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Abstract

We analyse the electrostatic modes triggered by the electron-streaming instabilities in the
magnetised solar-wind plasmas over the lunar magnetic anomalies (LMAs). A standard normal
mode analysis is applied to derive a generalised linear dispersion relation to understand the
observed electrostatic modes in the Moon over the LMAs. The various excited wave modes are
illustratively identified and characterised. The interaction between the electron-beam mode and
the normal acoustic modes, including their branch coupling and coalescence, is examined to
elucidate the origin of the electron-streaming instability. We further investigate the effects of
the propagation angle (8) variation, relative to the interplanetary magnetic field (IMF), on the
instability growth rate. The stabilising effects of the IMF on the instability are investigated.
The consistency of this analysis in light of the existing Kaguya observations is finally
established.

Keywords Solar-wind plasma, Streaming instability, Lunar magnetic anomaly, Linear
dispersion relation

1 Introduction

The Moon is an airless body without an intrinsic global magnetic field (Dolginov et al. 1961;
DOLGINOV et al. 1963). Due to its proximity to the Earth, the retention of ancient geological
history (Heiken et al. 1991) without an atmosphere, and the direct interaction of solar wind
with its surface, the Moon has been one of the most extensively studied bodies over the past
few decades. One of the most interesting phenomena that have been spotted on the Moon's
surface is the lunar swirl. These are bright, wispy patterns on the lunar surface that stand out
against the otherwise dark lunar soil, like hundreds of kilometres of widespread bleach stains
(Mack 2012). It has attracted considerable attention from researchers all over the world
(Blewett et al. 2011; Hood and Schubert 1980; Halekas et al. 2001; Richmond and Hood 2008;
Bamford et al. 2012). Many missions have confirmed that there is no global magnetic field on
the Moon (DOLGINOV et al. 1963; Dolginov et al. 1961). But there are some regions on the
Moon's surface that have high levels of magnetisation, referred to as lunar magnetic anomalies
(LMAs) or crustal magnetic fields (CMFs) (Hood and Schubert 1980; Halekas et al. 2001;
Richmond and Hood 2008; Bamford et al. 2012; Hood and Artemieva 2008; Coleman Jr 1972;
Hood et al. 1979; Tsunakawa et al. 2010). These LM As are widely believed to be remnants of
an ancient global magnetic field. These regions act as mini-magnetospheres to partially shield
the surface from solar winds, ultraviolet radiation, and cosmic rays [14—16]. Reiner Gamma is
one prominent example of lunar swirls associated with such magnetic anomalies (Kurata et al.
2005). Most popular hypotheses offered regarding the origin of these LMAs is the giant impact
hypothesis (Hartmann and Davis 1975). According to this hypothesis, the Moon’s small



metallic core is roughly 1% to 2% of its mass. The metallic core is composed of iron-deficient
rocky materials from the Earth's mantle. This small size of the metallic core is a critical
constraint for a lunar dynamo. Although, a global magnetic field likely existed billions of years
ago, its insufficient volume caused it to cool-down and solidify rapidly. The ancient dynamo
has left behind these localized magnetic anomalies frozen into the crust (Hood and Artemieva
2008; Runcorn 1994). Complementary to this, massive meteor impacts are believed to generate
transient plasma clouds that amplified these fields. It imprinted magnetic signatures into the
crust at the impact’s antipode (Hood and Vickery 1984; Hood and Artemieva 2008; Lin et al.
1988). Recent paleointensity data and numerical simulations support the existence of an ancient
dynamo with a field of approximately 1 uT about 4.2 billion years ago (Garrick-Bethell et al.
2009). If such a lunar magnetosphere existed, it may have even shielded the early Earth’s
atmosphere, influencing its formation and evolution (Takahashi and Tsunakawa 2009). Table 1
briefly summarises various LMAs observed in the Moon.

Table 1 Lunar magnetic anomalies: observational summary

SI.  Mission/Inst  Altitude Target Horizontal = Measured Reference

no. rument (km) anomalies spread strength
(km) (nT)

1 Apollo 15 ~100 Van de ~100 ~2-10 (Coleman Jr
subsatellite Graaff/ Far (spot-like 1972)

side anomalies)

2 Apollo 16 ~100 Descartes / ~50-150 ~2-10 (Hood et al.
subsatellite North ray 1979)

3 Lunar ~20— Reiner ~50-300 ~50-300 (Halekas et al.
prospector 30 Gamma / 2001; Richmond
(MAG/ER) (lowest  South pole- and Hood 2008)

periapsis) Aitken
Surface 0 Strongest ~50-300 ~1000 (Hood and
extrapolation  (surface) crustal sites (strongest  Artemieva 2008;
4 (Apollo + LP anomalies) Richmond and
data) Hood 2008)
Gerasimovi

