from observations, probably due to the lack
of electron dynamics in the hybrid model.
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[1] We present the lunar wake current systems when the
Moon is assumed to be a non-conductive body, absorbing
the solar wind plasma. We show that in the transition
regions between the plasma void, the expanding rarefaction
region, and the interplanetary plasma, there are three main
currents flowing around these regions in the lunar wake.
The generated currents induce magnetic fields within these
regions and perturb the field lines there. We use a three-
dimensional, self-consistent hybrid model of plasma
(particle ions and fluid electrons) to show the flow of these
three currents. First, we identify the different plasma
regions, separated by the currents, and then we show how
the currents depend on the interplanetary magnetic field
direction. Finally, we discuss the current closures in the
lunar wake. Citation: Fatemi, S., M. Holmström, Y. Futaana,
S. Barabash, and C. Lue (2013), The lunar wake current systems,
Geophys. Res. Lett., 40, 17–21, doi:10.1029/2012GL054635.

1. Introduction

[2] Direct impact of the solar wind plasma with the Moon,
with no atmosphere and no global magnetic field, neutralizes
the plasma in the lunar dayside, leaves a plasma void, and
forms an expanding rarefaction region [Lyon et al., 1967],
confined into a plasma Mach cone downstream [Whang
and Ness, 1970].
[3] While the interplanetary magnetic field (IMF) penetrates

through the non-conductive body of the Moon relatively
undisturbed [Ness et al., 1968; Sonett, 1982], the plasma pres-
sure gradient across the void generates a diamagnetic current
sheet around the void boundary [Colburn et al., 1967;Michel,
1968a]. This results to compress the magnetic field lines
within the void and to depress them at the wake flanks
[Colburn et al., 1967; Ness et al., 1968]. Owen et al. [1996]
illustrated the diamagnetic current flow around the void for
an IMF perpendicular to the solar wind. They assumed the
Moon to be a part of the void and showed that the current
around the void moves perpendicular to the IMF, points in
opposite directions on either side of the void, and closes
through diffuse currents across the plasma shadow down-
stream and through the lunar surface on the dayside.
[4] The magnitude of the magnetic field perturbations in the

lunar wake depends on the angle between the IMF and the
solar wind [Whang, 1968b; Colburn et al., 1971; Sibeck

et al., 2011]. As this angle decreases, the plasma pressure
decreases inside the void, where the magnetic field is
increased to keep the pressure balance (magnetic pres-
sure + plasma pressure = constant) [Michel, 1968a; Ness
et al., 1968]. However, any magnetic field enhancement inside
the void must be accompanied by a field reduction outside
(r �B = 0) that depresses the magnetic fields at the void
surroundings [Colburn et al., 1967]. When there is any
magnetic field component perpendicular to the solar wind
flow, plasma fills in the void and decreases both the plasma
pressure gradient and the magnetic field compression there
[Michel, 1968a; Ness et al., 1968].
[5] The lunar plasma wake has been an interesting scien-

tific subject for numerical modeling. The general features
of the Moon-solar wind plasma interaction have been stud-
ied several times using the magnetohydrodynamics [Michel,
1968a; Wolf, 1968; Spreiter et al., 1970; Xie et al., 2012]
and kinetic/particle [Whang, 1968a; Lipatov, 1976; Farrell
et al., 1998; Birch and Chapman, 2001; Kallio, 2005; Wang
et al., 2011] approaches. Recently, Holmström et al. [2012]
using a self-consistent three-dimensional (3D) hybrid model
of plasma confirmed the earlier mentioned features of the
Moon-solar wind interaction in the lunar wake for the differ-
ent IMF angles.
[6] Here we present a new perspective of the current

systems in the lunar wake using a 3D hybrid model of
plasma [Holmström, 2010]. The main scientific questions
are how these currents flow and close in the lunar wake.
In the following sections, we use Holmström et al. [2012]
simulation results to describe the current systems in the lunar
wake. We show that the current is confined not only around
the void region but also at the rarefaction boundaries. We
discuss the characteristics of these three currents and their
closure in the wake.

2. Model

[7] Hybrid model of plasma is a kinetic modeling ap-
proach that involves solving Maxwell’s equations for
positively charged particles, while the electrons are treated
as a fluid. Hybrid model electric and magnetic fields and
proton number density for the solar wind interaction with
the Moon have been shown in the earlier publication by
Holmström et al. [2012]. In this model, the Moon is assumed
to be a solar wind plasma absorber without any intrinsic
magnetic field and no conductivity, as described in
Holmström [2010, 2011]. The electrons are an ideal gas, and
then electron pressure pe= nekbTe, where kb is the Boltzmann’s
constant, ne is the electron number density and is equal to the
proton number density (np) due to the charge neutrality, and Te
is the electron temperature. pe is assumed to be adiabatic with
an adiabatic index g =5/3 [Holmström, 2010; Holmström
et al., 2012]. Then pe/ |np|

g; therefore, pressure gradient is
comparable to the density gradient in our model.
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[8] Here we use Holmström et al. [2012] magnetic field
simulation results for the two extreme IMF angles, anti-
parallel and perpendicular to the solar wind, to compute
the current density inside the lunar Mach cone using the
general Ampere’s law,

J ¼ m�10 r� B (1)

where J and B are the current and the magnetic flux density,
respectively, and m0 is the vacuum permeability. The displace-
ment current (@ E/@ t) is neglected in the hybrid model due
to the Darwin approximation [Holmström, 2010] and is
not considered here in equation (1).
[9] We use a right-handed coordinate system centered at

the Moon, with the + x axis directed toward the Sun.
Here the solar wind flows along the � x axis, and the IMF
is in the xy plane. The simulation cell size is 160 km
’ 0.09RL, where RL’ 1730 km is the lunar radius.

3. Model results

[10] Solar wind upstream parameters are the same as those
used by Holmström et al. [2012], which are summarized in
Table 1. We consider two simulation runs using two differ-
ent IMF angles: anti-parallel (along the + x axis) and perpen-
dicular (along the + y axis) to the solar wind as shown by
arrows in Figures 1 and 2. Upstream solar wind parameters
and IMF angle remain constant during the simulation runs.
[11] Since currents are computed from derivatives of the

magnetic field (Equation 1), they will be noisy due to the
statistical nature of particle simulations. To enhance the
visual appearance of the currents, we apply a 2D symmetric
Gaussian (normal) low-pass filter [Crowley and Stern, 1984]
to the magnetic field before computing the currents from
equation (1). The width of the filter (the standard deviation)
was chosen as one simulation cell size, since this shows the
currents better, without too much smearing.
[12] In Figure 1, the IMF is anti-parallel to the solar wind.

Figures 1a and 1b show the relative plasma number density.
They show that the plasma void, shown with white color,
cannot be entirely filled in by the solar wind and the plasma
flows cylindrically symmetric around the Moon-Sun axis
(+ x axis). This forms the lunar plasma void, indicated with
zero density, the rarefaction region with lower plasma den-
sity than the interplanetary plasma, and the re-compression
region enveloped between the void and the inner boundary
of the rarefaction [Johnson and Midgley, 1968; Wolf,
1968], all confined within the lunar Mach cone and form
the lunar plasma wake.
[13] Magnetic field perturbations between the earlier men-

tioned regions are the result of three current systems around
the boundaries of these regions. Figures 1c–1f show these
currents inside and around the lunar Mach cone: around
the void (J1), around the rarefaction region (J2), and around

the re-compression region (J3), all labeled in Figure 1c.
These panels only show the most significant components
of each currents (JY and JZ) which are flowing on a perpen-
dicular plane to the IMF direction. JX is nearly zero and
therefore not shown here. Figures 1d and 1f indicate the
counter-clockwise flow of J1 and J3 and clockwise flow of
J2 currents as viewed from the Moon-Sun axis.
[14] Figures 1g and 1h show the x component of the

induced magnetic field (BX/Bsw� 1), parallel to the IMF, as
a result of the generated currents. Since both J1 and J3 are
flowing in the same direction, the magnetic field enhance-
ment in the void region increases more after J3 is added
to J1 at X’� 4RL (Figure 1g). Magnetic field reduction out-
side the void is inevitable due to the divergence free property
of the magnetic fields. However, magnetic field perturba-
tions in the lunar nightside are confined within the lunar
Mach cone, and this is governed by J2.
[15] In Figure 2, the IMF is perpendicular to the solar

wind; hence, the upstream plasma refills the wake along
the IMF and through the thermal expansion (Figure 2b).
Figure 2a shows the regions of rarefaction and re-compression
that surround the plasma void in the wake. Similar to the case

Table 1. Solar wind parameters used in the simulations

Parameter Symbol Value Unit

Solar wind velocity vsw �450 x̂ km/s
IMF magnitude |Bsw| 7.0 nT
Proton number density nsw 7.1 cm�3

Proton temperature Tp 10.35 eV
Electron temperature Te 12.05 eV
Sonic Mach angle Ys � 7.5 deg
Magnetosonic Mach angle Yms � 10.5 deg

Figure 1. IMF is anti-parallel to the solar wind, and the
arrows in Figures 1a and 1b indicate the solar wind and
the IMF directions. Black circles represent the Moon in each
panel. (a and b) Relative proton number density in logarith-
mic scale, (c and d) current density along the y axis, (e and f)
current density along the z axis, and (g and h) magnetic field
perturbations (BX/BSW� 1) along the x axis. Figures 1a, 1c,
and 1g show cuts in the y= 0 plane seen from the � y, and
Figure 1e shows cut in the z = 0 plane seen from the + z axis.
Panels on the right show cuts in the x=� 7RL plane seen
from the + x axis marked with the vertical dashed lines in
the panels on the left. The white regions in Figures 1a and
1b show zero density in the void.
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of an anti-parallel IMF, three current systems form around the
boundaries of these regions but with different flow directions.
[16] Figures 2c and 2d show the main component (JX) of the

currents. They show that above (below) the IMF plane, J1 and
J3 flow toward (away from) the Moon and J2 flows away from
(toward) the Moon. All flow in a plane perpendicular to the
IMF and are all labeled in Figure 2c. The other two compo-
nents of the currents (JY and JZ) are almost an order of magni-
tude smaller than JX (not shown here). The three currents
induce magnetic fields parallel and anti-parallel to the IMF
inside and outside the void region, respectively, (Figure 2e)
and form magnetic field rotations perpendicular to the IMF
(Figure 2f). Consequently, the magnetic fields are compressed
in the void and depressed outside the void region.

3.1. Current closure in the wake

[17] When IMF is parallel to the solar wind, none of the
currents are flowing parallel to the IMF direction. This,
together with the circular flow of the currents shown in
Figures 1c–1f, indicate that each of the three currents contain
current loops, each of which close with themselves. Figure 4a
illustrates these current loops in the lunar Mach cone.
[18] When the IMF is perpendicular to the solar wind, J1

flows perpendicular to the IMF along the x axis in opposite
directions on either side of the void. Figure 2c shows
connections between J1 and J2 in the vicinity of the lunar
poles. Moreover, we see that J3 connects to J1 at the
wake-refill distance (X’� 4RL) and considerably changes
the J1 current density at that connection. However, current
closure far downstream cannot be determined from Figure 2.
Since the lunar wake signature extends far away from the
Moon (≫ 20RL) [Michel, 1968b; Clack et al., 2004] and
the field perturbations in the wake reduces gradually, 3D
modeling of a very large domain is computationally expen-
sive, and the field perturbations are not considerably enough
at large distances to see the currents in our simulations from
equation (1). Instead, we qualitatively examine the lunar
wake evolution in Figure 3 for an early time before the wake
crosses the outflow boundary of our simulation domain.
Figure 3 shows that J1 and J3 have upward and J2 has down-
ward wake crossing flow downstream in the wake. This is

consistent with Owen et al. [1996] illustration downstream
in the wake for J1. We illustrate the main component of
the current systems in the lunar wake for the IMF perpendic-
ular to the solar wind in Figure 4b. J2 and J3 current closures
far downstream in the wake are shown with dashed lines.

4. Discussion

[19] Previous works on the current systems around the
lunar wake had only considered the plasma density disconti-
nuity between the void region (diamagnetic cavity) and the
ambient solar wind plasma [Colburn et al., 1967; Michel,
1968a; Ness et al., 1968; Owen et al., 1996]. Since the
plasma density gradient across the void is much larger than
the magnetic field gradient in the void, the diamagnetic
property of the plasma supports formation of a diamagnetic
current around the void (J1). However, Figures 1 and 2 show
that two more current systems (J2 and J3) are present around
the rarefaction and re-compression regions in addition to the
main current around the plasma void (J1). These two
currents are non-diamagnetic currents and form to confine
the magnetic field perturbations within the rarefaction region
and eventually inside the Mach cone. Existence of such
currents had not been noticed in the theoretical works by
Ness et al. [1968] and Whang [1968a, 1968b] because they
have only considered the magnetic field perturbations on a
plane parallel to the IMF direction, while these currents
are a results of the confinement of magnetosonic wave

Figure 2. IMF is perpendicular to the solar wind, and the arrows in Figures 1a and 1b indicate the solar wind and the IMF
directions. Black circles represent the Moon in each panel. (a and b) Relative proton number density in logarithmic scale
and (c and d) current density along the x axis, (e) magnetic field perturbations along the y axis (BY/BSW� 1), and (f)
magnetic field perturbations along the z axis (BZ/BSW) in the x=� 7RL plane seen from the + x axis. Stream lines in Figure
2e show the direction of the induced magnetic field. The geometry of the cuts is the same as in Figure 1.

Figure 3. Current density along the x axis for an early time
(t= 50 s, while t= 170 s for the results shown in Figures 1
and 2). Otherwise, the cut is the same as in Figure 2c.
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propagation perpendicular to the IMF direction by the solar
wind flow.
[20] All the currents are confined within the lunar Mach

cone, flowing on circular closed loops perpendicular to the
IMF axis and rotate with the IMF direction as the IMF angle
changes. These currents perturb the magnetic fields in the
lunar nightside (Figures 1g, 1h, 2e, and 2f), enhancing the
magnetic fields in the void region and reducing them outside
[Colburn et al., 1967; Ness et al., 1968; Whang, 1968a].
Comparing Figure 1h with Figure 2e confirms that the mag-
nitude of the magnetic field compression in the void is a
function of the IMF angle with the solar wind flow direction
and is maximum when the angle is minimum.
[21] Here we discussed the current systems and their

closures in the lunar wake for two extreme IMF directions.
However, the IMF direction changes by time and is nominally
oriented at ~45� to the solar wind flow at the Moon-Sun
distance [Smith and Wolfe, 1979]. Since the current system
planes are perpendicular to the IMF axis, any IMF directions
which neither are parallel nor perpendicular to the solar wind
result in a superposition of the parallel and perpendicular
cases. However, the geometry of the current systems will
be far more complex than discussed here, if the IMF is not
parallel or perpendicular to the solar wind.
[22] When the IMF is perpendicular to the solar wind,

the direction of J1 in our simulation is similar to the Owen
et al. [1996] illustration in the nightside. Owen et al.

[1996] considered the Moon to be a part of the plasma
void; therefore, the pressure gradient across a void-Moon
generates a current on the lunar dayside. However, the
existence of the dayside current could depend on the lunar
conductivity. Here, in our model, we assumed that the
Moon to be a non-conductive body, while Blank [1969]
theoretically calculated the magnitude of this current as
well as the intensity of the induced magnetic field in the
conductive layers of the Moon. The time-varying IMF
results to induce currents on the conductive surface of
the Moon and perturb the magnetic fields there [Sonett,
1982; Dyal et al., 1974, and references therein]. There-
fore, the lunar wake current system may also close on
the lunar dayside, if we consider the conductivity of the
Moon. However, dayside current is not seen in our model
for a non-conductive Moon.
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Figure 4. An illustration of the main components of the current systems in the lunar wake when IMF is (a) anti-parallel and
(b) perpendicular to the solar wind.

