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Abstract 
 

Two-stream instability (TSI) is studied analytically in the 

lunar plasma environment. The electrons in the solar wind 

constitute the electron-beam and the lunar electron plasma 

constitutes the background plasma with which the 

electron-beam interacts to trigger the TSI. The lunar 

plasma is considered to have a variable proportion of the 

energetic (hot) electrons, 1% to 25% of the total lunar 

electrons, along with the bulk thermal (cold) population. 

The analysis shows that the presence of energetic 

electrons in the lunar plasma environment modify the TSI 

dispersion relation and can have a significant impact on 

the triggering of TSI and are capable of triggering non-

linear phenomena by making the lunar plasma system 

unstable. 

 

1. Introduction 
 

The phenomena of plasma instability generation can occur 

anytime in space at any location where the local plasma 

environment is suitable for its sustenance. In general, 

plasma instability is a process in which a non-linear 

energy build-up takes place in a plasma system due to the 

availability of free energy source which drives the system 

unstable so that it is unable to hold the excess energy. 

Then the plasma system discards this excess energy either 

in the form of throwing away the particles which carries 

sufficient energy of in the form of plasma waves so that 

the plasma system regains its equilibrium energy 

configuration.  

The relative motion between two plasma systems can 

trigger the streaming plasma instabilities. Generally, in a 

streaming plasma instability, there are two counter-

moving plasma beams or a plasma beam passing through 

another plasma which is either moving very slowly with 

respect to the passing beam or is relatively at rest. The 

examples of various types of streaming plasma 

instabilities are – Ion-acoustic instability, Electron 

cyclotron drift instability, Ion-ion streaming instability, 

Lower-hybrid drift instability, two-stream instability, 

modified two stream instability, electron two-stream 

instability, etc. The streaming plasma instabilities are 

observed and studied at locations in the heliosphere. 

The paper is organized as follows: In section 2, the TSI 

around the Moon is discussed. Section 3 describes the 

modified dispersion relation for the lunar TSI. In section 

4, the lunar TSI (LTSI) dispersion relation is analyzed 

where the various hot electron proportions are considered. 

Section 5 contains the main conclusions drawn from this 

study. 

 

2. Two-stream Instability around Moon 
 

In the earlier study the lunar two-stream instability 

generation is analyzed considering only the non-energetic 

electrons participating in the interaction with the 

incoming solar wind [1, 2]. 

In this analysis, an electron beam, which is streaming 

through a plasma where the dominant species is electrons 

but their energy is lower than the incoming electron beam 

in such a way that v0 ≈ 0. It is further assumed in this 

analysis that 

1. The background plasma is sufficiently large to interact 

with the incoming solar wind and is homogeneous and 

isotropic for the plasma parameters for both electrons and 

ions. 

2. The ions in background plasma form a uniform 

positively charged background with no significant 

individual movement as the mobility of ions is many 

orders less than that of electrons. Hence, in this 

background plasma, the mobility is due to electrons only. 

3. This is an electrostatic system with no magnetic field 

present around it. This treatment is just analytic, what 

exactly happens to the TSI can only be fully understood 

with simulation visualization. This analysis only indicates 

that there will be change but in what way requires 

simulations to be carried out. 

4. The plasma oscillations are longitudinal and 

electrostatic in nature. 

5. The electron number density in the incoming beam is 

much less than the background electron plasma. 

The lunar electron energy distribution suggests the 

maximum electron energy in the lunar ionosphere to be ≤ 

5 eV [3]. 

In recent times, the observations by instruments onboard 

Acceleration, Reconnection, Turbulence and 
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(ARTEMIS) spacecraft showed that the average electron 

temperature in lunar ionosphere is ≈ 2.2 eV [4]. 

The average electron temperature in the solar wind is ≈ 10 

eV [5] in a typical range of 7 - 17 eV. On an extended 

range, the solar wind electron temperature can be taken as 

5 - 30 eV [6]. These observations lead us to conclude that 

even on a quiet solar day, when no solar activity is taking 

place, the maximum lunar electron energy is less than the 

impinging solar wind electrons. 