5 Kaguya _ ch, Mare Y ~10-40 (Tsunakawa et

(SELENE) 10100y oenii, 202150 410 k) al. 2010)
Airy

Solar wind originating continuously from the Sun’s outer layer (corona) travels through
the interstellar medium at supersonic speeds (Parker 1958). It is primarily composed of
electrons, protons and a few fractions of heavier ions (Wurz 2005). The Moon takes direct hit
of these energized particles. Solar wind plasma carries the Sun’s magnetic field known as the
interplanetary magnetic field (IMF) (Kivelson et al. 1996; Parker 1958). The IMF strength
usually ranges from 5 to 10 nT at a distance of 1 AU (Hapgood et al. 1991; Kivelson et al.
1996). However, it significantly intensifies during extreme solar events like coronal mass
ejection (CME) (Richardson and Cane 2010). The field orientation is determined by the Parker
spiral angle (Parker 1958; Thomas and Smith 1980). It is approximately 45 degrees relative to



the Sun-Earth line at 1 AU distance (Parker 1958; Thomas and Smith 1980). The frozen field
lines in the highly conductive solar wind are carried radially outward, while the Sun’s rotation
winds them into a spiral. This IMF together with the lunar CMF governs the magnetisation and
trajectory of the solar wind plasma as it interacts with the Moon’s surface.

A relative drift between constitutive charged particles in a plasma system triggers an
instability known as the streaming instability, or two stream instability, or multi-stream
instability (Chen 2015). The large difference in the drift energy with respect to the thermal
energy in the system provides the free energy necessary for exciting various associated waves.
The streaming instability plays an important role across a wide range of physical scenarios:
from the aerodynamic concentration of solids into planetesimal-forming clumps in
protoplanetary disks (Su et al. 2026) to the modelling of ultrarelativistic beam-plasma
interactions in high-energy astrophysics (Labro et al. 2026), and even the turbulent mixing and

transport processes triggered during different high-velocity celestial flybys (Lim & et al.

2026). In this context, Aggarwal 1979 has investigated the streaming instability in plasmas
where electrons move relative to ions at an arbitrary angle to the ambient magnetic field. The
magnetic field strength, orientation, and thermal effects have been reported to significantly
influence the growth rates and unstable regions of the said instability.

The Moon has been viewed as a passive plasma sink that simply absorbed particles and
left a void (wake) in its trail. Modern mission data from ARTEMIS, Chandrayaan-1, Kaguya,
and Chang'E-1 have refined this idea. These observations reveal a sophisticated and dynamic
environment where the solar wind is not just absorbed, but reflected and diverted (Chu et al.
2021; Halekas et al. 2008; Saito et al. 2008a). This triggers a lot of exciting electromagnetic
phenomena. Analysis of data from the Kaguya orbiter have revealed three distinct categories
(Type A, B and C) of electrostatic solitary waves (ESWs) in the lunar plasma environments
(Hashimoto et al. 2010). Out of these, Type B waves are intense signals generated by bi-
streaming electrons that are mirror-reflected over the LMAs. Our study focuses on this type of
electrostatic fluctuations described in Hashimoto et al. 2010. ARTEMIS data have been utilized
to investigate the plasma environment over lunar CMFs, where the reflected solar-wind
particles trigger complex wave-particle interactions (Chu et al. 2021). Electron two-stream
instability (ETSI) and electron cyclotron drift instability (ECDI) are the primary drivers of the
observed electrostatic waves. Reflected charged particles are found to provide the free-energy
that destabilises the lunar environment.

The Moon serves as a natural laboratory for studying how airless bodies interact with
the harsh solar wind and solar flares like events. Because its surface is directly exposed to
plasma, the Moon mimics the electromagnetic environment that satellites and deep-space
probes encounter. Counter-streaming charged particle beams reflected from CMFs have been
observed to trigger various wave modes in lunar plasma environments; however, these remain
underexplored from a theoretical perspective. Motivated by this gap, the present study provides
a linear analysis of the electron-streaming instability triggered by the solar wind’s interaction
with the LMAs in the lunar sunlit side. Adopting a fluid model, appropriate for investigating
the collective characteristics, we derive a 12-degree linear dispersion relation to examine
various electrostatic modes. The subtle yet finite effect of the IMF strength, and orientation on
the electrostatic waves triggered in the otherwise unmagnetised lunar environment are
demonstrated. The impact of finite thermal velocity and the variations in streaming-electron
population are also analysed. Finally, we validate our results by comparing them with
observations.