FATEMI ET AL.: THE LUNAR WAKE CURRENT SYSTEMS

20



References
Birch, P. C. and S. C. Chapman (2001), Particle-in-cell simulations of
the lunar wake with high phase space resolution, Geophys. Res. Lett.,
280 (2):0 219–222.

Blank, J. L. (1969), Response of the moon to the time-varying interplane-
tary magnetic field. J. Geophys. Res., 740 (3):0 736–743.

Clack, D., J. C. Kasper, A. J. Lazarus, J. T. Steinberg, and W. M. Farrell
(2004), Wind observations of extreme ion temperature anisotropies in
the lunar wake. Geophys. Res. Lett., 310 (L06812), doi:10.1029/
2003GL018298.

Colburn, D. S., R. G. Currie, J. D. Mihalov, and C. P. Sonett (1967),
Diamagnetic solar-wind cavity discovered behind moon. Science, 1580
(3804):0 1040–1042.

Colburn, D. S., J. D. Mihalov, and C. P. Sonett (1971), Magnetic observations
of the lunar cavity. J. Geophys. Res., 760 (13):0 2940–2957.

Crowley, J. L. and R. M. Stern. (1984), Fast computation of the difference
of low-pass transform. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, PAMI-60 (2):0 212–222.

Dyal, P., C. W. Parkin, and W. D. Daily (1974), Magnetism and the interior
of the moon. Rev. of Geophys, 120 (4):0 568–591.

Farrell, W. M., M. L. Kaiser, J. T. Steinberg, and S. D. Bale (1998), A simple
simulation of a plasma void: Applications to wind observations of the lunar
wake. J. Geophys. Res., 1030 (A10):0 23,653–23,660.

Holmström, M. (2010), Hybrid modeling of plasmas. Springer, Proceedings
of ENUMATH, the 8th European Conference on Numerical Mathematics
and Advanced Applications:0 451–458.

Holmström, M. (2011), An energy conserving parallel hybrid plasma solver.
Numerical Modeling of Space Plasma Flows (ASTRONUM-2010), ASP
Conference Series, 444:0 211–216.

Holmström, M., S. Fatemi, Y. Futaana, and H. Nilsson (2012), The interac-
tion between the moon and the solar wind. Earth Planets Space, 640 (2):0
237–245.

Johnson, F. S. and J. E. Midgley (1968), Notes on the lunar magnetosphere.
J. Geophys. Res., 730 (5):0 1523–1532.

Kallio, E.. (2005), Formation of the lunar wake in quasi-neutral hybrid
model. Geophys. Res. Lett., 320 (L06107), doi:10.1029/2004GL021989.

Lipatov, A. S. (1976), About three-dimensional structure of the lunar wake.
Cosmic Res., 14, 115–119.

Lyon, E. F., H. S. Bridge, and J. H. Binsack (1967), Explorer 35 plasma mea-
surements in the vicinity of the moon. J. Geophys. Res., 720 (23):0 6113.

Michel, F. C. (1968a), Magnetic field structure behind the moon. J. Geo-
phys. Res., 730 (5):0 1533–1542.

Michel, F. C. (1968b), Lunar wake at large distances. J. Geophys. Res., 730
(23):0 7277–7283.

Ness, N. F., K. W. Behannon, H. E. Taylor, and Y. C. Whang (1968),
Perturbations of the interplanetary magnetic field by the lunar wake. J.
Geophys. Res., 730 (11):0 3421–3440.

Owen, C. J., R. P. Lepping, K. W. Ogilvie, J. A. Slavin, W. M. Farrell, and
J. B. Byrnes (1996), The lunar wake at 6.8 RL: WIND magnetic field
observations. Geophys. Res. Let., 230 (10):0 1263.

Sibeck, D. G., et al. (2011), ARTEMIS science objectives. Space Sci. Rev.,
1650 (1–4):0 59–91.

Smith, E. J. and J. H. Wolfe. (1979), Fields and plasmas in the outer solar
system. Space Sci. Rev., 230 (2):0 217–252.

Sonett, C. P. (1982), Electromagnetic induction in the moon. Rev. Geophys.,
200 (3):0 411–455.

Spreiter, J. R., M. C. Marsh, and A. L. Summers (1970), Hydromagnetic
aspects solarwind flow past the moon. Cosmic Electrodynamics, 1:0
5–50.

Wang, Y. C., J. Mueller, W. H. Ip, and U. Motschmann (2011), A 3D
hybrid simulation study of the electromagnetic field distributions in the
lunar wake. Icarus, 2160 (2):0 415–425.

Whang, Y. C. (1968a), Interaction of the magnetized solar wind with the
moon. Phys. Fluids, 110 (5):0 969–975.

Whang, Y. C. (1968b). Theoretical study of the magnetic field in the lunar
wake. Phys. Fluids, 110 (8):0 1713.

Whang, Y. C. and N. F. Ness (1970), Observations and interpretation of the
lunar Mach cone. J. Geophys. Res., 750 (31):0 6002–6010.

Wolf, R. A. (1968), Solar-wind flow behind the moon. J. Geophys. Res., 73,
4281–4289.

Xie, L. H., L. Li, Y. T. Zhang, and D. L. Zeeuw (2012), Three-dimensional
MHD simulation of the lunar wake. Sci. China Earth Sci., doi:10.1007/
s11430-012-4383-6.

FATEMI ET AL.: THE LUNAR WAKE CURRENT SYSTEMS

21



96

Appendix

Here we present more detailed analysis about the lunar wake current systems. This
discussion is not included in paper II and has not been published elsewhere.

Figures A and B are complementary materials to Figures 1 and 2 in paper II.
They present the details about all the three currents in the lunar wake and their
associated magnetic field disturbances. In these Figures, the first row shows the
normalized proton number density. The second, third, and fourth rows show the
current number density Jx, Jy, and Jz, respectively. The last three rows show the
magnetic field components Bx, By, and Bz. The first column shows cuts in the xy
plane at z = 0 (viewed from +z axis) and the second column shows cuts in the xz
plane at y = 0 (viewed from −y axis). The three columns to the right show cuts in
the yz plane at x =−2RL, x =−6RL, and x =−10RL. The cuts along the x axis are
also marked with the vertical dashed lines in the first two columns on the left. All
the three different currents are marked in these Figures.

Figure A: Complementary figure to Figure 1 in paper II for an IMF parallel to the
solar wind flow.
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Figure B: Complementary figure to Figure 1 in paper II for an IMF perpendicular to
the solar wind flow.

As discussed in paper II, we computed the current density inside the lunar Mach
cone using the general Ampere’s law (Equation 3.3). Here we calculate the total
current, I, flows in each current loop as a sum of the current density passing through
a surface area, A, perpendicular to the flow

I = ∑
A

J ·ΔA

where ΔA is the surface area element that in our simulation is as small as the area of
the simulation cell sizes (here ΔA = 160×160 km2).

Figure C shows the total current, I, that flows in each of the current branches
for the IMF directions anti-parallel (panels 1 and 2) and perpendicular (panel 3) to
the solar wind. We see that I1, which is the total current correspond to J1, is the
strongest and I3, which is the total current correspond to J3, is almost the weakest
current among these three currents. Consequently, the magnetic field induced by I1
is stronger than the induced fields by the other two currents.

In addition, we see that the gradual tailward increase in I1 at close distances to
the Moon is changed by a slow decrease downstream in the wake after the wake
refills. In contrast, both I2 and I3 remain constant almost everywhere except at
their interconnections with I1. This occurs due to the inaccuracy of our method to
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Figure C: Total current flows in each current branches in the lunar wake. Panels 1
and 2 respectively show the total current flows in the y and z directions when the
IMF is parallel to the solar wind. Panels 3 shows the total current flows along the
x axis when the IMF is perpendicular to the solar wind flow. I1, I2, and I3 are the
total currents calculated from the current flowing through a perpendicular surface to
J1, J2, and J3, respectively. The net current (I1 + I2 + I3) flows in the lunar wake is
shown with black line.

distinguish these currents from I1 at their connections. However, we see that the net
flux of the currents passing through the different surface areas, shown by black lines,
is nearly zero and its oscillations are down to our simulation noise level.
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ARTEMIS observations of extreme diamagnetic fields in the

lunar wake

A. R. Poppe1,2, S. Fatemi3,4, J. S. Halekas1,2, M. Holmström3, and G. T. Delory1,2

We present two ARTEMIS observations of diamagnetic
fields in the lunar wake at strengths exceeding twice the
ambient magnetic field during high plasma beta conditions.
The first observation was 350 km from the lunar surface
while the Moon was located in the terrestrial magnetosheath
with elevated particle temperatures. The second observa-
tion was in the solar wind ranging from 500 to 2000 km
downstream, with a relatively low magnetic field strength
of approximately 1.6 nT. In both cases, the total plasma
beta exceeded 10. We discuss the observations and compare
the data to hybrid plasma simulations in order to validate
the model under such extreme conditions and to elucidate
the global structure of the lunar wake during these obser-
vations. The extreme nature of the diamagnetic field in the
lunar wake provides an important end-member test case for
theoretical and modeling studies of the various plasma pro-
cesses operating in the lunar wake.

1. Introduction

As the moon absorbs solar wind plasma, it generates a
plasma void downstream with steep particle density gradi-
ents along the wake boundary. These density gradients gen-
erate diamagnetic currents which in turn perturb the con-
vecting interplanetary magnetic field. While the strength
and structure of lunar diamagnetic fields depend on the
plasma and interplanetary magnetic field (IMF) conditions,
they typically depress the field near the outer boundary
of the wake while enhancing the field inside the plasma
void. Observations of diamagnetic fields in the lunar wake
were first made by the Explorer 35 spacecraft [Colburn
et al., 1967; Ness et al., 1968; Ogilvie and Ness, 1969], fol-
lowed later by WIND [Owen et al., 1996], Lunar Prospec-
tor [Halekas et al., 2005], and the Acceleration, Reconnec-
tion, Turbulence, and Electrodynamics of the Moon’s In-
teraction with the Sun (ARTEMIS) mission [Halekas et al.,
2011, 2014a; Zhang et al., 2012]. Smaller signatures of dia-
magnetic fields have also been observed at the moons of
Saturn [Khurana et al., 2008; Simon et al., 2012], despite
significantly different values in ambient plasma parameters
(i.e., plasma β ≈ 5 × 10−3 − 0.5 at the outer planet moons
versus β ≈ 0.1− 10 for the Moon). Early statistical studies
of field strengths in the lunar wake at 1-2 RL downstream for
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cases where β < 0.7 have shown at most a factor of 50% dia-
magnetic increase roughly linearly dependent on the value
of plasma beta [Ogilvie and Ness, 1969].

Alongside in-situ observations, plasma modeling has also
helped to elucidate the global structure of lunar diamag-
netic currents and fields and their dependence on solar wind
plasma and IMF parameters. Using hybrid modeling results
from Holmström et al. [2012], Fatemi et al. [2013] investi-
gated the dependence of the lunar wake current system on
the angle between the solar wind flow velocity and the IMF.
For parallel flow and field, the current systems (which in-
clude the diamagnetic current and the rarefaction and re-
compression currents) close cylindrically around the lunar
wake, while for perpendicular flow and field, all three cur-
rents couple together to close both near to the Moon and
presumably, far (>> 10 RL) downstream. Several other
models have also investigated the global structure of the lu-
nar wake, including the diamagnetic fields, often compared
to the sole observation of the Wind spacecraft at approx-
imately 6.5 RL downstream from the Moon [Owen et al.,
1996; Kallio, 2005; Trávniček et al., 2005; Xie et al., 2012],
while more recent modeling, both hybrid and theoretical,
have also been compared to ARTEMIS observations [Wiehle
et al., 2011; Halekas et al., 2011, 2014b]. Given the complex-
ity of the lunar wake and the wide range of ambient param-
eters that may affect diamagnetic currents and fields, it is
important to describe further observations that may aid in
the design, testing, and validation of various plasma models
of the lunar wake. Study of such observations and accom-
panying modeling will also help to elucidate the underlying
physical processes governing the lunar wake.

In this paper, we report two ARTEMIS observations of
lunar diamagnetic fields in the wake exceeding twice the am-
bient magnetic field strength, far higher than any reported
to date. In both observations, the plasma beta was signifi-
cantly higher than normal, albeit for different reasons (high
particle pressure in the first case and low magnetic pressure
in the second). In Section 2, we describe and discuss the
ARTEMIS observations. In Section 3, we describe the re-
sults of a hybrid plasma simulation of the lunar wake with
parameters matching one of the ARTEMIS observations and
compare the model results to the data. Finally, we conclude
in Section 4.

2. ARTEMIS Observations

The ARTEMIS mission consists of two identical probes,
P1 and P2, in elliptical, approximately 28-hour orbits
around the Moon [Angelopoulos, 2011]. Both probes make
comprehensive measurements of the ambient particle and
field conditions at high time resolution. For nearly all lu-
nar wake crossings, one probe is in the lunar wake while the
other is far from both the wake and the lunar surface provid-
ing reference measurements of the undisturbed solar wind.
Among the numerous ARTEMIS wake crossings (more than
one thousand to date), the following observations were cho-
sen due to both the large diamagnetic fields observed in the
wake and the relatively steady ambient plasma conditions.

1



X - 2 POPPE ET AL.: EXTREME LUNAR DIAMAGNETIC FIELDS

2.1. October 8, 2011

Figure 1 shows an ARTEMIS P1 observation on Octo-
ber 8, 2011. During this time, the Moon was located at
approximately [-44.8, 44.0, 5.3] RE in the GSE coordinate
frame and was immersed in the dusk flank of the terres-
trial magnetosheath, panel 1(a). Table 1 lists the rele-
vant ambient plasma parameters for this time period taken
from the ARTEMIS P2 reference observations of the magne-
tosheath, with the important note that the ion temperature
is only roughly measured by ARTEMIS due to the finite
resolution of the ESA instrument and thus, parameters de-
pendent on Ti are subject to some uncertainty [McFadden
et al., 2008]. The magnetosheath plasma at this time is
both super-Alfvénic and super-sonic with Mach numbers of
approximately 10.6 and 4.5, respectively. The electron and
ion plasma beta are elevated during this interval at approxi-
mately 2.3 and 8-10, respectively, driven mainly by the high
density and high ion temperature although the somewhat
low magnetic field magnitude of approximately 4 nT also
contributes.

As shown in panel 1(b), approximately 50 minutes fol-
lowing 2011-10-08/00:20 UTC, the ARTEMIS P1 probe
crossed through the lunar wake with a periselene of approx-
imately 390 km (≈ 0.23 RL) near local midnight while the
ARTEMIS P2 probe was more than 8 RL from the Moon and
free of lunar effects. The magnetosheath flow speed during
this observation is partially deflected at approximately vi =
[-305, 45, 5] km/sec in the SSE coordinate frame, panel 1(c),
which accounts for the offset between the optical shadow
of the Moon (dashed lines in Figure 1) and the observed
plasma wake. The density and magnetic field through the
wake show several features characteristic of most lunar wake
crossings, including rarefaction regions near the wake edges
where both the magnetic field and density decrease into the
wake (approximately 5 to 11 minutes and 40 to 50 minutes,
respectively), a deep plasma void with densities more than
two orders-of-magnitude lower than the ambient solar wind
density, and a corresponding increase and slight rotation of
the magnetic field within the void (approximately 11 to 40
minutes). As the undisturbed IMF is Bx dominant at [3.6,
-1, -2] nT, the main diamagnetic field increase occurs along
the x-component, with maximum values of 8 nT, or more
than 200% of the ambient value. Smaller perturbations are
also present in the By and Bz components. Overall, the
magnetic field magnitude reaches nearly 10 nT in the cen-
ter of the void, or more than 2.5 times the total ambient
field strength, while dropping below 2 nT (<30%) in the
rarefaction regions.