For this analysis also, the above assumptions are 

considered valid and along with that the beam plasma is 

considered as magnetohydrodynamic (MHD) fluid. There 

are three main parameters which are to be considered - the 

electron number density, the electron velocity and the 

electric field for which the following three equations are 

used. 

The electron momentum equation is considered to 

establish a relation between the electron velocity (ve) and 

the electric field E which is given by 

���� ������ 	 �����⃗ . ∇��� �  ������⃗             (1) 

The continuity equation for electrons is considered to link 

the electron number density ne and the electron velocity ve 

which is given by ����� 	 ∇��⃗ . ������ � 0                               (2) 

To complete the analysis, Gauss law is taken to establish a 

relation between the electric field ��⃗  and the electron 

density ne which is given by ∇��⃗ . ��⃗ �  �
��                                                (3)    

��∇��⃗ . ��⃗ �  � � ���� �  ���                      (4) 

All other symbols/variables have their usual standard 

meanings. These equations are linearized with �� �  � � 	  � !                                    (5) �����⃗ �  � �������⃗ 	  � ����⃗"                                     (6) 

After linearizing, the electron momentum equation 

becomes 
��#�����⃗"
�� 	 � �������⃗ . ∇��⃗ � ����⃗" � � �$�⃗

%�                        (7) 

the continuity equation becomes ��#!
�� 	 ∇��⃗ . &� �� ����⃗"' 	  ∇��⃗ . &� � �������⃗( ' � 0    (8) 

The Gauss law becomes ��∇��⃗ . ��⃗ �  � � ��� � 	 � !�                  (9) 

A wave-like solution is proposed for these perturbations 

hence the temporal and spatial derivatives are taken as �
��  →  �*+    and    ∇ → *,                  (10) 

and by eliminating � ! , ��-  and �.  from equations (7), (8) 

and (9), the dispersion relation for two-stream instability 

is obtained which is given as /0�1
/1 	  /#1

&/2 3�⃗ .�#�����⃗ '1 � 1                          (11) 

The dispersion relation for a plasma instability generated 

by a plasma beam interacting with a background plasma is 

given by [7] 

1 �  +56 �% 78
/1 	  9

�/2 3.���1�                (12) 

However, if only one plasma species - electrons are 

considered then the ratio of electron to ion mass m/M = 1 

and the above equation becomes [8] 

/01/1 	  :/01�/2 /;�1 � 1         (13) 

where 

< �  /#1/01      and   += � ,. � �    (14) 

This original dispersion relation is plotted in Figure 1. 

 
Figure 1. The original TSI dispersion relation. 

 

3. Modified Dispersion Relation for LTSI 
 

To modify the LTSI dispersion relation, the above 

analysis is extended which is as follows:  

After linearizing, the electron momentum equation and 

continuity equation, for the electron beam system we get   

� ! �  � �3�⃗ .$�⃗
&/ 2 3�⃗ .�#�����⃗ '1  >�#��

%� ?                 (15) 

For a plasma system, the momentum equation is given by 

����� ���⃗ ��� �  �������⃗ � 3AB�∇��⃗  ��!    (16) 

and the continuity equation is given by ���!
�� 	  ���∇��⃗ . �����⃗ � 0                               (17) 

and thereby replacing �
��  →  �*+         and             ∇ → *, 

the momentum equation becomes ��� ���*+�����⃗ �  �������⃗ � 3AB�*,�⃗ ��!      (18) 

which gives �����⃗  as 

�����⃗ �  �$�⃗
%��/ 	  CDE�3�⃗ ��!

%� ���/                                 (19) 

The continuity equation becomes �*+��! 	  ���*,�⃗ . �����⃗ � 0                            (20) 

which gives 

��! �  3�⃗ .������⃗
/ ���                                              (21) 

 

Substituting �����⃗  to ��! 

��! �  3�⃗ .F �G��⃗HI�JKLMN�O��⃗ P�!I� P��JQ
/ ���                           (22) 

Now, ��R6 �  6DE�%                                                   (23) 

hence, the above equation becomes 

��! � 3�⃗
/  > �$�⃗

�%�/ 	 C
6 ��R6  3�⃗ ��!