2 Physical Model

When solar wind plasmas interact with the lunar CMF a fraction of the incident solar electrons
reflects back towards the incident solar wind (Chu et al. 2021; Halekas et al. 2008; Hashimoto
et al. 2010; Lue et al. 2011). This reflected electron-stream, together with the incoming solar
wind, facilitates the ideal scenario for generation of the streaming instability (Chu et al. 2021;
Hashimoto et al. 2010). As a result of this interaction, various electrostatic wave activities are
observed in the lunar environment. In an attempt to theoretically explore the occurrence of
these electrostatic waves, we employ a homogeneous, collisionless, and magnetised three-
component fluid plasma model. It is considered to consist of fluid electrons and fluid protons
only. While, heavier ions are neglected due to their comparatively lower abundance (Wurz
2005), the protons provide a neutralising background. While the incident solar electrons are
assumed to be at rest with respect to the ion background, reflected electrons are considered
streaming. Although, a finite Lorentz force may modify an oblique beam trajectory, the
streaming instability growth time, in general, is much shorter than the electron gyro-period in
weakly magnetised regime. Therefore, the beam is assumed to remain approximately
unchanged during the linear growth phase. 30 % of the incident solar-wind electrons are taken
to be reflected back. While this arbitrarily chosen fraction (30 %) is introduced as a parameter
representing the outcome of the reflection mechanism, we also explore its systematic variation.
A fully self-consistent determination of the reflected distribution is outside the scope of this
present study. The thermal energy of the plasma constituents is incorporated using an
approximation that neglects kinetic wave-particle interactions, such as Landau damping,
thereby focusing on fluid behaviour. Fig. 1 illustrates the schematic cartoon of the system.

3 Mathematical formulations

We consider a three-dimensional (3-D) Cartesian coordinate system. The IMF (B)) is assumed
to be constant and uniform along the Z-axis, which is the Sun-Moon connecting line, specifying
the primary axis of the solar wind magnetisation. The basic model governing equations,
comprising the continuity, momentum, and Poisson equations in a generic symbolism (Chen
2015), are respectively cast as

on;

L+ V.(yv) =0, (1)
v _ 9 (g WXBY_ B
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where, j= 1, es, and eb represent the ions, stationary electrons, and streaming beam-electrons,
respectively. In the momentum equation (Eq. 2), P; = cjzmjnj, stands for the thermal pressure,

where cs; = |/kgTj/m; is the acoustic speed for the j species. All other symbols have their
usual meanings in the above set of equations. The role of the thermal pressure is introduced via
the isothermal equation of state, where the pressure fluctuations are related to the density
fluctuations via the acoustic speed cg; (Aggarwal 1979). The closure of the equation assumes
that the frequency of the wave is sufficiently high to neglect the thermal conduction, as required



by the collisionless fluid approximation (Chen 2015). This thermal pressure gradient term
introduces finite temperature effects while remaining within a collisionless fluid framework.
We apply the following perturbation scheme for linear analysis of the system

F(r,t) = Fy + F (1, t), 4)
Far,t)=[ny v; E B, (%)
Fo=[%o Vjo 0 B, (6)
Fi(r,t) = vp Eox O] (7)

We consider the perturbations to be of the form, F; (1, t)~e!®*7=“% Here, equilibrium values
and the first order perturbations are denoted by the subscripts 0 and 1, respectively. Applying
these perturbations to the set of governing equations (Egs. 1-3) around the equilibrium we
obtain the following linearised set of equations:

— (Mo .
njy = (wjd) kv, )

viXB .
WiV — iwjq ( )(El . 1) — iwjq(vj1 X Q;) — cZk(k.v;y) =0, 9)
k*¢p = 4mw3qnj;. (10)

The parameters wjq, and £; appearing in Eqgs. 8-10 denote the Doppler-shifted angular

frequency and gyrofrequency, respectively. These quantities are defined by the following
expressions:

wjd = (A)—k.VjO, (11)
— 4B
Q= (12)

Substituting vj; from Eq. 9 into Eq. 8 we obtain,

n _(”fo) wja(aj/mj)k*plwls= (k)" /k?)
1~ \ .,

@ja wlz'd(wjz'd_ﬂjz)_csz‘jkz(wjz'd_(k'ﬂj)z/kz).

Inserting nj; from Eq. 14 into the linearised Poisson equation (Eq. 10) we obtain,

(14)

Ay -1
Zj“);j{wjz (k,?z])}{ wia(wfy — OF) — k2 ( sz_%» =1 (15)

This is the generalised linear dispersion relation (Eq. 15) for our system and structurally
resemble to the one derived in Aggarwal 1979. Now, for waves propagating along the streaming
direction (k |l vjo) but inclined to the magnetic field (By), Eq. 15 for all species becomes,

w7 i{w?-0F cos? 6} + whes{w?-0% cos? 6}
w?(w2-02)-cdk2(w2-0%cos20)  w2(w2-03)-cik2(w2-02 cos? 6)
w3 epl(w—ku)?-QZ cos? 6} 1 16
(w—kuw)2((w-ku)2-02)—cZ k2 ((w—ku)2-0%cos2 ) (16)