2.2. March 13, 2013

Figure 2 shows an ARTEMIS P1 observation of extreme
diamagnetic fields on March 13, 2013. In contrast to the first
observation, the Moon was located in the solar wind at this
time at [56.9, 19.8, 3.1] RE GSE, panel 2(a). ARTEMIS
P1 crossed the lunar wake diagonally from approximately
0.75 RL downstream at the wake entrance to 2 RL down-
stream at wake exit, panel 2(b), somewhat farther down-
stream than the October 8, 2011 observation. The ion and
electron temperatures were typical of the solar wind (10 and
≈4-6 eV, respectively), however, the magnetic field magni-
tude was significantly below typical solar wind values at only
1.6 nT. As summarized in Table 1, the low magnetic field
strength during this time drove the electron and ion beta
to 7.8 and ≈3.5-5, respectively, in total slightly higher than
found in the previous observation in the terrestrial magne-
tosheath. The magnetic field magnitude across the wake,
panel 2(e), has compressional features outside the optical
boundary (approximately 5 and 60 minutes, respectively),

rarefaction regions (7 to 15 and 44 to 56 minutes, respec-
tively), and a strong diamagnetic field enhancement in the
center of the wake (15 to 44 minutes). Inspecting the mag-
netic field components in panel 2(f) shows that most features
in the magnitude are driven by changes in the Bx and Bz

components. At maximum, the magnetic field magnitude
in the wake exceeds 4 nT, over 250% of the ambient field
strength. The density in panel 2(g) shows a two order-of-
magnitude decrease through the central wake. We note that
the oscillations in the density from approximately 43 to 48
minutes are unphysical due to angular under-sampling of the
cold ion beams penetrating into the wake [McFadden et al.,
2008; Halekas et al., 2014b].

The compressional features in the density and magnetic
field magnitude on both sides of the wake at t = 5 and 60
minutes are most likely due to protons reflected off of crustal
magnetic anomalies on the lunar dayside. The large crustal
magnetic anomaly located in the South Pole/Aitken Basin
region was near the sub-solar point at this time and as pre-
vious observations have shown, reflects a significant portion
of the incoming solar wind proton flux away from the lunar
surface [Lue et al., 2011]. A full analysis and discussion of
the compressional features is beyond the scope of the current
paper, but identified as a future study.

3. Hybrid Modeling

In order to elucidate the global structure of the lunar wake
during times of extreme diamagnetic fields, we have used
a three-dimensional self-consistent hybrid plasma model to
simulate the October 8, 2011 ARTEMIS observation shown
in Figure 1. We chose this observation over the March
2013 observation as this event had steadier background mag-
netic fields, a more symmetric ARTEMIS trajectory through
the wake, and no obvious effects of crustal magnetic fields
and/or reflected protons. We use the hybrid model described
in Holmström et al. [2012] with modifications to the handling
of particle removal at boundaries and vacuum regions as de-
scribed in Holmström [2013]. In order to simplify the model-
data comparison, we have first rotated the ARTEMIS data
into a coordinate frame that eliminates both the off-axis so-
lar wind velocity components and the out-of-ecliptic-plane
components of the magnetic field at each individual time.
In other words, we align the data coordinate frame at each
time such that the solar wind flow velocity is completely and
solely along the -X axis while the magnetic field vectors are
entirely in the X-Y plane. This rotation is also applied to the
ARTEMIS trajectory across the wake, creating an effective
trajectory used to interpolate through the model. For the
October 2011 event, these rotations yielded an average mag-
netic field vector, [3.68, 2.23, 0.00] nT, and a flow velocity of
307 km/sec during the wake crossing, summarized in Table
1. Due to the inherent uncertainty in determining the solar
wind ion temperature from ARTEMIS, we ran three iden-
tical simulations while only varying the ion temperature at
Ti = 35, 39 and 43 eV. The simulation cell size was 150 km
(≈ 0.08 RL) and the simulations were run until equilibrium
was reached.

Figure 3 shows the normalized magnetic field magnitude
(top panels) and the normalized proton density (bottom
panel) from the hybrid simulations with Ti = 43 eV for the
October 2011 observation. We can see that a pressure bal-
ance is reached at a distance of x = −3 RL downstream in
the lunar wake where the magnetic field compression stops
and remains constant downstream. Notably, at these dis-
tances (x < −3 RL), the magnetic field compression reaches
over four times the ambient field magnitude. We also see the
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wake cavity collapses at closer distances to the Moon com-
pared to simulations with lower plasma beta [Wang et al.,
2011; Holmström et al., 2012; Xie et al., 2012], where the
cavity extends beyond x = −5 RL.

Figure 4 shows the comparison of the rotated ARTEMIS
data from both the reference and wake probes in red and
black, respectively, along with the three model results using
different ion temperatures interpolated along the effective
ARTEMIS trajectory. Note that the coordinate system used
for this comparison is the flow-aligned, planar-magnetic field
system discussed above and thus, the individual ARTEMIS
vector components are rotated from those shown in Figure 1.
In the rotated frame, the undisturbed ARTEMIS Bx field is
nearly constant at approximately 3.7 nT, the By component
has some variability at the 2-3 nT level but has an average
value during the wake crossing of approximately 2.2 nT, and
Bz ≡ 0 (by design). The wake probe (black) shows diamag-
netic fields in all three components in this frame, mainly in
the x-component. The ambient density increases somewhat
over the period of the wake crossing in both probes, with a
slightly larger increase in the wake probe, most likely due
to small scale structure in the magnetosheath. Traced along
the effective ARTEMIS trajectory, the hybrid model suc-
ceeds in capturing the presence of strong diamagnetic fields
in the lunar wake with corresponding deep depressions in
the field outside the central cavity, with the Ti = 43 eV case
matching the closest. The model does predict a narrower
wake in both magnetic field and density, although, such a
discrepancy is most likely caused by the finite cell size in
the model, which at 150 km will tend to smear out sub-cell-
sized variability. We anticipate that running the model with
finer resolution may allow us to better capture such rapid
spatial changes in the fields, being mindful of the increased
computational requirements for such an exercise. Despite
this discrepancy, the model successfully captures the Bx

and Bz diamagnetic field enhancements while the By com-
ponent does suffer some discrepancy, which we attribute to
the more variable nature of the undisturbed ARTEMIS By

component in the rotated frame. We also note the possi-
ble role that solar wind proton temperature anisotropy may
play in contributing to the disagreement between the model
and the data. ARTEMIS’ ability to resolve both the parallel
and perpendicular ion temperatures is limited in its current
operating mode and any anisotropy may effect the magni-
tude of the field compression in the wake compared to the
isotropic assumption used in the hybrid model.

4. Conclusion

We have presented two ARTEMIS observations of ex-
treme diamagnetic fields in the lunar wake, both under
conditions with total plasma beta greater than 10. Dur-
ing such conditions, particle pressure dominates the total
plasma pressure and thus, when the Moon absorbs nearly
the entire solar wind particle distribution, the ambient mag-
netic fields must significantly increase in order to attempt
to restore the total plasma pressure. While previous obser-
vations have shown diamagnetic increases of at most 150%
of the ambient magnetic field magnitude [Ogilvie and Ness,
1969; Halekas et al., 2005; Zhang et al., 2012], the obser-
vations presented here show increases of 230% and 250%
and provide important end-member cases for testing theo-
ries and models of the dependence of lunar wake structure
on ambient plasma parameters. Notably, the two observa-
tions presented here, Figures 1 and 2, have distinctly differ-
ent ambient plasma parameters with the exception of total
plasma beta, re-enforcing and extending the correlation be-
tween maximum diamagnetic field strength in the wake at
approximately 1-2 RL downstream and plasma beta found

in Ogilvie and Ness [1969]. Indeed, reported observations
of diamagnetic field increases in the wakes of airless bod-
ies throughout the solar system now span three orders-of-
magnitude in ambient plasma beta, from outer planet moons
such as Tethys and Rhea around Saturn where beta is as low
as 0.03 [Khurana et al., 2008; Simon et al., 2012] to Earth’s
Moon, with total beta greater than 10 for the observations
presented here.

Comparison of one of the observed extreme diamagnetic
events with a plasma hybrid model has yielded a positive
comparison along the ARTEMIS trajectory, with similar
diamagnetic field components and magnitudes. Addition-
ally, the simulations suggest that for this case, the maxi-
mum diamagnetic field increase throughout the entire lunar
wake should occur for distances greater than three lunar
radii downstream at a strength of approximately 18 nT, or
an increase of 425% over the ambient field strength. Contin-
ued searches through and analysis of the extensive collection
of ARTEMIS lunar wake crossings may yield observations of
even greater diamagnetic field increases than are reported
here as well as providing a database with which to statisti-
cally investigate the governing processes of both the lunar
wake and the wakes of airless bodies throughout the solar
system.
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Figure 1. A time-series of ARTEMIS P1 measurements
on October 8, 2011: (a) the lunar position relative to
the Earth and it’s magnetosphere during this time pe-
riod in the GSE coordinate system, (b) the ARTEMIS
orbit relative to the Moon in the SSE coordinate sys-
tem, with tick-marks indicating minutes past 2011-10-
08/00:20 UTC along the orbit, (c)-(g) the ambient mag-
netosheath flow velocity, ion differential energy flux, mag-
netic field magnitude for P1 in the wake (black) and P2
far from the moon (red), magnetic field components of
both probes (wake in solid, reference in dashed lines), and
ion density in the wake (black) and far from the Moon
(red), respectively. Energy flux is measured in units of
eV/cm2/s/str/eV. The vertical dashed lines in panels (c)-
(g) denote the time of the lunar optical shadow crossing,
for reference.
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Figure 2. A time-series of ARTEMIS P1 measurements
on March 13, 2013 in the same format as Figure 1, mea-
sured in minutes since 2013-03-13/08:35.
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Figure 3. (a,b) Normalized magnetic field magnitude
and (c,d) normalized proton number density obtained
from the hybrid simulations of plasma interaction with
the Moon. Upstream plasma parameters are listed in
Table 1 (model), noting that we use the rotated frame
appropriate for modeling as discussed in Section 3. The
arrows on panel (a) indicate the plasma flow (red) and
magnetic field (white) directions. Panels (a) and (c) are
cuts in the plane z = 0 (viewed from +z), and panels (b)
and (d) are cuts in the plane y = 0 (viewed from −y).

Table 1. Plasma parameters during the ARTEMIS wake
crossings and the hybrid model. For the model parameters,
the solar wind velocity and magnetic field have been rotated
from the ARTEMIS SSE frame into the flow-aligned, planar-
magnetic field coordinate system as described in Section 3.
Derived plasma parameters for the model have been listed for
the intermediate, Ti = 39 eV case.

Parameter October 8, 2011 (ART) October 8, 2011 (model) March 13, 2013 (ART)

Solar wind velocity [km/sec] [-305, 45, 5] [-307, 0, 0] [-320, 15, 0]
Solar wind density [cm−3] 10.4 10.4 7

Magnetic field [nT] [3.6, -1.0, -2.0] [3.68, 2.23, 0] [-1.5, 0, -1]
Te, Ti [eV] 10, ≈35-45 10, (35, 39, 43) 9, ≈4-6
vA [km/sec] 29 29 14.8

MA 10.6 10.6 21.5
cs [km/sec] ≈69 69 ≈37

Ms 4.5 4.5 8.7
βe, βi, βtot 2.3, ≈8-10, ≈10-12 2.3, 9, 11 7.8, ≈3.5-5, ≈11.5-13
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Figure 4. A comparison of ARTEMIS data and hybrid
modeling results for the October 8, 2011 wake observa-
tions. Shown from top to bottom are the magnetic field
components, magnetic field magnitude, and density re-
spectively. As discussed in Section 3, the comparison is
conducted in the rotated frame appropriate for modeling.
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The effects of lunar surface plasma absorption and solar wind
temperature anisotropies on the solar wind proton velocity space
distributions in the low-altitude lunar plasma wake
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[1] We study the solar wind proton velocity space distribution functions on the lunar
nightside at low altitudes (�100 km) above the lunar surface using a three-dimensional
hybrid plasma solver, when the Moon is in the unperturbed solar wind. When the solar
wind encounters a passive obstacle, such as the Moon, without any strong magnetic field
and no atmosphere, solar wind protons that impact the obstacle’s surface are absorbed
and removed from the velocity space distribution functions. We show first that a hybrid
model of plasma is applicable to study the low-altitude lunar plasma wake by comparing
the simulation results with observations. Then we examine the effects of a solar wind
bi-Maxwellian velocity space distribution function and the lunar surface plasma absorption
on the solar wind protons’ velocity space distribution functions and their entry in the
direction parallel to the interplanetary magnetic field lines into the low-altitude lunar wake.
We present a backward Liouville method for particle-in-cell solvers that improves velocity
space resolution. The results show that the lunar surface plasma absorption and anisotropic
solar wind velocity space distributions result in substantial changes in the solar wind proton
distribution functions in the low-altitude lunar plasma wake, modifying proton number
density, velocity, and temperature there. Additionally, a large temperature anisotropy is
found at close distances to the Moon on the lunar nightside as a consequence of the lunar
surface plasma absorption effect.

Citation: Fatemi, S., M. Holmström, and Y. Futaana (2012), The effects of lunar surface plasma absorption and solar wind
temperature anisotropies on the solar wind proton velocity space distributions in the low-altitude lunar plasma wake, J. Geophys.
Res., 117, A10105, doi:10.1029/2011JA017353.

1. Introduction

[2] The Moon is a nonconducting obstacle to the solar
wind plasma with no considerable atmosphere, and no global
magnetic fields but with some small-scale crustal magnetic
anomalies. The solar wind plasma is absorbed by the lunar
surface, creating a plasma void and forming a wake on the
nightside of the Moon [Lyon et al., 1967].
[3] Downstream from the Moon, further than 3 lunar radii

(RL), observations and simulations indicate low density accel-
erated ion beams refilling the wake along the interplanetary
magnetic field lines (IMF) through plasma thermal expansion
and the resulting ambipolar electric field [Ogilvie et al., 1996;
Farrell et al., 1998; Birch and Chapman, 2001]. Low-density
and high-energy protons downstream in the lunar wake can be
explained through one-dimensional (1-D) plasma expansion
theory [Allen and Andrews, 1970; Denavit, 1979].

[4] High energy protons have also been observed at close
distances to the Moon (�100 km altitude). Recently, the
SELENE (Kaguya) and Chang’E-1 satellites observed high-
energy protons entering the lunar wake perpendicular to the
IMF direction as a consequence of the ambipolar electric
field and proton gyration around the magnetic field lines
[Nishino et al., 2009a, 2009b; Wang et al., 2010].
[5] Futaana et al. [2010] using the SARA instrument on

board the Chandrayaan-1 satellite observed a low-density
population of solar wind protons at 100 km altitude above the
surface of the Moon, 50� behind the terminator near the lunar
nightside equator, accelerating into the wake parallel to the
IMF with higher energy than the prevailing solar wind
plasma, when the Moon was in the unperturbed solar wind.
They commented that 1-D plasma expansion theory is not
enough to explain the parallel entry of high-energy protons at
low altitudes in the wake. They proposed that this disagree-
ment might be due to an effect of the lunar surface plasma
absorption and lunar surface electric potential. However, the
processes that explain the solar wind proton entries parallel to
the IMF at low altitudes in the lunar wake are still an open
question.
[6] Solar wind electrons and ions impact the lunar sur-

face and are removed from their respective velocity space

1Swedish Institute of Space Physics, Kiruna, Sweden.
2Luleå University of Technology, Department of Computer Science,

Electrical and Space Engineering, Luleå, Sweden.