���/? ���               (24) 

which can be written as 

��! � &2�3�⃗ .$�⃗ ' P���I�J1
92L1�ST1 O1

J1
                                          (25) 



3 

 

The beam-plasma system gives 

                     ∇��⃗ . ��⃗ � � �
��  ���! 	 � !� 	 �U��                (26) 

Here ρ is the bound charge density and ρf is free charge 

density 

By substituting from equations (15) and (25), this can be 

written as 

�*,�⃗ . ��⃗ � � �
��  V�2�3�⃗ .$�⃗ � P���I�J1

92 L1�ST1 O1
J1

	 2�3�⃗ .$�⃗
&/ 2 3�⃗ .�#��������⃗ '1  �#��

%� W 	  �U��     (27) 

which gives 

�*,�⃗ . ��⃗ X1 � J01J1
92 L1�ST1 O1

J1
	 /#1

&/ 2 3�⃗ .�#��������⃗ '1 Y �  �U��                    (28) 

Now comparing with ∇��⃗ . D��⃗ �  �[       and        ∇��⃗ . ��E��⃗ �  *,�⃗ . ]���⃗             (29) 

By taking  

                           *,�⃗ . ���⃗ �  �[                                   (30) 

and we get 

           ]�,, +� �  �� X1 � J01J1
92 L1�ST1 O1

J1
	  /#1

&/ 2 3�⃗ .�#��������⃗ '1 Y          (31) 

For the normal mode of plasma oscillator ]�,, +� � 0 

The dispersion relation for this plasma system is 

                          1 � J01J1
92 L1�ST1 O1

J1
� /#1

&/ 2 3�⃗ .�#��������⃗ '1  � 0              (32) 

which can also be written as 

                     1 � /01/12&C 68 ' �ST1 31 � /#1
&/ 2 3�⃗ .�#��������⃗ '1  � 0           (33) 

This is the two-stream instability dispersion relation 

modified with the inclusion of lunar hot electrons. 

 

4. Modified LTSI Analysis 
 

The modified LTSI dispersion relation as given in 

equation (33) can be written as 

D�ω, k� � 1 � ab1a12C 68 c1def1 �  ag1�a2cdg��1 � 0 (34) 
 

Now, the total electrons ne in the lunar ionosphere can be 

given as ne = nec + neh where, nec are the cold (non-

energetic) and neh are the hot (energetic) lunar electrons. 

The plasma oscillations generated by the lunar cold 

electrons is given as 

                                       +5h6 �  ��i�1
%���                      (35)    

 

Assuming nec = βne, the angular plasma frequency for cold 

electrons becomes 

                +5h6 � j >��i�1
%��� ? �  j+5�6              (36)      

here ωpe is the total angular plasma frequency in the lunar 

ionosphere due to ne. 

In a lunar plasma environment, the hot electron plasma 

frequency is given by 

                            +5R6 �  ��T�1
%���                              (37) 

where ωpeh is the angular hot electron frequency and neh is 

the hot electron number density. 

The dispersion relation of electron plasma waves is given 

by 

            +6 �  +5�6 	 C
6 ,6��R6                       (38) 

In this equation, the second term represents the electron 

perturbations due to its thermal velocities. Hence, the 

following approximation can be considered. 

                             +5R6 k  C
6  ,6��R6                        (39) 

Similarly, for the lunar hot electrons  +5R6 � l+5�6     and      ��R � l��              (40) 

Here, β and γ are in such a way that β + γ = 1. Also, we 

have  

                             < �  �#�� �  /#1/0�1                          (41)     

which gives + 6 � <+5�6      

Inserting all these in equation (34), we get 

D�ω, k� � 1 � mab1a12nabo1 �  pabo1
�a2aq�1     (42) 

This can be rearranged as 

D�ω, k� � 1 �  m
>a abo8 ?12n � p

>a abo8 2aq a8 bo?1      (43) 

 

Taking ω/ωpe = X     and ωd/ωpe = X0  
 

Equation (45) can be written as 

                   D�ω, k� � 1 � m
r12n � p�r2 r��1           (44) 

The nature of α, β and γ is defined as 0 < α, β, γ < 1 and γ 

< β. 