Here, 6 is the angle made by both the wave vector (k) and the electron-streaming direction
(Vepo = Vo) with the magnetic field (Bg). This assumption restricts the present analysis to
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electrostatic two-stream modes. Oblique beam-wave configurations (k # vy), which may
introduce additional branches, are beyond the focus of the present study. Eq. 16 is the
unnormalised 12-degree linear dispersion relation. We apply the standard normalisation
procedure to make the system dimensionless. The normalisation scheme is summarised in
Table 2. The frequency normalising parameter, w,, represents the collective electron-plasma

frequency derived from the sum of both stationary, and streaming-electron populations (wrz,e =
w;%es + a)f,eb). The normalised dispersion relation becomes,

62{(»*2—9}‘2 cos? 9} fes{w*z—ﬂzz cos? 9}

2 p) p) 2 p) p)
w*z(w*z—ﬂ’{ )—cgik*z(w*z—ﬂ’{ cos? 0) w*z(a)*z—ﬂz )—cgek*z((u*z—ﬂz cos? 69)

feb{(w*—k*)z—Q’gz cos? 9}

(w*—k*)z((w*—k*)z—sz)—cgik*z((w*—k*)z—ﬂ’gz cos? 9)

=1. (17)

Here, §2 = m,/m, represents the square of the electron-to-ion mass ratio, while f,s = .5/Me
and f,, = n.p/neo denote the density fractions of stationary electrons and streaming-electrons,
respectively. Also, it is to be noted that f,; + f.;, = 1. we numerically solve Eq. 17 to analyse
for various modes triggered in the system.

Table 2 Normalisation scheme and normalised values

SI.  Physical parameter Normalising Normalised Typical value of the
No. parameter parameter normalising parameter
1 Frequency Electron plasma @, Wpes, Wpep
(W, Wpes, Wpep, Wpis Le, ;) frequency (wpe) wpi g, O 1.26 x 10° rad s~*
2 Velocity ( cse, Cs;) Streaming Céer Coi 1.32 x 10 ms™!
velocity (v,)
3 Oscillation wavenumber Wavenumber k* 0.95x 107t m™t
(k) (Wpe/Vo)

4 Results and discussions

We numerically solve the normalised linear dispersion relation (Eq. 17) obtained in the
previous section. The IMF exhibits a broad dynamic range, which has a baseline ranging from
5 — 10 nT for quiet solar wind conditions (Hapgood et al. 1991). However, during active solar
events such as major interplanetary coronal mass ejections (ICMEs), including the “Mother’s
Day” storm (experienced in May 2024 ), this range can be significantly enhanced, occasionally
reaching values on the order of ~30 — 60 nT (Kruparova et al. 2024). The highest end of this
solar-driven magnetic disturbances is occupied by 1-in-80-year superstorms such as the 1859
Carrington Event, which have peak IMF magnitudes of 90 — 110 nT (Cid et al. 2015; Li et al.
2006). In this study, we adopt 10 — 60 nT magnetic field range to explore the dynamics in a
slightly strong magnetisation. The analysis moves beyond the quiet-time baseline (5 — 10 nT)
to investigate how increased Lorentz force and cyclotron frequencies influence the stability
and dispersion characteristics of the plasma. This yields the normalised electron and ion
gyrofrequency ranges as 0.014 — 0.084 and 7.62 X 107 — 4.57 X 1075 for 10 — 60 nT
field strength, respectively. On the other hand, we consider T, = 10T;, which lies within the
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upper range of electron-to-ion temperature ratios observed in the solar wind and is frequently
encountered in the near-lunar plasma environment, particularly within the lunar wake and over
the LMAs (Halekas et al. 2011; Kasper et al. 2003; Maksimovic et al. 2005; Saito et al. 2008b).
Along with this, we consider the electron-streaming velocity to be vy = 1.32 X 107 ms™1,
This value of velocity is derived from a representative energy of 0.5 keV from the MAP/PACE
diagrams in the study by Hashimoto et al. 2010. Using this, we obtain electron and ion thermal
velocities, normalised by the streaming velocity, to be 0.10 and 0.00074, respectively.

The analyses are conducted for three separate propagation angles (0°,60° and 90°),
allowing for a systematic comparison between parallel, oblique, and perpendicular propagation
regimes. The physical model requires an anti-parallel streaming configuration (i.e., 90° < 6 <
180°) to represent particles reflected back into the solar wind. The symmetry under the
transformation 8 — 180° — 6, due to the cos? 8 dependence on the dispersion relation (Eq.
17), allows us to interpret the parallel and anti-parallel configurations numerically equivalent.
Therefore, we restrict our analyses to the interval (0°,90°), with the understanding that this
symmetry arises from the mathematical structure of the model rather than a strict physical
equivalence. We start with the zero thermal velocity (cs, = c5; = 0) case and subsequently
investigate how finite thermal velocity influences the instability.