Corresponding author: S. Fatemi, Swedish Institute of Space Physics,
Box 812, Kiruna SE-98 128, Sweden. (shahab@irf.se)

©2012. American Geophysical Union. All Rights Reserved.
0148-0227/12/2011JA017353

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, A10105, doi:10.1029/2011JA017353, 2012

A10105 1 of 13



distribution functions (VSDF) [Whang, 1968]. This gen-
erates a density depletion in the lunar wake that results in an
associated charge separation between electrons and ions
which creates an electrostatic potential and drives an electric
current in the wake [Bale, 1997]. Recently, Harada et al.
[2010], using SELENE (Kaguya) data, discussed the exis-
tence of a strong electric field around the Moon as a conse-
quence of the lunar surface plasma absorption on the electron
VSDF when the Moon is in the plasma sheet.
[7] In general, any changes in the plasma VSDF at a certain

position and time change the moments of the distribution and
the macroscopic plasma parameters. Moreover, observations
and simulations show that the solar wind proton VSDF is
mostly bi-Maxwellian at the distance of the Earth from the
Sun [Gary et al., 2001; Hellinger et al., 2003]. A bi-Max-
wellian VSDF contains ample free kinetic energy and has a
temperature ratio of R ≠ 0 where R is defined by the tem-
peratures parallel (Tk) and perpendicular (T?) to the back-
ground magnetic field as R = T?/Tk � 1 [Gary et al., 2001;
Kasper et al., 2003].
[8] The aim of the present work is to investigate the role of

lunar surface plasma absorption and the effects of bi-Max-
wellian solar wind proton VSDF on low-altitude protons in
the lunar wake, and to study the solar wind plasma properties
there, using a self-consistent three-dimensional (3-D) hybrid
plasma solver (particle ions and fluid electrons) [Holmström,
2010]. First, we examine the applicability of the hybrid
model of plasma at low altitude in the wake by comparing the
model results with field observations from Lunar Prospector
[Halekas et al., 2005]. Then, we study the solar wind proton
VSDF at 100 km altitude in the lunar wake.
[9] In practice, the number of particles per cell in a particle

model at close distances to an absorbing obstacle’s nightside
are too small to examine the particles VSDFs there. Conse-
quently, to improve the statistics and enhance the velocity
space resolution, a backward Liouville (BL) method
[Marchand, 2010] is applied for the first time to a particle
model, where the electric and magnetic fields of the interac-
tion region are obtained from the hybrid simulation results,
and ion trajectories are computed backward in time using
these fields.
[10] Accounting for both the solar wind bi-Maxwellian

VSDF and the lunar surface plasma absorption, we study the
solar wind protons VSDF and their intrusion into the low-
altitude lunar wake with higher velocities than the ambient
solar wind velocity parallel to the IMF.We discuss these effects
by comparing the simulation results with Chandrayaan-1
observations [Futaana et al., 2010], but the goal of this study
is to examine the mechanisms mentioned earlier, while the
comparison with the observation is secondary.

2. Model

[11] Modeling of collisionless plasmas is often done using
fluid magnetohydrodynamics (MHD) models. However, the
MHD fluid approximation is questionable when the gyro radii
of the ions are not small compared to the spatial region that
is studied. Also, since fluid models do not resolve velocity
space, they cannot accurately represent processes such as
plasma-vacuum expansion and counterstreaming ion beams
that occur near the Moon. On the other hand, kinetic models

that discretize the full velocity space, or full particle-in-cell
(PIC) models that treat ions and electrons as particles, are
too computationally expensive for global 3-D modeling of
the Moon-solar wind interaction. For problems where the ion
time and spatial scales are of interest, hybrid models provide
a compromise. In such models, the ions are treated as dis-
crete particles, while the electrons are treated as a fluid (often
massless). This means that the electron time and spatial scales
do not need to be resolved and enables us to model the solar
wind interaction with the Moon using currently available
computational resources.

2.1. The Hybrid Equations

[12] In the hybrid approximation, ions are treated as par-
ticles, and electrons as a massless fluid. In what follows we
use SI units. The trajectory of an ion, r(t) and v(t), with
charge q and mass m, is computed from the Lorentz force,

m
dv
dt
¼ q Eþ v� Bð Þ; dr

dt
¼ v; ð1Þ

where E = E(r, t) is the electric field, and B = B(r, t) is the
magnetic field. The electric field is given by

E ¼ 1

rI
�JI � Bþ m�10 r� Bð Þ � B�rpe
� �þ h

m0
r� B; ð2Þ

where rI is the ion charge density, JI is the ion current, pe is
the electron pressure, h (S m�1) is the resistivity, and
m0 = 4p � 10�7 (H m�1) is the permeability of free space.
[13] If we assume that the electrons are an ideal gas, then

pe = nekbTe, so the pressure is directly related to temperature
(kb is Boltzmann’s constant), and we assume that pe is adia-
batic (small collision frequency), with an adiabatic index, g =
5/3. Then the relative change in electron pressure is related to
the relative change in electron density by pe ∝ |re|

g. Finally,
Faraday’s law is used to advance the magnetic field in time,

∂B
∂t
¼ �r� E:

Further details on the hybrid model are given by Holmström
[2010] and on the implementation are given by Holmström
[2011]. The energy conservation as well as the performance
and stability of the hybrid model were carefully examined
and the results are discussed by Holmström [2011].
[14] A crucial point in modeling the interaction between

the Moon and the solar wind is how to choose the inner
boundary conditions at the surface of the Moon. Here we
model the Moon as an absorber of the solar wind, and reduce
the weight (mass and charge) of the ion macroparticles that
hit the surface of the moon by a factor fobs after each time step
while they are inside the Moon, as described by Holmström
et al. [2012]. Thus, the Moon acts as a gradual sink for
ions. However, only ions that have never hit the Moon are
used when computing the various ion statistics in what fol-
lows. Note that when the solar wind protons impact the lunar
surface, at most 1% of them reflect as charged particles [Saito
et al., 2008; Holmström et al., 2010]. The reflected protons
have additional effects on the solar wind interaction which
are not considered in this model.
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2.2. Coordinate System and Simulation Box

[15] The origin of the coordinate system, as shown in
Figure 1a, is centered at the Moon, with the x axis directed
toward the Sun, so the solar wind flows opposite to the x axis.
The +y axis lies at a right angle to the x axis and the z axis
completes right-handed system. We define longitude (l) and
latitude (L) in this coordinate system. Longitude (0� ≤ l <
360�) is the vector-projected angle on the xy plane measured
from +x axis counterclockwise when viewed from +z axis
(Figure 1b) and latitude (�90� ≤ L < +90�) is the angle
between the xy plane and the vector (Figure 1c).
[16] In what follows, we assume that the IMF is in the xy

plane, and from now on we will denote it as the IMF plane.
This defines a plane that breaks the symmetry around the x
axis, since the only asymmetry in the problem stems from a
nonzero component of the IMF perpendicular to the x axis.
The solar wind consists only of protons (and the massless
electron fluid), and we have a rectangular simulation domain
divided into cells. The +x face of the domain is an inflow
boundary where we have a layer of shadow cells outside the
domain that are filled with macroparticles drawn from the
Maxwellian solar wind proton VSDF, and where the solar
wind magnetic field is set. The�x face is an outflow boundary
where particles exiting the domain are removed, and where the
magnetic field is extrapolated from the interior. The four other
faces have periodic boundary conditions for fields and
particles.
[17] The simulation domain is divided into a Cartesian grid

with cubic cells of size 62.5 km (�0.036 RL). The simulation
box, as shown in Figure 1a, is a cube with 5000 km (≃2.9 RL)
sides, with the Moon as a sphere of radius RL = 1730 km at
the origin. The total number of simulation macroparticles is

about 100 million, with on average �200 particles per cell.
Here we have used a time step of 0.05 s and a final time of
30 s when the solution has reached a steady state. Five sub-
cycles are used when updating the magnetic field. In our
hybrid model, fobs is a numerical parameter that is 0.0 ≤ fobs ≤
1.0. When fobs = 0.0, the lunar surface is a perfect plasma
absorber, and when fobs = 1.0, the Moon is transparent to the
solar wind. Therefore, fobs should be as small as possible to
model a perfect lunar surface plasma absorber. However,
smaller fobs means that smaller grid spacing and time step are
needed to avoid numerical oscillations, leading to larger
computations, so it is a trade off. In section 2.3 we find that a
value of fobs = 0.984 results in fields comparable to
observations.

2.3. Applicability of the Hybrid Model
to the Low-Altitude Lunar Wake

[18] Plasma simulation approaches have been applied to
study the Moon-solar wind interaction as well as the lunar
wake formation and its structure, but so far they have been
applied to explain the physics of the downstream lunar wake
[Farrell et al., 1998; Birch and Chapman, 2001; Kallio,
2005; Trávníček et al., 2005; Kimura and Nakagawa, 2008;
Nakagawa and Kimura, 2011; Holmström et al., 2012], but
not at very close distances to theMoon. Recently,Holmström
et al. [2012] compared the hybrid model results at �6.5 RL

with the Wind observations. Although this was further
downstream, they showed that the hybrid approximation
captures the global features of the Moon-solar wind interac-
tion. Here, for the first time, we apply the hybrid model of
plasma to the low-altitude (100 km) lunar wake. Thus, we
need to examine the applicability of the hybrid model there.

Figure 1. Illustration of the coordinate system and the simulation geometry in units of the Moon radius
(RL = 1730 km). (a) The solar wind is flowing along the �x axis (red arrows), and the IMF points toward
the +y axis and is perpendicular to the solar wind velocity (green arrows). The direction and magnitude
of the solar wind and IMF are constant during the simulation. The blue and purple curves close to the
Moon show the simulated orbits at 100 km altitude above the lunar surface on the lunar nightside: orbit
A (blue) is perpendicular to the IMF plane (the xy plane), 50� behind the terminator and represents the
Chandrayaan-1 orbit [Futaana et al., 2010] and orbit B (purple) is in the IMF plane. (b) Longitude
(0� ≤ l < 360�) is the vector projected angle on the xy plane measured from +x axis counterclockwise
when viewed from +z axis. (c) Latitude (�90� ≤ L ≤ +90�) is the angle between the xy plane and the
vector. A virtual observer is moving along orbit A from the lunar south pole (L = �90�) toward the north
pole (L = �90�) and along orbit B opposite to the direction of the IMF from l = 90� to l = 270�.
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This we do by comparing the lunar wake electric and mag-
netic field structure at �100 km above the lunar surface
constructed from satellite data with the hybrid simulation
results. We use a small value of fobs and find that the results
are similar to observations.
[19] Halekas et al. [2005] used electric and magnetic field

data from Lunar Prospector (LP), a large data set of around
4000 circular polar orbits at altitudes of 85–115 km and 20–
45 km above the lunar surface, to study the lunar wake
signatures when the Moon is outside the influence of the
Earth’s magnetic field. They normalized the magnetic field
data using Wind spacecraft observations. We use their solar

wind averaged parameters, shown in Table 1, as the inputs to
the hybrid model and compare the simulation results with
the LP observations.
[20] Figure 2 compares the LP field measurements (solid

lines) with the hybrid simulation results for fobs = 0.984
(circles) and fobs = 0.995 (triangles) in a plane parallel
(Figures 2a and 2c) and perpendicular (Figures 2b and 2d) to
the IMF. There is a slight shift from the magnetic field nor-
malization level (B/Bsw = 1.0) in the observation results
shown in Figure 9 of Halekas et al. [2005] that is due to the
normalization used in that paper. In order to compare the
magnetic field observations with the hybrid simulation we
shifted the observation results down to the normalization
level at the lunar dayside in Figures 2a and 2b.
[21] We see that when fobs = 0.995 the hybrid simulation

results do not agree well with the LP observations, while the
hybrid simulation results from fobs = 0.984 have better
agreement with the observations. fobs = 0.984 is the minimum
value we can achieve in our simulation before we get
numerical oscillations. We see that the magnetic field simu-
lation results from fobs = 0.984 are consistent with the
observations at angles below 150� from the x axis. The
observed magnetic fields in the central wake (between 150�
and 180� from the x axis) are higher then those from the
simulation. Their magnitude at the center of the wake is about
1.2 times higher than the IMF, while the magnetic fields from
simulation are rather constant there. We see that the hybrid

Table 1. Solar Wind Simulation Parameters Corresponding to
Lunar Prospector and Wind Measurements as Listed in Table 1 of
Halekas et al. [2005]

Parameters Symbols Values Units

Solar wind velocity usw �410 x̂ km/s
Solar wind magnetic field Bsw �4.85 x̂ + 4.85 ŷ nT
Magnitude of the magnetic field |Bsw| 6.86 nT
Proton number density np 7.88 cm�3

Proton temperature Tp 8.09 eV
Electron temperature Te 16.0 eV
Proton thermal speed vthp 39 km/s
Proton gyrofrequency Wg 0.66 rad/s
Proton gyroradius rg �0.5 RL

Figure 2. (a and b) Lunar Prospector (LP) magnetic field measurements (solid lines) and (c and d) elec-
trostatic potential (solid lines) from Figures 9 and 13 of Halekas et al. [2005], respectively, and the
corresponding hybrid simulation results for fobs = 0.984 (circles) and fobs = 0.995 (triangles). The magnetic
field measurements were made from circular polar orbits at altitudes of 85–115 km above the lunar surface
and normalized using the Wind observations, while the electrostatic potential measurements were from
orbital altitudes of 20–115 km. The LP measurements are averaged over 1 year of data. The hybrid sim-
ulation magnetic field results are from 100 km altitude, and the electrostatic potential results are averaged
from 25 km and 100 km altitudes above the Moon. The hybrid simulation results are obtained from the
average solar wind parameters listed in Table 1. The horizontal axes are binned by angle from the wake
axis (+x axis) in a plane parallel (Figures 2a and 2c) and perpendicular (Figures 2b and 2d) to the IMF.
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model cannot explain the pattern of magnetic field increases
before the field depression in the rarefaction region.
[22] Figures 2c and 2d show a electrostatic potential drop

of ��300 V from LP observations at the wake center.
Hybrid simulation with fobs = 0.984, although consistent
with the observations at angles below �140� from the x axis,
cannot explain a potential drop of more than ��180 V and
the predicted potential drop is half of the observed value in
the central wake. The positive dayside electrostatic potential
in the LP observation might be the effect of the magnetic
anomalies as well as the surface electric potential, neither of
which have been included in the model.
[23] Figures 3a and 3b show respectively the normalized

magnetic field (B/Bsw) and the electric field (E/Esw) at 100 km
altitude above the lunar surface, obtained from the hybrid
simulation with fobs = 0.984. Magnetic and electric field
enhancement inside the wake cavity is evident, as well as
dips in the surrounding expansion region. The hybrid simu-
lation magnetic field result is in agreement with the LP
experimental plot shown in Figure 3 ofHalekas et al. [2005].
We see similar features of the magnetic field variations to
those in the observations, except in the central wake region
(the region within 30� from the wake longitude of 180� and
latitude of 0�).
[24] Potential reference determination to calculate the elec-

tric potential from our simulation is ambiguous due to the
statistical fluctuations in the electrical field especially at the
boundary of the simulation domain. If we assume a large
enough simulation box then we can choose any arbitrary place
in the solar wind which is not largely influenced by the
boundary oscillations. On the other hand, obtaining the results
from large simulation boxes is computationally expensive.
Since our simulation domain in this study is relatively small,
there are variations in the electrostatic potential results at the
lunar nightside due to the potential reference determination.