The values of different variables are chosen as follows: 

1. X = ω/ωpe is taken between [0.5, 5] 

2. X0 = ωd/ωpe = kvb/ωpe is taken as 1.5 (from reference 

21); vb = 3.75 × 105 m/s (from [9]). 

3. α = nb/ne, nb = 5 cm-3 (typical solar wind electron 

density); ne = 10 - 300 cm-3 (lunar electron number 

density) (from reference [9] and [10]). Hence, α is in the 

range [0.0167, 0.5]. 

Now, various fractions of hot lunar electrons is taken as 32 ,6��R6 �  t�%�+56 

Here, P (%) is the hot electron population which is 0.01 

for 1%; 0.02 for 2%; 0.05 for 5%; 0.1 for 10%; 0.2 for 

20% and 0.25 for 25%.  
 

The dispersion relation with 1% to 25% hot lunar 

electrons is shown in Figure 1. 
 

 
Figure 2. The modified dispersion relation plot with 

different fractions of hot lunar electrons. 
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As can be seen from Figure 1, for 1% hot lunar electrons 

the dispersion relation got changed and a new branch 

appears in the D(ω, k) axis. At the other places, the old 

and the new plots are superimposed over each other which 

indicate the overall stability of the plasma system. For 2% 

hot lunar electrons also the modified dispersion relation 

plot continues to change and the negative D(ω, k) axis 

starts emerging from the background indicating that the 

instability has started creeping into the plasma system. 

For 5% hot lunar electrons, the modified dispersion plot is 

becoming broader and the branches around the ω/ωpe axis 

emerged prominently on the positive D(ω, k) side 

indicating that the plasma system is becoming more 

unstable due to the growing instability. For 10% hot 

electrons, the modified dispersion relation plot got further 

expanded and the local maxima curve gets pushed to the 

positive D(ω, k) side indicating that the plasma system is 

now unstable. The distinct separation between the curves 

for pure cold electrons and the mixture of cold and hot 

electrons is also evident. For 20% hot electrons, the MTSI 

plot got expanded further with the curve specifically for 

hot electrons is coming down towards the 0 on the D(ω, k) 

axis making the plasma system highly unstable. It is also 

clear from Figure 1 that all the curves are in the positive 

quadrants of D(ω, k) axis. For 25% hot electron 

population, the plasma system becomes highly unstable as 

all the indicators are now prominent. The hot electron 

component curve of the modified dispersion relation of 

the lunar TSI is at its minimum and there is a maximum 

deviation between the pure cold and the combination of 

cold and hot electrons in the negative D(ω, k) quadrants. 

All other curves are in the positive quadrants of D(ω, k) 

axis showing the instability.  

 

Generally, for an energetic electron population of around 

5-10%, a plasma system is capable of becoming unstable 

even in the absence of an external trigger. In this analysis, 

a hot electron fraction of 20% and 25% is taken to 

consider the solar extreme transient events which can lead 

to the heating of lunar electrons to enhancing the amount 

of such proportions of hot electrons. 

 

5. Concluding Remarks 
 

The solar wind electrons interact with the lunar electrons 

which has both the non-energetic (cold) and energetic 

(hot) electron components. The two-stream instability 

generation study is extended by including the hot lunar 

electrons in proportion with the cold component of lunar 

plasma. The dispersion relation of the TSI is modified and 

the effect of including various hot electron populations 

such as 1%, 2%, 5%, 10%, 20% and 25% of the total 

lunar electrons on the TSI dispersion relation is analyzed. 

It is observed that the plasma system becomes more and 

more unstable as the fraction of hot lunar electrons is 

increased. The deviation in the dispersion relation curves 

of the lunar TSI between the purely cold and a mixture of 

cold and hot electrons becomes evident with an increase 

in the hot lunar electron population. 
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