Fig. 2 is a graphical representation of the normalised growth rate (Im(w*) X 103%)asa
function of the normalised wavenumber (k*) in cold plasma regime (c;, = c5; = 0) for
different propagation angles (8). The key feature is a broad instability curve peaking at k* =
1.2, with the growth rate being zero for all wavenumbers greater than a critical value of k* =~
2.0 . The plot is largely insensitive to @ for larger k* values, but for smaller k* values ( k™ <
0.2), significant deviations are evident from the plot's inset. As 8 approaches 90°, the onset of
the instability is shifted and the growth rate is much weaker for longer wavelengths. This
suggests that the magnetic field's influence is felt at fine scales for stabilisation of modes of
lower frequency, but does not play a significant role for large scales in the overall streaming
energy. At angles above 60°, the inset reveals fine-scale structures where the growth rate is
suppressed at low k* before exhibiting a steeped, non-monotonic onset. This behaviour
indicates that for near-perpendicular propagation, the magnetic restorative force effectively
competes with the streaming drive to stabilise long-wavelength modes.

The polar plot in Fig. 3 displays the normalised growth rate as a function of both k*
and 6. A peak instability region (red) between 0.8 < k™ < 1.2 is evident. The instability is
widespread but slightly narrows and suppresses near 90°, particularly at lower k* values. This
further confirms that while the streaming drive is largely isotropic, the magnetic field provides
a subtle stabilising effect for perpendicular propagation. This isotropy is expected to break
down in the presence of stronger magnetic fields.

Spectral characteristic profiles of the dispersion relation for the parallel streaming
configuration (6 = 0°) are shown in Fig. 4. It is to be noted that, for parallel streaming in the
absence of thermal effects, Eq. 17 essentially reduces to a quartic polynomial as evident by the
four modes shown in Fig. 4(a). The solid blue line (Mode 1) corresponds to high-frequency
electrostatic branch, with Mode 4 corresponding to the weakly dispersive negative-frequency
counterpart. The orange dashed (Mode 2) and yellow dotted (Mode 3) lines correspond to
beam—plasma modes associated with the streaming-electron population. A reference line for
the beam mode (solid black) is included to facilitate the identification of the beam-dominated
branches in the dispersion plot. The nearly flat nature of the Mode 4, representing the
backward-propagating mode, indicates minimal interaction with the forward-streaming beam.



However, Modes 2 and 3 show evidence of coupling (mode coalescence) in the wavenumber
range 1.9 < k™ < 2.4, which is the region of linear instability. This is evident from the growth
rate region in Fig. 4(b), where the imaginary part of the frequency becomes non-zero. The peak
normalised growth rate is found to be ~0.336 at k* = 1.1 .

The evolution of the characteristic plasma modes in variation with the ambient
magnetic field is illustrated in Fig. 5. The invariance of the real frequency (Re(w™)) modes
with IMF is evident from the figure. For parallel streaming, IMF (Bj) is aligned with the
streaming direction, hence field strength has no effect on the modes as well as the instability

growth rate as shown in Figs. 5, 6. Mathematically, the term {a)*2 - Q:-‘z cos? 0}, for example,

reduces to {a)*z — Q}‘z} in the Eq. 17. As a result, all terms containing Q* vanishes.

Profile in Fig. 7 illustrate the influence of the streaming-electron fraction (f,;) on the
instability growth rate. It is evident that the peak as well as the spread of the instability enhances
with f,;,. The growth eventually vanishes for f,;, = 0. It establishes the stream-driven nature
of the instability. Similar results have also been reported in the study on the streaming
instability in Lorentzian dusty plasma (Paul et al. 2021).

Fig. 8 illustrates the spectral characteristic profiles of the dispersion relation for oblique
streaming configuration (6 = 60°). Eq. 17 reduces to a decic dispersion relation as evident
from the presence of 10 modes in the Fig. 8(a). Compared to the 8 = 0° case, six new modes
(Modes 2,3,6-9) emerge in this case. Fig. 8(a) shows different branches representing different
plasma wave modes. The highest frequency branch (Mode 1) is related to high-frequency
electrostatic mode, where the frequency is finite at long wavelengths. It is shifted slightly
upward due to the streaming effects. Low-frequency branches (Modes 4-9) near w* = 0
correspond to acoustic modes, where the ion-acoustic mode is distinguished from the electron-
acoustic mode based on the phase velocity (w*/k™). Mode 5 represents a faster acoustic branch,
consistent with electron-acoustic characteristics. Mode 4 shows clear deviation and bending
near k* ~ 2, indicating strong beam—plasma coupling and the formation of a beam-modified
hybrid mode. Branches near w* = k™ are related to beam modes (Modes 2 & 3), while those
near the beam modes but deviated are related to beam-modified modes resulting from beam-
plasma interaction. These classifications are based on quantitative diagnostics of phase velocity
(w*/k™), closeness to the beam resonance condition w* =~ k*, and group velocity (dw*/dk™).
A clear interaction can be seen between the modes 4 and 5 in the wavenumber region ~0.1 to
~2.0. These two modes (4 and 5) again exhibit coalescence in the subtle yet finite wavenumber
range k* ~ 0 — 0.08, which appears in the Fig. 8(b). These same wavenumber regions
correspond to the onset of finite growth rates, as illustrated in the Fig. 8(c). The coincidence of
mode merging, and the onset of growth indicates that the instability is triggered during the
interaction of acoustic modes the beam mode. The instability attains its maximum around k* =
1.2 with a peak growth rate of ~0.334.