We have chosen the potential reference right at the boundary
of our simulation box in the results shown in Figures 2c and
2d. However, there is no problem obtaining the electric and
magnetic fields since they are computed self-consistently from
the hybrid solver.
[25] Note that the plots from the observations are long time

averaged over different solar wind conditions while the
hybrid simulation results are obtained from the average solar
wind parameters listed in Table 1. Moreover, lack of the
electron dynamics in the hybrid model probably causes the
constant feature of the magnetic field at the center of the
wake and lower electrostatic potential drop in the nightside
compared to those of the observations. Also the effects of
lunar magnetic anomalies should be pronounced for altitudes
below 100 km where the magnetic anomalies dominate the
IMF. Since our model does not include magnetic anomalies,
this is a topic for future investigation. We conclude that the
hybrid model of plasma can explain the major observed
characteristics of the lunar plasma wake at low altitudes,
except in the central wake.

2.4. A Backward Liouville Algorithm

[26] Analyzing velocity space distributions in PIC models
poses a problem. Accurate representation of the velocity space
might require thousands of particles per cell, resulting in bil-
lions of particles in total for a simulation. Storing all these
particles for later analysis of VSDFs in different regions is
infeasible. Several approaches are possible to analyze VSDFs
from such PIC simulations [Ledvina et al., 2008]. One can in
advance decide on certain locations of interest, and only store
particles in the vicinity of these locations (virtual probes). The
disadvantage is that to get the VSDF at any other location
requires a new run of the simulation, with the new locations for
collecting particles. Another approach is to use test particles in
the fields computed by the PIC solver. This assumes that the
fields are in a steady state (or the fields at all time steps need to
be stored). The disadvantage is that a large amount of test
particles need to be launched to get good resolution of the
velocity space at any specific location [Ledvina et al., 2008].
[27] A related problem is that how well PIC models resolve

velocity space depends on the number of macroparticles per
cell that are used. This poses a problem in regions of low
density, since if we use equally weighted macroparticles the
number of particles in a low-density cell will be small, thus
giving a low resolution of velocity space; for example, using
100 particles per cell in the solar wind in a region with a
density of 1/100 of the solar wind density, we will have about
one macroparticle per cell.
[28] A solution that gives arbitrarily high velocity space

resolution for a PICmethod, without storing any particles, is to
use the Backward Liouville (BL) method. The BL method has
been used with electric and magnetic fields from fluid solvers
[Mackay et al., 2008; Marchand, 2010], but not with fields
from PIC solvers. The idea behind the BL method is that the
VSDF at any location can be computed by integration back-
ward in time until we reach a position with known VSDF. For
charged particles the trajectory integration requires that we
know the electric and magnetic fields along the trajectory, e.g.,
from a hybrid plasma solver. We have here assumed that the
plasma flow has reached a steady state and we only use the
fields at one time to compute the trajectories. If that assump-
tion is not valid it would be required that the fields at every

Figure 3. (a) Normalized magnetic field and (b) electric
field from hybrid simulation results for fobs = 0.984 at 100 km
altitude above the lunar surface, binned by the wake longi-
tude and latitude. Figure 3a corresponds to the observed
magnetic field presented in Figure 3 of Halekas et al. [2005].
Hybrid simulation parameters are listed in Table 1. The
coordinate system is the one used by Halekas et al. [2005],
which is different from the coordinate systems defined in
section 2.2.
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time step are available. The steady state assumption can be
tested by repeating the computations using the fields from
several different times, to verify that the solution does not
change significantly. This has been done for the runs done in
this paper.
[29] More precisely, the BL method used can be stated as

follows. A particle trajectory is given by the particle’s position
and velocity as a function of time, rp(t) and vp(t), where index
p denotes the particle. The phase space density or VSDF along
the trajectory is f(rp(t), vp(t)) ((m/s)�3 m�3). Assume a particle
production function, P(r, v) ((m/s)�3 m�3 s�1), that can be
a total sum of different source and loss processes. From
now on we will use the notation f(t) = f(rp(t), vp(t)) and P(t) =
P(rp(t), vp(t)) as shorthand for these quantities along a tra-
jectory. The change in f along a trajectory during a time step
Dt is

f t þDtð Þ ≈ f tð Þ þDtP tð Þ; so df

dt
¼ P:

Thus, the distribution function at times t = T0 and t = T1 is
given by

f T1ð Þ � f T0ð Þ ¼
Z T1

T0

PðtÞdt:

This implies that if we seek the distribution function at time
T1, we can integrate the production function backward in time
along the trajectory to a point where the distribution function
is known, at t = T0, e.g., at an inflow boundary. Then the
distribution function at t = T1 is given by, written out in full,

f rp T1ð Þ; vp T1ð Þ� � ¼ f rp T0ð Þ; vp T0ð Þ� �þ Z T1

T0

P rp tð Þ; vp tð Þ� �
dt:

ð3Þ

In our case at hand there is no production of ions, so

f rp T1ð Þ; vp T1ð Þ� � ¼ f rp T0ð Þ; vp T0ð Þ� �
: ð4Þ

[30] So we simply start the trajectory integration backward
in time at the velocity space position of interest and integrate
until we reach a position where we know the distribution
function. In our present study the known distributions are at
the solar wind inflow boundary (e.g., Maxwellian) and at the
lunar surface (zero outgoing flux).
[31] By integrating the VSDF in velocity space we can

compute any moments of the velocity distribution at any
position using the BL method. To integrate the distribution
function numerically, we define a Cartesian grid in velocity
space with cell centers at vi,j,k = (iDvx, jDvy, kDvz), where i, j
and k are integers, chosen such that the grid covers the region
of velocity space where the VSDF is nonzero, or is larger
than some threshold value. Thus, velocity space is divided
into cells of volume Dvx � Dvy � Dvz and we can compute
approximate moments of the VSDF by summation over this
grid. The value of the VSDF at each cell center, f (r, vi,j,k),
is approximated using equation (4) where we numerically
integrate backward in time until we reach a point with known
VSDF.

[32] In particular, the first three kinetic moments are
approximated by

n rð Þ ≈
X
i;j;k

f r; vi;j;k
� �

DvxDvyDvz; ð5Þ

u rð Þ ≈ 1

n rð Þ
X
i;j;k

vi;j;k f r; vi;j;k
� �

DvxDvyDvz; ð6Þ

p rð Þ ≈ m
X
i;j;k

vi;j;k � u rð Þ�� ��2f r; vi;j;k
� �

DvxDvyDvz; ð7Þ

where n, u, p and m are the particles’ number density, bulk
flow velocity, pressure tensor and mass, respectively
[Schunk and Nagy, 2009].
[33] The previously defined Cartesian velocity space grid

can be used to obtain the different moments of the VSDF, but
in order to obtain an energy or a velocity spectrum of particles,
we need to integrate over velocity magnitude, v = |v|, which is
complicated on a Cartesian grid. Therefore, we define a
spherical coordinate system (v, f, q) in velocity space, where v
is the velocity magnitude v = |v|, f is the velocity vector azi-
muth angle (0 ≤ f < 2p), and q is the velocity vector elevation
angle (�p/2 ≤ q ≤ p/2). In this coordinate system we define a
grid vl,m = (v, lDf, mDq), where l and m are integer values.
Thus, the sphere in velocity space with radius v is divided into
cells with area ≈ Df � sin qDq. In each cell the distribution
function is approximated by its value at the cell center, f(r, vl,m),
computed from equation (4), again by integration backward in
time. Then, the velocity spectrum can be computed as

g r; vð Þ ¼
Z 2p

0

Z p

0
f r; vð Þv2sin qdqdf

≈
X
l;m

f r; vl;m
� �

v2sin qDqDf:

In what follows, the Cartesian velocity grid is constructed using
Dvx = Dvy = Dvz = 4 km/s, and the spherical velocity grid
usingDv = 2 km/s, Df =Dq = 2p/1080. We bin the velocity
space from �1000 km/s to +1000 km/s in all directions using
the velocity steps mentioned earlier. These values have been
chosen to resolve high-resolution VSDF and provide more
accurate moments of the distributions, but the BL algorithm
utilizes velocity steps with any arbitrary value, depending on
the accuracy of our interest.
[34] We can note that it is more natural to use the BL

method with fields from a PIC solver than with fields from a
fluid solver. The fields are computed from the trajectories of
particles in a PIC solver, in the same way that the BL method
uses trajectories, the only difference being that the sample of
trajectories is different in the BL computation compared to
the original PIC trajectories. Also, we can use the same
trajectory integration method, in this case leapfrog, and the
same interpolation of fields to particle positions, in this case
linear interpolation, for the BL method as for the PIC solver.
We can also note that the BL method implies that all infor-
mation we need from a PIC simulation to compute the phase
space density is contained in the fields (as a function of time)
and in the initial and boundary conditions. Given this
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information the VSDF can be computed at any place, and at
any instance of time, using the BL method. Note that the BL
method requires that the problem is collisionless. As soon as
we have collisions, the BL method is not easily applicable.

3. Nonisothermal Solar Wind Velocity
Distributions

[35] During the supersonic expansion of the solar wind,
starting from the solar corona, the solar wind proton VSDF
gradually changes from a Maxwellian distribution to a bi-
Maxwellian distribution at �1 AU [Marsch et al., 1982;
Gary et al., 2001]. The formulation for both the Maxwellian
and bi-Maxwellian VSDFs are described in Appendix A. A
bi-Maxwellian VSDF has an anisotropic temperature of
R = T?/Tk � 1 ≠ 0, where T? and Tk are temperature per-
pendicular and parallel to the magnetic field respectively.
This anisotropy can trigger electromagnetic proton cyclotron
and mirror instabilities if R > 0, and fire hose instabilities if
R < 0 [Gary et al., 2001; Kasper et al., 2003]. Existing the-
ories and simulations, confirmed by observations, imply that
there are strong constraints on the proton temperature ani-
sotropies in the form of equation (8) due to the enhanced
magnetic field fluctuations from the instabilities which scat-
ter the protons and change the VSDFs from bi-Maxwellian to
Maxwellian distribution [Gary et al., 2001; Kasper et al.,
2003; Hellinger et al., 2003]. The constraints for onset of
the proton instabilities can be written as

R ¼ T?
Tk
� 1 ¼ � S

ba
k
; ð8Þ

where bk = 2m0npkbTk/B0
2 is the plasma parallel beta, S and a

are linear theory fitting parameters to the observations, np is
the proton number density, kb is Boltzmann constant and B0

is the background magnetic field [Kasper et al., 2003].
[36] Gary et al. [2001] using ACE spacecraft measure-

ments concluded that 40% to 80% of the time R < 0 in the
solar wind, which is in agreement with the conservation of
the first adiabatic invariant. Then we can assume a solar
wind VSDF with R < 0 near the Moon, but we need to
perform that the fire hose instabilities do not occur in the
range of anisotropy we choose for our studies.
[37] Table 2 shows the upstream solar wind parameters we

apply in our model to study the solar wind proton VSDFs in
the low-altitude lunar wake. We assume a bi-Maxwellian
distribution in the upstream solar wind with R = �0.6 to
compare the simulation results with Maxwellian distribution,
which results in b ≃ 1.0. Observations show that a solar

wind temperature anisotropy with R = �0.6 and bk = 1.0 is
below the threshold level of the occurrence of the fire hose
instability [Kasper et al., 2003] and such anisotropy has
been observed [Marsch et al., 1982; Kasper et al., 2003].

4. Model Results

[38] Here we study the solar wind proton VSDFs using the
hybrid model and BL method on the lunar nightside along
two orbits, shown as orbits A and B in Figure 1a, and we
calculate the different moments of the distribution functions
using equations (5)–(7) there. Then we investigate the
effects of the lunar surface plasma absorption and bi-
Maxwellian solar wind VSDF on the solar wind protons in
the low-altitude lunar plasma wake.
[39] The solar wind parameters and IMF direction and

magnitude are fixed during the simulation. We choose two
half orbits on the lunar nightside at 100 km above the surface
of the Moon, marked as orbit A and orbit B in Figure 1. Orbit
A is in a plane perpendicular to the IMF plane, 50� behind the
terminator, similar to the Chandrayaan-1 orbit [Futaana et al.,
2010], and orbit B is located in the IMF plane on the lunar
nightside. In Figure 1a, a virtual observer is moving from the
lunar south pole (latitude L = �90�) toward the north pole (L
= +90�) along orbit A and from longitude l = 90� to l = 270�
along orbit B. The observer position along each orbit is
updated by 1� (Dl = DL = 1�) to maintain the full coverage
along that orbit. The upstream solar wind parameters are
listed in Table 2. We assume two different VSDFs for the
upstream solar wind protons: aMaxwellianwith R = 0 and a bi-
Maxwellian with R = �0.6. The upstream solar wind proton
temperature is the same for both of the VSDFs and is calculated
from equation (A3) in Appendix A for the bi-Maxwellian
VSDF. Since the number of metaparticles per cell in a particle
model is so small (�200 particles per cell in our case), applying
the non-Maxwellian distribution function to the inflow solar
wind protons in the hybrid model does not affect the results
compared to the Maxwellian assumption. Therefore, the bi-
Maxwellian VSDF is only applied in the BL method.
[40] Two-dimensional slices of the solar wind proton VSDFs

in the Cartesian vx-vy plane are illustrated for orbit A in Figure 4
for two different upstream solar wind VSDFs. As the observer
moves from the south pole (Figures 4a and 4c) toward the
equatorial plane (Figures 4b and 4d), the majority of the
incoming solar wind protons are absorbed by the lunar surface
(white regions) and a small percentage of them penetrate deep
into the nightside equatorial plane at 100 km altitude. As a
result the shape of the distribution function changes. We see
from Figures 4a and 4c that the lunar surface (white regions)
removes part of the tail of the distribution, but the core of the
distribution remained unchanged, while the opposite applies
for the distributions at the nightside (Figures 4b and 4d). The
distribution in Figure 4d shows that the proton bulk velocity
perpendicular to the IMF (vx) at the equatorial plane is not that
much smaller than the upstream solar wind velocity when we
assume a bi-Maxwellian VSDF, while we see a large reduction
(�100 km/s) in the perpendicular velocity for the Maxwellian
VSDF in Figure 4b. Both Figures 4b and 4d show higher par-
allel velocity (vy) at the equatorial plane than the upstream solar
wind, but the velocity increase is more pronounced for the bi-
Maxwellian distribution where the parallel velocity changes
from 0 km/s at the poles to �200 km/s at the equator. The

Table 2. Upstream Solar Wind Simulation Parameters
Corresponding to Chandrayaan-1 and ACE Measurementsa

Parameters Symbols Values Units

Solar wind velocity usw �330 x̂ km/s
Solar wind magnetic field Bsw +3 ŷ nT
Proton number density np 1.70 cm�3

Proton temperature Tp 8.35 eV
Electron temperature Te 15.50 eV
Proton thermal speed vthp 40 km/s
Proton gyrofrequency Wg 0.29 rad/s
Proton gyroradius rg �0.66 RL

aFrom Futaana et al. [2010].
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nightside protons have lower phase space density than the
upstream solar wind and their vz velocity is almost zero and is
not shown here.
[41] Similar studies have also been done along orbit B, and

we show the two-dimensional slices of the solar wind proton
VSDFs in Figure 5 when the virtual observer moves from 30�
behind the terminator in the lunar nightside (Figures 5a and
5c) and crosses the terminator plane (Figures 5b and 5d). We
see that at 30� behind the lunar terminator on the nightside
equatorial plane the solar wind proton bulk velocity perpen-
dicular to the IMF (vx) does not change substantially com-
pared to that of the undisturbed solar wind velocity while the
velocity parallel to the IMF (vy) has increased from 0 km/s in
the solar wind to �70 km/s on the nightside.
[42] Figure 6 illustrates the modifications of the two-

dimensional slices of the solar wind proton VSDFs along
orbit A for bi-Maxwellian R = �0.6 upstream solar wind
VSDF, when the observer moves from the south pole (L =
�90�) toward the north pole (L = +90�). Similar to Figures 4
and 5, the white regions are the parts of the velocity distri-
bution removed by theMoon on the vx� vy plane.We can see
the core of the distribution disappears at about L = �45� and
returns at aboutL = +60�. This changes the solar wind proton
plasma parameters such as the number density, velocity and
thermal speed on the lunar nightside. There is a south-north
asymmetry between the VSDFs along orbit A which is due to
the geometry of the orbit as well as the proton gyration

around the IMF and their different incident places on the
lunar surface. A slight shift of the whole distribution along
the �vy axis when the observer moves from the south pole
toward the nightside equatorial plane is noticeable in the
different panels. Note that the shape of the distribution is a
function of the observer position in an orbit and the relative
altitude of the orbit with respect to the size of the solar wind
obstacle.
[43] Figures 4–6 show that the proton VSDF changes as

the observer moves from the terminator plane toward the
wake; hence the moments of the proton VSDF change.
Shown in Figure 7 are proton plasma parameters along orbit
A (Figures 7a–7f ) and orbit B (Figures 7g–7l), obtained from
the moments calculations (equations (5)–(7)), for Maxwel-
lian R = 0 (dashed lines) and bi-Maxwellian R = �0.6 (solid
lines) upstream solar wind VSDFs. The calculated proton
number density along orbit A (Figure 7a) shows that as the
observer moves toward the IMF plane, the bi-Maxwellian
solar wind VSDF provides larger proton number density than
the Maxwellian distribution and their difference is about 2
orders of magnitude at the lunar nightside equator (L = 0�).
Figures 7b and 7c show that on the nightside IMF plane
(L = 0), the Maxwellian VSDF results in a much lower per-
pendicular velocity (v?

2 = vx
2 + vz

2) than the solar wind
velocity, while the bi-Maxwellian distribution shows that the
perpendicular velocity is almost the same as the solar wind
upstream velocity and the parallel velocity has increased
from 0 km/s in the solar wind to around �200 km/s at the
nightside IMF plane. We also see these velocity changes
clearly from Figure 4. Figure 7d shows that the protons’ bulk
flow velocity increases in the lunar wake when the upstream

Figure 4. Two-dimensional slices of the solar wind proton
VSDFs in the Cartesian vx-vy plane for orbit A when the
observer is at the south pole (Figures 4a and 4c) and in the
lunar nightside equator (Figures 4b and 4d) for the (a and
b) Maxwellian R = 0 and (c and d) bi-Maxwellian R =
�0.6 upstream solar wind proton VSDFs. The color shows
the normalized VSDF (g/gsw) in logarithmic scale, dashed
contour lines show the values below the color bar minimum
range, and the vertical and horizontal dashed lines mark the
upstream solar wind bulk velocities. The white areas which
are not covered by the contours are parts of the distribution
functions that are removed by proton impact on the lunar
surface.

Figure 5. Two-dimensional slices of the solar wind proton
VSDFs in the Cartesian vx-vy plane for orbit B when the
observer is 30� behind the terminator at longitude l = 240�
(Figures 5a and 5c) and in the solar wind at the terminator
l = 270� (Figures 5b and 5d) for the (a and b) Maxwellian
R = 0 and (c and d) bi-Maxwellian R = �0.6 upstream solar
wind proton VSDFs. The color bar and the dashed lines are
the same as in Figure 4.
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solar wind VSDF is bi-Maxwellian and this increases the
energy there too. The protons’ total kinetic temperature, as
shown in Figure 7e, decreases in the lunar wake for both dis-
tributions, but the temperature reduction is more pronounced
for the bi-Maxwellian than for the Maxwellian distribution.
This temperature reduction is in contrast to the observations far
downstream in the wake where the ion temperature is constant
[Ogilvie et al., 1996], but the ion temperature has not been
reported for low altitudes yet. As one can expect from the
distributions shown in Figures 4b and 4d and Figure 6, we see
a large temperature anisotropy with R > 0 in the lunar wake for
both of the upstream solar wind VSDFs which occurs due to
the lunar plasma surface absorption. Figure 7f shows that the
temperature anisotropy obtained from the Maxwellian distri-
bution is larger than the bi-Maxwellian at the lunar nightside
equatorial plane for orbit A.
[44] We calculated the moments of the distributions for

orbit B, similar to those of orbit A, and the results are shown
in Figures 7g–7l. Since the model predicts very low proton
density near the midnight meridian (l = 180�), the plasma
moments are not calculated in the region where the proton
number density is below 8 orders of magnitude less than the
solar wind density, which occurs for 145� ≤ l ≤ 215�.
Figure 7i shows two ion beams coming toward the wake from
the flanks symmetrically along the magnetic field lines with
higher velocities than the prevailing solar wind velocity. The
symmetry of the lunar wake refill along the IMF direction is
clearly seen from Figures 7g–7l for orbit B. A large temper-
ature anisotropy of about R ≃ 8.0 (or T?/Tk ≃ 9.0) for the
Maxwellian distribution is evident in Figure 7l at �30�
behind the terminator. Such large temperature anisotropy

which can be seen in the VSDF (Figure 5a) is one way to
generate microinstabilities in plasma. In general, from
Figure 7 we can clearly see the effects of different upstream
solar wind VSDFs on the solar wind proton plasma para-
meters in the low-altitude lunar nightside.
[45] Figure 8 compares the proton energy spectrum along

orbits A and B for Maxwellian (Figures 8a and 8b) and bi-
Maxwellian (Figures 8c and 8d) upstream solar wind VSDFs.
Figure 8a shows that the Maxwellian distribution function
shows energy decrease at the nightside equatorial plane (L =
0�), while the proton energy using bi-Maxwellian VSDF
(Figure 8c) is �1.15 times the ambient solar wind energy.
Neither Figure 9b or 9d shows the proton energy increase when
the observer moves on the plane parallel to the IMF from the
lunar terminator (l = 90�, 270�) toward the midnight meridian
(l = 180�), but we can see the changes in the shape of the
energy spectrum and the tendency for the energy to increase for
the bi-Maxwellian distribution (Figure 8d) compared to the
Maxwellian one (Figure 8b).
[46] Figure 9 shows the direction of incoming solar wind

protons with bi-Maxwellian R = �0.6 VSDF to a virtual
observer on orbit A at the lunar nightside on the IMF plane at
L = 0�. This illustrates the possible directions of incoming
protons at such position on orbit A. The upstream solar wind
velocity has an azimuth angle of 180� and elevation angle of
0� in a spherical coordinate system explained in section 2.4.
We see that the majority of the incoming protons to the
observer are deflected from the solar wind direction and enter
the wake parallel to the IMF from the flanks and the deflec-
tion angle coincides with the velocities obtained from
Figure 4d. The solid contour surrounds the Moon with zero

Figure 6. Two-dimensional slices of the solar wind proton VSDFs in the Cartesian vx-vy plane along
orbit A at different orbital latitudes for bi-Maxwellian R = �0.6 upstream solar wind proton VSDF.
The color bar and the dashed lines are the same as in Figure 4.
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phase space density and it shows how the Moon, as an
obstacle to the solar wind flow, is seen by an observer on the
lunar nightside.

5. Discussion

[47] The lunar surface plasma absorption, clearly shown in
Figures 4–6, removes the gyrating charged particles from
their respective VSDFs and makes a different distribution at
the lunar nightside compared to the undisturbed solar wind

VSDFs. Therefore, the proton number density, velocity and
temperature change. This effect is more pronounced close to
the obstacle when the majority of the solar wind plasma is
absorbed by the lunar surface and little gets access deep into
the lunar wake, thus generating the sharp edges of the VSDFs
close to the lunar equatorial plane shown in Figures 4–6. If
we move our observer to higher altitudes than we showed in
section 4, the shape of the VSDFs changes, the sharp edges
are smoothed, and the plasma parameters change substan-
tially. In addition, the spatial position of an observer on an

Figure 8. Solar wind proton energy along (a and c) orbit A and (b and d) orbit B for Maxwellian R = 0
(Figures 8a and 8b) and bi-Maxwellian R = �0.6 (Figures 8c and 8d) upstream solar wind VSDFs. The
orbital geometries are defined in Figure 1. The horizontal axes show latitudes (L) along orbit A and long-
itudes (l) along orbit B in the simulation coordinate system. The color shows the normalized VSDF (g/gsw)
in logarithmic scale. The horizontal dashed lines show the upstream solar wind energy, and the vertical dot-
ted lines show the lunar nightside equatorial (L = 0�) and the lunar midnight (l = 180�) passages for orbit A
and B, respectively.

Figure 7. Solar wind protons plasma parameters obtained from moment calculation of the velocity distri-
bution functions along (left) orbit A and (right) orbit B for Maxwellian (dashed lines) and bi-Maxwellian
R = �0.6 (solid lines) upstream solar wind VSDFs. The orbital geometries are defined in Figure 1. When
proton number density in the lunar nightside is below 8 orders of magnitude smaller than the upstream solar
wind density, the moments of the distributions are not calculated, and that area is masked for orbit B for
145� ≤ l ≤ 215�.
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orbit results in different shapes of the distribution function as
a result of the gyration of the particles around the magnetic
field lines.
[48] We found a large temperature anisotropy on the lunar

nightside as a consequence of the lunar surface plasma
absorption effect. The maximum temperature anisotropy
occurs along orbit B, 30� behind the terminator, where proton
density is about 1% of the solar wind density. Clack et al.
[2004] observed a large temperature anisotropy, T?/Tk ≃ 10,
which is equivalent to R ≃ 9, almost similar to what we found
but far downstream in the lunar wake (> 15RL). Such a large
temperature anisotropy in the low-altitude lunar wake has not
been observed yet and it may generate microinstabilities in the
lunar plasma wake. The generation of any instabilities due to
the temperature anisotropy in the low-altitude lunar wake and
their direction of propagation need further investigation.
[49] Observations performed by the SARA instrument on

board Chandrayaan-1 on a 100 km polar orbit, 50� behind the
terminator, near the lunar nightside equatorial plane, showed
solar wind protons with a density ratio of 0.05–0.2% of the
prevailing solar wind enter the lunar wake with a velocity of
�300 km/s in both directions, parallel and perpendicular to the
IMF [Futaana et al., 2010]. Our model shows lower proton
number density compared to the observations at the lunar
nightside equator, but the perpendicular velocity is similar to
that of the observations and the parallel velocity is�2/3 of the
parallel velocity observed by Chandrayaan-1. Note that there
are some uncertainties in the Chandrayaan-1/SARA observa-
tions. The energy of�300 km/s solar wind protons moving in
both directions, perpendicular and parallel to the IMF, corre-
sponds to an energy of�900 eV, while the energy observed by
SARA is about 700 eV. The observed energy is close to the
energy we found from the model. Moreover, during that event
Chandrayaan-1 passed close by the strongest lunar nearside
magnetic anomaly, known as the Reiner Gamma, which might
affect the proton plasma parameters. In addition, a part of the
proton population observed by Chandrayaan-1 may also come
from the lunar dayside magnetic anomalies. Therefore, the
effects of the lunar magnetic anomalies could play a role and
they need further investigation.

[50] Lunar wake simulations and observations indicate that
a large ambipolar electric field plays a role for proton entry
into the wake far downstream of the Moon [Ogilvie et al.,
1996; Farrell et al., 1998; Birch and Chapman, 2001], but
such a large electric field in the low-altitude lunar wake
has not been directly observed yet. In addition, lunar surface
charging and the associated electric field around the Moon,
although large in the lunar shadow [Halekas et al., 2005] and
near the lunar terminator [Farrell et al., 2008], vanishes at
distances larger than a few Debye lengths (lD) above the
surface (lD ≪ 1 km in the lunar plasma environment).
Therefore, lunar surface charging and its resulting electric
field in the vicinity of the Moon are mainly applicable to
very low altitude processes but not at 100 km altitude, so we
did not include them in the model. Moreover, 1-D plasma
expansion theory can explain the solar wind proton entry into
the wake parallel to the IMF at large distances from theMoon
[Allen and Andrews, 1970; Denavit, 1979; Ogilvie et al.,
1996], but not the low-altitude proton entry [Futaana et al.,
2010]. Thus it is not easy to identify the mechanisms for
the solar wind proton entry into the low-altitude lunar wake
along the magnetic fields.
[51] In summary, the simulation results have discrepancies

compared to the Chandrayaan-1 observations. Perhaps the
influence of the magnetic anomalies, in combination with
the lunar surface plasma absorption, the solar wind bi-
Maxwellian distribution, and the ambipolar electric field
around the lunar wake, all affect the proton entry into the
wake.

6. Conclusions

[52] We applied, for the first time, the hybrid model of
plasma to the low-altitude lunar plasma wake. We showed that
there is agreement between the simulation results and the
observations of the electric and magnetic fields by Lunar
Prospector, except at the central wake region. By using the
hybrid model of plasma and BL method, we investigated the
effects of surface plasma absorption and bi-Maxwellian solar
wind VSDF on the solar wind proton intrusion into the deep

Figure 9. Contours show the normalized VSDF (g/gsw) of incoming solar wind protons to a observer in
the spherical velocity space for a velocity magnitude that the velocity spectrum is in the maximum in the
lunar nightside equator. The observer is in the lunar nightside equatorial plane for orbit A, and the
upstream solar wind VSDF is bi-Maxwellian. The axes show the direction of incoming protons to the
observer. The dashed line contours show the normalized VSDF below the color bar minimum range,
and the solid line contour corresponds to zero phase space density and surrounds the directions blocked
by the Moon.
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lunar wake at 100 km altitude above the Moon. The surface
plasma absorption effect on the solar wind plasma VSDF is
very strong for the near lunar wake. The solar wind is absorbed
by surface impact, and is removed from the VSDF of the
particles and generates a different distribution function in the
nightside. High-velocity, low-density and low-temperature
solar wind protons with large temperature anisotropy at low
altitudes in the lunar wake can be consequences of the lunar
surface plasma absorption and anisotropic solar wind VSDF.
These results can be applied for any passive obstacles to the
solar wind, e.g., asteroids. The BL method for particle models
provides high-velocity space resolution; therefore, we can
study the particles’ kinetic properties in detail.

Appendix A: Velocity Space Distribution Functions
A1. Maxwellian Velocity Distribution Function

[53] One of the most well-studied distribution functions is
the Maxwellian distribution which is also known as the
Maxwell-Boltzmann distribution. It is an isotropic distribu-
tion and its vector quantity moments are symmetric along all
three dimensions in velocity space. The Maxwellian distri-
bution is defined as

fM r; v; tð Þ ¼ n
m

2pkbT

� �3=2

exp �m v� uð Þ2
2kbT

 !
; ðA1Þ

where r and v are the particle’s position and velocity vector,
respectively. kb is the Boltzmann constant, m, n and T are the
particle’s mass, number density and temperature, respec-
tively, and u is the bulk flow velocity [Schunk and Nagy,
2009].

A2. Bi-Maxwellian Velocity Distribution Function

[54] The bi-Maxwellian distribution is an anisotropic dis-
tribution function. In contrast to the Maxwellian distribution,
particle populations from a bi-Maxwellian distribution can
have different thermal speed in different directions. This
makes the distribution function anisotropic. The bi-Max-
wellian distribution is defined as

fBM r; v; tð Þ ¼ n
m

2pkbTk

� �1=2 m

2pkbT?

� �

� exp �m vk � uk
� �2
2kbTk

� m v? � u?ð Þ2
2kbT?