The dependence of the real frequency (Re(w™)) modes on the IMF (B,) is illustrated
in Fig. 9. In the absence of a magnetic field, the dispersion is dominated by linear beam-driven
modes, but the introduction of even a weak field (B, = 10 nT) triggers the emergence of new
harmonic branches. As the field increases to 60 nT, these modes undergo significant splitting,
where the degeneracy of the initial plasma oscillations is lifted. In the third panel, the horizontal
lines at Re(w™) = 0 are now very sharp and well separated. This suggests that for high By, a
significant portion of the energy is localized in non-propagating or very slow modes.



Fig. 10 depicts the effects of the magnetic field (B) on the instability growth rate. The
growth rate retains its characteristic bell-shaped dependence, with a maximum growth rate at
k* = 1.25. Although, it is found to remain relatively unaffected for lower magnetic fields
(Bg = 10 nT), increasing this value to 60 nT leads to a suppression in the maximum growth
rate, as shown in the inset in Fig. 10. The suppression of this instability is small and can thus
be interpreted that the magnetic field is damping this mode, possibly through confinement and
limiting the energy transfer from the beam to the plasma. Furthermore, the small shift in k* for
60 nT case indicates that stronger magnetic fields are more effective at damping long
wavelength perturbations.

Fig. 11 reveals similar results with the Fig. 7. In this case (8 = 60°) the secondary
region of the instability along with the previous region also gets affected from the streaming-
electron population.

Fig. 12(a) reveals the same modes as the Fig. 8(a). The transition from oblique
propagation (Figs. 8(a), 8(b)) to perpendicular propagation (Fig. 12(a), 12(b)) is seen to display
a change in the structure of the dispersion relation. For oblique propagation at 60°, the branches
appear more spread-out with a smoother coupling over a large range of k*and smoother
interaction with the beam. Conversely, for perpendicular propagation the branches appear more
compressed with sharper avoided crossing points and stronger clustering of low frequency
branches at Re(w™) = 0. The interaction with the beam is also seen to be more localized with
respect to k*, indicating stronger resonance effects. Thus, perpendicular propagation is seen to
favour localized quasi-stationary structures, whereas oblique propagation favours broader
spectral transport. Fig. 12(c) shows the growth rate associated with these modes. It is seen that
while the secondary peak persists, it is reduced compared to the 60° case. It indicates a weaker
secondary instability and a more localized energy distribution at 90°.

The Figs. 13-15 again verify the trends observed in Figs. (9-11) with a greater resolution
of the angular dependence of the modes and a more detailed delineation of the instability
region.

Figs. 17,18 are similar to Figs. 2, 3, but include the effects of finite thermal velocity of
the species. In this case, Eq. 17 will be a 12-degree polynomial. In Fig. 18, the effect of thermal
velocities is demonstrated by plotting both the cold case and the finite temperature case. In the
finite temperature case, the instability is suppressed. This suggests that finite thermal velocity
has a stabilizing effect on the streaming instability, consistent with the standard theory of
streaming instabilities.

5 Observational validations

The numerical analysis reveals robust linear growth of electrostatic instabilities driven by a
streaming-electron population over the LMAs. The dispersion relation analysis reveals a
maximum growth rate (0.336) at k™ = 1.1, where the corresponding unnormalised real
frequency (Re(w™)) of the unstable mode is approximately 13 kHz. This frequency is close to
the local electron plasma frequency (20 kHz) and lies within the 10-20 kHz Langmuir-wave
band observed by Kaguya over the LMAs (Hashimoto et al. 2010). For a typical LMA region
with a characteristic vertical extent of 50 km, the transit time for the streaming-electron
population (vy = 1.32 X 10’ ms™1) is approximately 3.79 x 1073s. The associated
characteristic growth time (reciprocal of maximum growth rate) ~ 2.27 X 1075 s is nearly
two orders of magnitude shorter than the estimated electron transit time across the near-surface

9



region. This indicates that the unstable electrostatic modes can undergo significant
amplification before the electrons traverse the interaction region (Chu et al. 2021), suggesting
that the instability can efficiently develop within the spatial extent of the LM As. Overall, these
results provide theoretical support for the interpretation that the enhanced electrostatic activity
observed over the LMAs is consistent with electron-streaming instabilities driven by mirror-
reflected electron populations.