 !
; ðA2Þ

where the total kinetic temperature is

T ¼ Tk þ 2T?
3

ðA3Þ

and the directional subscripts denote directions relative to
the background magnetic field [Schunk and Nagy, 2009].
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Effects of protons deflected by lunar crustal magnetic fields on

the global lunar plasma environment

Shahab Fatemi1, 2, Mats Holmström1, Yoshifumi Futaana1, Charles Lue1, 3,

Michael R. Collier4, Stas Barabash1, and Gabriella Stenberg1

Abstract.
Solar wind plasma interaction with lunar crustal magnetic fields is different than that

of magnetized bodies like the Earth. Lunar crustal fields are, for typical solar wind con-
ditions, not strong enough to form a (bow)shock upstream, but rather deflect and per-
turb plasma and fields. Here we study the global effects of protons deflected from lu-
nar crustal magnetic fields on the lunar plasma environment when the Moon is in the
unperturbed solar wind. We employ a three-dimensional hybrid model of plasma and an
observed map of reflected protons from lunar magnetic anomalies over the lunar far-side.
We observe that magnetic fields and plasma upstream over the lunar crustal fields com-
press to nearly 120% and 180% of the solar wind, respectively. We find that these dis-
turbances convect downstream in the vicinity of the lunar wake, while their relative mag-
nitudes decrease. In addition, solar wind protons are disturbed and heated upstream over
lunar magnetic anomalies and their velocity distribution changes from Maxwellian to a
non-Maxwellian. We also discuss the role of deflected protons in the lunar wake infill-
ing processes.

1. Introduction

The interaction of the solar wind plasma with the Moon
is different than that of the Earth. The Moon, unlike the
Earth, has neither a dense atmosphere nor a strong intrin-
sic magnetic field. Thus, the supersonic flow of the solar
wind plasma is mostly absorbed on the lunar dayside, leav-
ing a plasma wake downstream with a plasma cavity on the
nightside [Lyon et al., 1967]. While the interplanetary mag-
netic field (IMF) convects through the non-conductive body
of the Moon relatively undisturbed [Colburn et al., 1971],
the current system forming in the lunar wake enhances the
magnetic fields in the wake cavity and depresses them in the
surrounding expansion region [Colburn et al., 1967; Fatemi
et al., 2013; Vernisse et al., 2013]. These perturbations of
the magnetic field and plasma in the lunar wake are confined
to a region bounded by a magnetosonic Mach cone [Whang
and Ness, 1970; Holmström et al., 2012].

In addition to these regular perturbations, magnetic field
enhancements often associated with plasma compressions
have been observed outside the Mach cone sporadically [Sis-
coe et al., 1969; Lin et al., 1998]. They form downstream
adjacent to the expansion region at the outer edge of the
Mach cone [Barnes et al., 1971; Russell and Lichtenstein,
1975], and upstream above lunar crustal fields in the solar
wind [Lin et al., 1998; Halekas et al., 2006a]. These com-
pressions have clear association with solar wind interaction
with lunar crustal magnetic fields [Mihalov et al., 1971; Lin
et al., 1998].

1Swedish Institute of Space Physics, Kiruna, Sweden
2Department of Computer Science, Electrical and Space

Engineering, Division of Space Technology, Lule̊a University
of Technology, Lule̊a, Sweden

3Department of Physics, Ume̊a University, Ume̊a, Sweden
4NASA/Goddard Space Flight Center, Greenbelt,

Maryland, USA

Copyright 2014 by the American Geophysical Union.
0148-0227/14/$9.00

Similar to the planetary bow-shocks, one possible mech-
anism to compress the solar wind might be ion reflection
from lunar crustal fields [Futaana et al., 2003]. Depending
on density, velocity, and direction of reflected ions relative
to the solar wind, they interact with the solar wind plasma
and may form plasma instabilities and generate waves [Gary,
1991, and references therein]. Broadband whistler-mode
waves at low frequencies of about 0.1–10 Hz near the Moon
have been observed, that are mostly generated by the so-
lar wind interaction with lunar crustal fields [Halekas et al.,
2006b; Tsugawa et al., 2012]. These waves are mainly right-
handed in the solar wind reference frame and have simi-
larities to waves often observed in the terrestrial foreshock
[Halekas et al., 2013]. Nevertheless, forming a collision-less
(bow)shock upstream the lunar crustal fields is still doubtful.
This is mainly due to the small scale-size of the magnetized
areas (interaction region) compared to the ion scale lengths
[Halekas et al., 2011].

Recent observations reveal that on average ∼10% of the
incident solar wind proton flux to the Moon is reflected in
charged form from lunar magnetic anomalies [Saito et al.,
2010; Lue et al., 2011]. Reflected protons have similar bulk
velocity but higher thermal speed compared to those of the
incident solar wind protons [Lue et al., 2011; Saito et al.,
2012]. Lue et al. [2011] using the SWIM sensor on-board
the Chandrayaan-1 satellite provided a global map of the
solar wind proton reflection ratio over the entire lunar far-
side. They showed that there is a geographical correlation
between the areas with high proton reflection and the lu-
nar crustal magnetic fields, but they did not indicate the
direction of the reflected protons. The reflection ratio over
the strongest magnetic anomalies is ∼50%, while the reflec-
tion from unmagnetized (i.e., from surface scattering) and
weakly magnetized regions is generally lower than 1% [Saito
et al., 2008]. It is known that a fraction of reflected protons
from the lunar dayside move downstream and enter the lu-
nar wake [Nishino et al., 2009, 2013].

Holmström et al. [2010] studied the dynamics of the so-
lar wind protons reflected from unmagnetized areas on the
lunar surface using hybrid and test-particle models. They
examined various reflection functions from the surface of the
Moon and compared their simulation results with observa-
tions. They showed that a cos2-specular reflection function

1
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provides a good agreement to the observations compared to
other reflection functions, such as specular, and perpendic-
ular.

In this paper we use a three-dimensional hybrid model of
plasma for resistive obstacles [Holmström, 2013] combined
with a reflected proton map on the lunar far-side observed
by Chandrayaan-1. We examine various reflection functions
to reflect protons from lunar magnetic anomalies. The aim
of this study is to investigate the global effects of these re-
flected protons on the lunar plasma environment.

In the following sections we first explain and justify our
simplified empirical model, then we show that the solar
wind protons rather are deflected than reflected above lu-
nar crustal fields. We show that the ambient magnetic field
and plasma are disturbed due to the particle deflection, and
we discuss the role of the deflected protons on the plasma
wake infilling.

2. Model

The hybrid simulation code used here is similar to that of
Holmström [2013], where the ions are kinetic macro-particles
and electrons are a mass-less charge-neutralizing fluid. Mag-
netic and electric fields are solved self-consistently, and the
the divergence-free condition of the magnetic field is sat-
isfied over the entire simulation domain. The model is
three-dimensional in both configuration and velocity spaces
with periodic boundary conditions perpendicular to the so-
lar wind flow direction. At the inflow boundary of the sim-
ulation box, kinetic macro-particles follow the Maxwellian
velocity distribution function, and the upstream plasma con-
ditions remain constant during simulations.

The obstacle (here the Earth’s Moon) is a resistive object
and its surface is assumed to be a plasma particle absorber.
Thus, a plasma cavity region forms behind the Moon on the
night side. This cavity, to a first order approximation, is
considered as a vacuum with plasma density ≤ 0.1 cm−3

[Ogilvie et al., 1996; Halekas et al., 2005]. Handling such
low-density regions is a challenge for hybrid plasma solvers
since the evaluation of the electric field involves division by
charge density [Holmström, 2010; Holmström et al., 2012].
Here, as proposed recently by Holmström [2013], we first
assume there is a large resistivity inside the obstacle, ηobs,
and in the low density regions, ηv. Then we solve a magnetic
diffusion equation in these regions instead of the Faraday’s
law used in the general hybrid plasma equations. By this
algorithm, we handle the low-density regions in our model.
A time-step limit for stability is Δt < μ0Δx2/2η, where
μ0=4π×10−7 [H/m] is the permeability for the free space,
Δx [m] is the simulation cell size, and η [Ωm] is the largest
resistivity between ηobs and ηv.

To model proton reflection from lunar crustal magnetic
fields, we use the Chandrayaan-1 map of protons reflection
ratio, shown in Figure 1. This map shows the ratio between
the out-flowing proton flux (|Fr|) and the in-flowing solar
wind proton flux (|Fsw|). We project this map on the lunar
dayside such that the sub-solar point locates at zero degree
longitude and latitude on this map. Note that this corre-
sponds to 180◦ longitude and 0◦ latitude in the selenographic
coordinate system. When the solar wind particles impact
the dayside, a fraction of them will be reflected with the
same speed as the incident particle speed with a probability
corresponding to the reflection map shown in Figure 1. The
rest is considered absorbed, and are removed from the simu-
lation. The assumption of the same speed is consistent with
Chandrayaan-1 [Lue et al., 2011] and Kaguya [Saito et al.,
2010, 2012] observations of reflected proton bulk velocity.
On the other hand, these observations as well as Nozomi
flyby observations [Futaana et al., 2003] suggest rather high

velocity spread; thus, the assumption here may collimate
the energy of reflected proton flows more than is observed.

2.1. Proton Reflection Functions

Since the directional velocity distribution of reflected pro-
tons from lunar crustal magnetic fields is unknown, we ex-
amine different reflection models, as explained by Holm-
ström et al. [2010]. The employed reflection functions here
are specular (Figure 2a), cos2-specular (Figure 2b), and
isotropic (not shown here). An incident proton at position
r with velocity v is reflected at the same position with a
velocity defined as follows:
• specular reflection: incident particle reflect with the

same angle to the surface normal (θ) as that of the incident
particle with velocity v′ = v − 2(v · r)/|r| (see Figure 2a).
• cos2-specular reflection: The angle between reflected

proton velocity (v′) and the surface normal (β) is randomly
chosen from a cos2 β probability function (see Figure 2b).

Nevertheless, observations indicate that the lunar crustal
fields are rather deflecting the solar wind plasma instead of
reflecting it [Barnes et al., 1971; Lin et al., 1998; Lue et al.,
2011]. Thus, in addition to the reflection functions defined
above, we define a Gaussian velocity deflection function as
a function of angle to the Sun with the mean of the dis-
tribution at 180◦ (anti-sunward) and a standard deviation
σ < 180◦. Figure 2c shows an example of this function for
σ = 45◦. It shows that the reflected protons are mainly
moving forward in the direction of the solar wind (forward
deflection), instead of reflecting back and counter-streaming
in the solar wind plasma. If the computed velocity vector
for a deflected particle has a direction toward the Moon,
the velocity vector is recalculated until it is away from the
Moon. We examine this forward deflection function together
with the reflection functions discussed above in our model.
We compare our simulation results with observations to find
the best estimate for protons reflection function from lunar
magnetic anomalies.

In principle, we could self-consistently model the effects of
crustal magnetic fields by including the actual crustal fields
in the model. However, this requires extremely high spatial
resolution and very small time-steps, due to the high mag-
netic field strength near the surface (up to a few hundreds
of nT with a height scale of a few km [Mitchell et al., 2008])
compared to the solar wind. Therefore, we follow an empir-
ical approach of using the observed Chandrayaan-1 map of
reflected protons. Using this method enables us to investi-
gate the global effects of the observed reflected protons at
a reasonable computational constant. The drawback is that
the model lacks the complete physics below the lowermost
100 km altitude, though this is smaller than our simulation
cell size.

2.2. Coordinate System and Simulation Box

Figure 3 shows the coordinate system we use here, which
is a right-handed coordinate system centered at the Moon.
The +x axis is toward the Sun, so the solar wind flows op-
posite to the +x axis. The +z axis is perpendicular to the
ecliptic plane and points to the ecliptic north, and the y
axis completes the right-hand system. We assume that the
IMF is in the xy plane, from now on denoted as the IMF
plane. The convective electric field, Econv=−vsw ×Bsw, is
perpendicular to both the solar wind flow direction and the
IMF plane.

We assume that the solar wind plasma contains protons
only and we neglect the other solar wind ion species. We
consider a resistive Moon with homogeneous interior resis-
tivity ηobs = 107 Ωm [Hood et al., 1982], and we assume
the vacuum resistivity ηv = 107 Ωm. We divide simula-
tion domain into a Cartesian grid with cubic cells of size
Δx=150 km. We use 128 macro-particles per cell at the in-
flow boundary of the simulation box, and advance the par-
ticle trajectories in small time steps (Δt=0.001 s) to satisfy
the time-step limit for stability. We show simulation results
when the numerical solution reached a steady state (60 s
here).
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3. Model Results

3.1. Proton Deflection Over Lunar Crustal Fields

We compare the actual observed data from the Solar
WInd Monitor (SWIM) sensor [McCann et al., 2007] on-
board Chandrayaan-1 with our hybrid simulations to esti-
mate the best reflection function from lunar crustal magnetic
fields. SWIM was a part of Sub-keV Atom Reflecting An-
alyzer (SARA) instrument [Barabash et al., 2009]. It mea-
sured positively charged particles in 100 eV to 3 keV energy
range. Its Field of View (FOV) was 9◦×180◦, divided into
16 direction channels [McCann et al., 2007].

We examine an observation made on April 29, 2009
from 06:56:42 UT to 07:54:58 UT. The Moon, as shown
in Figure 4a, was outside the Earth’s magnetospheric dis-
turbances. The average solar wind upstream conditions
obtained from WIND spacecraft data and corrected for
the propagation time to the Moon (∼1 hour) were as fol-
lows: solar wind speed ∼315 km/s, proton number density
∼8.7 cm−3, proton thermal speed ∼21 km/s, and IMF mag-
nitude ∼3 nT with ∼30◦ angle to the solar wind flow di-
rection. Chandrayaan-1 had a 100 km polar orbit. Its orbit
over the lunar dayside on April 29, 2009 formed ∼47 degrees
angle to the +x axis (Figure 4b). Chandrayaan-1 passed
the Imbrium antipode magnetic anomaly in the south hemi-
sphere and moved to the north pole during this particular
observation. The SWIM sensor viewing direction along the
Chandrayaan-1’s orbit is illustrated in Figure 4b.

The Moon was ∼5 days ahead of the new Moon phase
during the Chandrayaan-1 observation (Figure 4a). There-
fore, we shifted the reflection map shown in Figure 1 by
∼55◦ to the east, to get the correct geometry of the lu-
nar crustal anomalies. Then we made hybrid simulations
with the upstream solar wind parameters explained above.
We employed different reflection functions introduced in the
model section. After the simulations reached a steady state
solution, we moved a virtual observer in our simulation box
along the dayside orbit shown in Figure 4b with the same
field of view and viewing direction as the SWIM sensor. We
calculated the differential flux of the incoming particles to
our virtual observer and integrated it over the same energy
range as the SWIM sensor. The results are compared with
the observations in Figure 5.

Figure 5a shows the observation on April 29, 2009. The
instrument observed the solar wind as the spacecraft passed
the equator (near latitude ∼0◦) at ∼120◦ viewing direc-
tion. It also observed a significant proton flux from the
Moon mainly coming from the horizon-looking direction
(70◦ viewing direction) with correlation to the lunar mag-
netic anomalies as discussed by Lue et al. [2011]. The finite
acceptance angles of the SWIM direction channels caused a
slight spreading of the Chandrayaan-1 measurements, visi-
ble mostly for the solar wind population. Lue et al. [2011]
studied proton fluxes observed by SWIM sensor for the or-
bit before the one we chose here (from 04:58:34 UT until
05:56:10 UT). We did not compare that orbit with our sim-
ulations because of the unusually high plasma beta upstream
(β >10) during that orbit. However, there is no considerable
differences between proton fluxes discussed in Figure 2c by
Lue et al. [2011] and the one we show here in Figure 5a.