6 Conclusions

We have constructed a realistic model formalism to investigate the linear electron-streaming
instability, excitable in magnetised three-component solar-wind plasmas, over the LMAs. By
examining the generalised linear dispersion relation (Eq. 17) numerically, we reveal the
sensitive dependence of the instability on the propagation angle relative to the IMF direction
and the IMF strength. The instability is found to be largely isotropic across most wavenumbers,
though near-perpendicular propagation (8 = 60°, Fig. 2) introduces a non-monotonic onset,
where the magnetic restorative force effectively stabilises the long-wavelength modes. It
indicates the excitation of a preferred resonant mode scale, governed primarily by beam-plasma
interaction rather than magnetic effects. The IMF plays a secondary, scale-dependent role, by
subtly stabilising it. It primarily suppresses longer wavelength modes, especially for oblique
and perpendicular propagations relative to the IMF (Fig. 2). Mode splitting and harmonic
structures are evident in oblique cases (Figs. 8-9).

It is conjectured that the plasma system stabilises gradually with an increase in the IMF
strength and vice-versa. The instability growth rate increases strongly with the streaming-
electron fraction (f,,) and then vanishes as this fraction approaches zero (f,, — 0, Fig. 7). It
hereby confirms that this instability is sourced and powered by the streaming energy. In
addition, thermal velocity act as a stabilising influence. Finite T, and T; reduce the instability
growth rate and shrink the instability window (Fig. 18). Consequently, the cold plasma case
represents an upper bound on the instability strength in terms of its growth features. Across all
propagation angles, unstable regions coincide with the merging of dispersion branches,
confirming a reactive streaming instability mechanism rather than a purely resonant one.
Finally, the predicted excited wave frequency and the corresponding growth timescale are
consistent with the Kaguya observations (Chu et al. 2021). It hereby reliably checks the
physical viability of the proposed instability mechanism in the near-surface lunar plasma
environment.

The presented analysis is restricted to a one-dimensional linear framework for
mathematical tractability, assuming alignment between wave propagation and particle
streaming. The adopted fluid model is appropriate for investigating the collective mode
characteristics only. The validity of the fluid approximation is supported by the separation
between the characteristic instability wavelength and the microscopic Debye scale. For the
considered parameter regime, the long-wavelength approximation (kAp < 1) is satisfied. It
indicates that the instability develops on scales larger than the Debye length, where charge
separation effects remain small and the plasma response can be described through fluid
moments. This analysis portrays the collective dispersion properties of the unstable
electrostatic modes excited by electron-streaming instability. The kinetic effects associated
with velocity-space resonances, particle trapping, and the nonlinear electron-hole formation
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are beyond the scope of the present study. A more precise investigation incorporating all such
effects and refinements certainly remains an important direction for future investigation.
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Fig. 1 A schematic cartoon depicting the solar wind plasma interaction with the LMAs. Yellow
and grey lines respectively show parallelly and perpendicularly reflected streaming-electron
beams. The green dotted lines in the background depict the IMF lines.
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Fig. 2 Profile of the normalised growth rate (Im(w* ) x 103) associated with various indicated

streaming angles (6) plotted against the normalised wavenumber (k™) in the absence of thermal
effects (cs, = cg; = 0).
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Fig. 3 Polar colour map illustrating the normalised growth rate (Im(w*) X 10%) as a function
of the normalised wavenumber (k™) and the streaming angle (6). The radial lines indicate the
k*—magnitude and 6 is measured clockwise from the vertical axis. The colour intensity scale
depicts the spectral distribution of the instability across the (k*, ) plane.
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Fig. 4 Spectral characteristic profiles of the dispersion relation for the parallel streaming

configuration (6 = 0°), showing (a) Various real frequency (Re(w™ )) modes in variation with

wavenumber (k*), and (b) The corresponding growth rate (Im(w*) x 103), illustrating the
unstable bandwidth and the dominant mode of the system.
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Fig. 5 Profile showing the evolution of the characteristic plasma modes as the ambient

magnetic field (gyrofrequency) is varied. It illustrates invariance of the real frequency
(Re(w™ )) modes with respect to the IMF (Bj).
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Fig. 6 Profile illustrating invariance of the growth rate (Im(w* ) X 103) with respect to the
magnetic field strength (B,) in parallel streaming (8 = 0°) configuration.
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Fig. 7 Profile illustrating the influence of the streaming-electron fraction (f,;) on the instability
growth rate (Im(w* ) X 103).
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Fig. 8 Spectral characteristic profiles of the dispersion relation for oblique streaming
configuration (8 = 60°) showing (a) Various real frequency (Re(w*)) modes in variation
with the wavenumber (k*), (b) Magnified detail of the curves presented in (a), and (c) The
corresponding instability growth rate (Im(w* ) X 103).
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Fig. 9 Same as Fig. 5 but for oblique propagation (8 = 60°). It illustrates the dependence of
the real frequency (Re(w”* )) modes on the IMF (Bj).
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Fig. 10 Same as Fig. 6, but for oblique propagation (8 = 60°). Finite variation of the instability
growth rate (Im(w* ) X 10%) with field strength (B,) is illustrated.
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Fig. 12 Same as Fig. 8, but for perpendicular streaming (6 = 90°). It illustrates the emergence
of new modes along with a new unstable bandwidth compared to the parallel case (8 = 0°).
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Fig. 13 Same as Fig. 5, but for perpendicular propagation (8 = 90°). It illustrates dependence
of the real frequency ((Re(w™ )) modes on the IMF (B,).

400

S
S 300f

X
?200'

19



Fig. 14 Same as Fig. 6, but for perpendicular propagation (6 = 90°). Finite variation of the
instability growth rate (Im(w* ) X 10%) with field strength (B,) is illustrated.
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Fig. 16 Same as Fig. 2, but for finite thermal velocities (cg, = 0.10, c5; = 0.00074).
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Fig. 17 Same as Fig. 3, but for finite thermal velocities (cs, = 0.10, cg; = 0.00074).
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Fig. 18 Profile of the instability growth rate (Im(w* ) X 10%) associated with cold electron-
proton and hot electron-proton population for (a) 8 = 0°, (b) & = 60°, and (c) & = 90°".
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      𝛿 2  {     𝜔 ∗ 2 −  Ω  i   ∗ 2    cos 2 ⁡  𝜃 }      𝜔 ∗ 2  (     𝜔 ∗ 2 −  Ω  i   ∗ 2 ) −   c  S i   ∗ 2     k ∗ 2 (     𝜔 ∗ 2 −  Ω  i   ∗ 2    cos 2 ⁡  𝜃 ) +     f  e s  {     𝜔 ∗ 2 −  Ω  e   ∗ 2    cos 2 ⁡  𝜃 }      𝜔 ∗ 2  (     𝜔 ∗ 2 −  Ω  e   ∗ 2 ) −   c  S e   ∗ 2     k ∗ 2 (     𝜔 ∗ 2 −  Ω  e   ∗ 2    cos 2 ⁡  𝜃 ) +                                                                                           f  e b  { (     𝜔 ∗ −   k ∗ ) 2 −  Ω  e   ∗ 2    cos 2 ⁡  𝜃 }  (     𝜔 ∗ −   k ∗ ) 2  ( (     𝜔 ∗ −   k ∗ ) 2 −  Ω  e   ∗ 2 ) −   c  S e   ∗ 2     k ∗ 2  (     ( 𝜔 ∗ −   k ∗ ) 2 −  Ω  e   ∗ 2    cos 2 ⁡  𝜃 ) = 1


  ~ 20 − 30  


    𝛿 2 =     m  e    m  i


    f  e s =     n  e s    n  e 0


    f  e b =     n  e b    n  e 0


    f  e s +   f  e b = 1


  ω ,     𝜔  p e s ,     𝜔  p e b ,     𝜔  p i ,    Ω  e ,    Ω  i


    𝜔  p e


    𝜔 ∗ ,     𝜔  p e s ∗ ,     𝜔  p e b ∗ ,


    𝜔  p i ∗ ,  Ω  e ∗ ,    Ω  i ∗


    𝜔  p i ∗ ,  Ω  e ∗ ,    Ω  i ∗


  1 . 26 ×  10 5   rad    s  − 1


  0  


      c  S e ,     c  S i


    v  o


    c  S e ∗ ,     c  S i ∗


  1 . 32 ×  10 6   m  s  − 1


  k


    𝜔  p e /   v  o


    k ∗


  0 . 95 ×  10  − 1    m  − 1


  5 − 10   nT


  ~ 30 − 60


  ~


  nT


  90 − 110   nT  


  10 − 60   nT


  5 − 10   nT


  0 . 014 − 0 . 084


  7 . 62 ×    10  − 6 − 4 . 57 ×  10  − 5


  10 − 60   nT


    T  e ≈ 10   T  i


    v 0 = 1 . 32 ×  10 7   m  s  − 1


  0 . 5   keV


   


  0 . 10


  0 . 00074


   0 ∘ ,    60 ∘  


     90 ∘


   90 ∘ ≤ 𝜃 ≤  180 ∘


  𝜃 →  180 ∘ − 𝜃


    cos ⁡ 2 𝜃


  (  0 ∘ ,  90 ∘ )


    c  S e ∗ =   c  S i ∗ = 0


  I m  (   𝜔 ∗ ) ×    10 3


  5


    k ∗ )


    c  S e ∗   =     c  S i ∗   =   0


  𝜃


    k ∗ ≈ 1 . 2


    k ∗ ≈ 2 . 0


  𝜃


    k ∗


    k ∗


      k ∗ <   0 . 2


  𝜃