Figures 5b–5e compare hybrid simulation results for var-
ious reflection functions with the Chandrayaan-1 observa-
tion. In these panels, the solar wind proton flux is marked
with ’S’ and the incoming proton flux from the Moon is
marked with ’R’. These panels show that the detection of
incoming protons from the Moon into our virtual observer
highly depends on the characteristics of their reflection func-
tions. In addition, we see their influences on the incoming
solar wind proton fluxes (’S’ population). The first three re-
flection functions (Figures 5b–5d) show a significant flux of

protons coming from below the horizon (< 70◦) while this
is not seen from the observation. On the other hand, the
forward deflection function (Figure 5e) shows that the de-
flected protons are mainly coming from the horizon-looking
direction, which provides a better agreement with the ob-
servation. Thus, protons rather are forward deflected than
reflected above lunar crustal magnetic fields, which is con-
sistent with observations [Barnes et al., 1971; Lue et al.,
2011]. Moreover, we examined the forward deflection func-
tion for different values of σ (not shown here), and we found
the best agreement with observations for σ=45◦. In the fol-
lowing, we use the forward deflection function with σ=45◦

in our model to investigate the global effects of deflected
protons from lunar magnetic anomalies.

3.2. Global Effects

Here we assume that the lunar phase is the new Moon
(Figure 4a). Then no shift is required to the reflection map
in Figure 1. Solar wind upstream parameters in our sim-
ulation are the typical solar wind conditions at 1 AU near
the Earth (Table 4.1, Kivelson and Russell [1995]), that are
summarized in Table 1. Upstream solar wind parameters
at 1 AU are reasonably accurate indications of plasma and
field conditions that interact with the Moon [Collier et al.,
1998]. We assume that the IMF forms a 45◦ angle with the
solar wind flow following the Parker spiral angle, shown in
Figure 3.

We first investigate global effects of the deflected pro-
tons on the magnetic field and proton density in the lunar
plasma environment. Figures 6a and 6b respectively show
the relative magnitude of the magnetic field (|B|/|Bsw |) in
the IMF plane at z=0 and in the xz plane at y=0 (we
hereafter refer to this plane as the noon-midnight merid-
ian plane). Magnetic field enhancement in the lunar wake
and field reduction in the expansion region are evident in
both planes. Typically, magnetic field and plasma perturba-
tions in the lunar plasma wake in the absence of particle de-
flection from the Moon are confined within a magnetosonic
Mach cone [Whang and Ness, 1970; Holmström et al., 2012].
The approximate boundaries of the Mach cone are marked
with dashed lines in Figures 6a–6d. In addition to the mag-
netic field disturbances in the Mach cone, we see magnetic
field compression in the lunar dayside, that extends up to
0.3 RL upstream from the lunar surface. Moreover, Fig-
ure 6b shows magnetic field enhancement adjacent to the
expansion region at the outer boundary of the Mach cone.
We see that the magnitude of the upstream magnetic field
over the largest cluster of lunar magnetic anomalies reaches
to 120% of the undisturbed IMF. The enhancement extends
downstream but its relative magnitude becomes lower.

Some of the features displayed in the magnetic fields are
also visible in proton density plots (Figures 6c and 6d). We
see the presence of plasma compression coincide with mag-
netic field enhancement above lunar magnetic anomalies in
the dayside, and both convect downstream. The maximum
proton density in the lunar dayside is 180% of the ambient
solar wind plasma. Figures 6c and 6d also show that the
modeled plasma void region behind the Moon is confined
to x > −2.0 RL. This is while simulations showed that
in the absence of proton deflection from lunar dayside the
wake cavity extends beyond −2.0 RL [Wang et al., 2011;
Holmström et al., 2012; Xie et al., 2012]. Figures 6e and 6f
indicate that the wake cavity is filled in by the deflected
protons from the lunar dayside, which is consistent with ob-
servations [Nishino et al., 2009, 2013]. In addition, we see
asymmetries in the deflected protons density at the lunar
dawn–dusk side (Figure 6e) as well as near the lunar poles
(Figure 6f). These asymmetries are due to the IMF angle
with respect to the solar wind flow and the uneven distribu-
tion of the magnetic anomalies with different strength and
characteristics on the Moon.
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Figure 7 shows all three components of the simulated
proton flux vector. In this figure, top and bottom pan-
els show the normalized proton flux (F/|Fsw |) in the
IMF plane and in the meridian plane, respectively, where
the magnitude of the upstream solar wind proton flux is
|Fsw| = nsw|vsw| � 3.2×1012 m−2s−1. We calculated the
total flux of all particles (solar wind and deflected protons)
as F = nv, where n and v are the protons number density
and their bulk velocity vector, respectively. Figure 7a indi-
cates that proton flux along the x axis (Fx=Fx̂) in the IMF
plane is considerably lower at the entrance flank of the IMF
to the lunar wake (y < −RL) than that of the exist flank
(y > +RL). This is again due to the IMF angle and uneven
distribution of the crustal fields. Figure 7b shows that Fx is
∼2.3 times higher than the upstream solar wind proton flux
near the lunar limb in the meridian plane, but with a slight
tail-ward gradual decrease. In addition to the downstream
motion of the protons flux, Figure 7c shows that ∼10% of
the proton flux move away from the Moon along the y axis
in the IMF plane. Figures 7e and 7f show an upward and
downward motion of the deflected protons along the z axis in
the lunar dayside. These protons are convected downstream
and if they do not collide with the Moon, they access the
lunar wake and fill it in.

High flux of deflected protons may disturb solar wind ve-
locity space distribution and generate kinetic effects in the
solar wind. To investigate such effects, we show velocity
space distribution of the solar wind and deflected protons
in Figure 8 at four different regions marked in Figure 7b.
We select all particles in a cube of one cell size (150 km)
centred at each of the four regions and rotate their veloc-
ity vectors with respect to the IMF direction. Figures 8a
and 8b show undisturbed solar wind protons upstream in
the dayside. Figures 8c and 8d show the solar wind pro-
tons (red dots) and deflected protons (blue dots) just above
the largest cluster of the lunar magnetic anomalies. The
solar wind protons’ bulk velocity has changed slightly due
to the deflected protons. Figures 8e and 8f show that the
deflected protons do not access the compressed region out-
side the lunar Mach cone, while the solar wind protons have
more spread in the velocity distribution function. The non-
deflected proton temperature is ∼1.8 times higher than the
undisturbed solar wind temperature. Additionally, their ve-
locity distribution function is an anisotropic non-Maxwellian
with T⊥/T||−1 � 1.4, where T⊥ and T|| are respectively the
perpendicular and parallel temperature to the IMF direc-
tion. In contrast, the velocity distribution functions inside
the wake (Figures 8g and 8h) show the absence of solar wind
protons, while the deflected protons from the lunar dayside
access the void to fill it in. The average energy of these
protons is ∼800 eV, which is 75% of the undisturbed solar
wind energy.

4. Discussions

We employed a three-dimensional electromagnetic hybrid
model to study the global effects of protons deflected from
lunar crustal magnetic fields on the lunar plasma environ-
ment. We carried out a series of simulations in which all
upstream parameters remained constant except the deflec-
tion/reflection function from lunar magnetic anomalies. We
found that a forward deflection function provides the best
agreement with Chandrayaan-1 observations.

However, the morphology of the global perturbations
is not very sensitive to the particular reflection/deflection
function (not shown here). The differences are mostly seen
in the magnitude of the fields and plasma perturbations.
The global effects are magnetic field and plasma compres-
sions both in the dayside and adjacent to the wake expansion

regions, lunar wake infilling by the deflected particles, and
plasma heating upstream and downstream outside the lunar
Mach cone. We considered nominal solar wind parameters at
1 AU in this study during the new Moon phase. However,
the global effects depend on upstream plasma parameters
and the orientation of the Moon in its orbit.

We only discussed proton deflections from lunar crustal
magnetic fields. Nevertheless, observations indicate that
protons also reflected from unmagnetized areas with reflec-
tion ratio lower than ∼1% [Saito et al., 2008]. This can
be neglected compared to the ∼10% reflection from lunar
crustal fields. In addition, simulations show that the re-
flected protons from unmagnetized regions do not consider-
ably perturb upstream fields and plasma [Holmström et al.,
2010].

Our simulations show a clear signature of field and plasma
compressions in the lunar plasma environment as a re-
sult of proton deflection from lunar crustal fields. Such
compressions have been observed upstream at low-altitudes
(∼100 km) above lunar magnetic anomalies [Lin et al., 1998;
Halekas et al., 2006a, 2008] and adjacent to the lunar wake
downstream [Barnes et al., 1971; Russell and Lichtenstein,
1975]. Since we have chosen the upstream solar wind con-
ditions in our simulations the same as those of Holmström
et al. [2012], the results of this study can be compared with
Holmström et al. [2012]. They assumed that the Moon
absorbs all the incident solar wind protons and no deflec-
tion/reflection was considered. They did not observe any
sign of field or plasma perturbations neither upstream in
the lunar dayside, nor out side the lunar Mach cone. Thus,
the extra signatures we see in the presented results here are
due to proton deflection from lunar crustal magnetic fields.

Recently Fatemi et al. [2013] and Vernisse et al. [2013] us-
ing hybrid simulations explained the current system in the
lunar Mach cone. They assumed the Moon as a plasma ab-
sorber without any proton reflection. Fatemi et al. [2013]
did not detect any signature of magnetic field and plasma
compressions outside the Mach cone. Though Vernisse et al.
[2013] showed magnetic field enhancement in the lunar day-
side that was due to the conductivity of the Moon. Our
simulations here show that the magnetic field perturbations
outside the Mach cone result in forming an additional cur-
rent system to those described previously. Moreover, influ-
ences of the deflected protons from lunar magnetic anoma-
lies on the lunar wake magnetic disturbances have impact
on the current system forming inside the Mach cone. How-
ever, studying the current systems and the effect of deflected
protons on them are left for future investigations.

In many situations the solar wind plasma interacts with
reflected ion beams. Examples include ion beams from plan-
etary bow shocks [Behannon et al., 1985; Hoppe and Rus-
sell, 1982] and interplanetary shocks [Tsurutani, 1983]. This
interaction is primarily electromagnetic, generating plasma
instabilities and forming magnetic fluctuations [Gary et al.,
1986]. Similarly, deflected protons from lunar crustal fields
interact with the solar wind, generate electromagnetic waves
and give rise to pile-up magnetic fields and compress plasma
upstream [Halekas et al., 2006b, 2008; Tsugawa et al., 2012].
As our simulations showed here, these compressions perturb
the solar wind protons and change their velocity distribu-
tion function from a Maxwellian to a non-Maxwellian. As
these disturbances convect downstream, they loose their en-
ergy, and therefore the magnetic field and plasma compres-
sions are decreased by distance. This is consistent with our
simulation results shown in Figure 6b, and as was also pre-
dicted by Barnes et al. [1971]. Magnetic field disturbances
upstream the Moon have been observed and they have sim-
ilarities to the disturbances from the terrestrial foreshock
[Halekas et al., 2013]. However, we do not see any signature
of shock formation in our global model and investigation
of the waves generated upstream and their interaction with
particles are left for future studies.
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Table 1. Solar wind upstream parameters at 1 AU used in our model

Parameter Symbol Value Unit

Solar wind speed |vsw| 450.0 km/s
IMF magnitude |Bsw| 7.0 nT
Number density nsw = np = ne 7.1 cm−3

Proton temperature Tp 10.3 eV
Electron temperature Te 12.1 eV
Proton thermal speed vth 44.5 km/s
Proton gyro-radius rg 66.3 km
Proton gyro-frequency Ωg 0.1 Hz
Sound speed cs 59.8 km/s
Alfvén speed vA 57.3 km/s
Sonic Mach number Ms 7.5
Alfvén Mach number MA 7.8
Plasma beta β 1.3
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Figure 1. Map of the ratio between reflected proton
flux from the Moon (|Fr|) and the solar wind proton flux
(|Fsw|) obtained from the SWIM sensor observations on-
board Chandrayaan-1 [Lue et al., 2011].
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Figure 2. Illustration of (a) specular reflection function,
and (b) cos2-specular reflection function. The incident
proton velocity vector (v) is shown by black arrows and
the reflected proton velocity vector (v′) is shown by red
arrows. (c) A forward deflection function is shown by a
Gaussian distribution as a function of angle to the Sun
where the mean of distribution is at 180◦ (anti-sunward
along the solar wind flow direction) with standard devi-
ation σ = 45◦.
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Figure 3. Illustration of the coordinate system in units
of the Moon radius (RL = 1730 km). The solar wind
(red arrow) flows along the −x axis and the IMF (green
arrow) creates a 45◦ angle to the solar wind flow in the xy
plane without any component along the z axis. Then the
solar wind convective electric field Econv = −vsw × Bsw

points along the +z axis.
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Figure 4. (a) The position of the Moon in the geocentric
solar ecliptic (GSE) coordinate system during new Moon
and on April 29, 2009. (b) The orbit of the Chandrayaan-
1 spacecraft on April 29, 2009, projected on the ecliptic
plane. The filled fan shapes illustrate the field of view
(FOV) of SWIM sensor. The dotted lines show the view-
ing direction of the SWIM, where 180◦ is zenith-looking,
0◦ is nadir-looking, and 70◦ is horizon-looking direction.
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Figure 5. Directional distribution of proton differen-
tial flux integrated over the 100 eV–3 keV energy range
(a) observed by SWIM sensor on-board Chandrayaan-
1 spacecraft on April 29, 2009, and (b–e) modeled
using different velocity reflection functions along the
Chandrayaan-1 trajectory for (b) isotropic reflection, (c)
specular reflection, (d) cos2-specular reflection, and (e)
forward deflection with σ=45◦. Horizontal dashed line
shows the horizon-looking direction of SWIM sensor. So-
lar wind flux is marked with ’S’ and proton flux from the
Moon is marked with ’R’.
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Figure 6. Hybrid simulation results showing a map
of (a,b) magnitude of the magnetic field normalized to
the undisturbed upstream IMF (|B|/|Bsw |), (c,d) proton
number density, including both the solar wind and de-
flected protons, normalized to the upstream solar wind
number density (n/nsw), and (e,f) normalized deflected
proton number density (nd/nsw). The top panels show
cuts in the xy plane at z=0 (IMF plane), and the bot-
tom panels show cuts in the xz plane seen from the −y
axis at y=0 (the meridian plane). The dashed lines in
panels a–d approximately indicate the boundaries of the
lunar Mach cone. The white areas in panels c–f indicate
zero number density. Black circles centred at the origin
represent the Moon. All the axes are normalized to the
radius of the Moon RL=1730 km, and the IMF direction
is only shown on the IMF plane (top panels) with solid
arrows.
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Figure 7. Directional flux normalized to the upstream
solar wind flux, F/|Fsw|, for all particles in the simulation
domain (a,b) along the x axis, (c,d) along the y axis, and
(e,f) along the z axis. Top panels show cuts in the xy
plane and bottom panels show cuts in the xz plane. The
geometry of the cuts are the same as in Figure 6. The
regions marked with x and labeled with numbers in panel
b are the four places where we have shown proton velocity
space distributions in Figure 8.
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Figure 8. Velocity distribution functions for non-
deflected solar wind protons (red dots) and deflected pro-
tons from lunar dayside (blue dots) at the four regions
marked in Figure 7b. (a,b) point 1 at x = +2.0RL

upstream, (c,d) point 2, just above the largest clus-
ter of the lunar magnetic anomalies, (e,f) point 3, in
the compression region outside the lunar Mach cone at
x = −2.0RL, and (g,h) point 4, at the center of the wake
at x = −2.0RL. The distribution functions are parallel
to (left) the IMF, v||, and the convective electric field,
vE , and parallel to (right) the vE and the E × B drift,
vEXB.
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