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ABSTRACT

The propagation of linear magnetosonic waves in a homogeneous collisionless magne- tized plasma
composed of two positive ions and electrons is investigated. The dispersion relation is derived using
linear analysis to describe the dynamics of the behavior of the magnetosonic wave. There are two
propagating modes for every ion species. Magnetized mode at low wavenumbers and ion cyclotron mode
at higher wavenumbers. Electrons also have two propagating modes: a Whistler mode at low
wavenumbers and an electron cyclotron mode at higher wavenumbers. Also, a field mode is found to
propagate at very high frequencies. The propagation of these localized structures against variations in the
magnetic field and the ion number densities has been discussed. Variations in the mag- netic field affect
Alfven mode, Whistler mode, and the ion cyclotron modes. While the variations of number density
influence the Alfven mode, Whistler mode, and field mode. This model is applied on the magnetosonic
waves propagating in the Marian magnetosphere.
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1. INTRODUCTION

Plasma waves are the oscillations or disturbances that occur in a medium composed of charged
particles. These waves propagate carrying energy through the plasma. They can have various modes and
characteristics, depending on factors such as the plasma density, temperature, and magnetic field strength.
They can be categorized into different modes, including electrostatic waves, electromagnetic waves, and
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hybrid waves . Langmuir Waves or Electron Plasma Waves are longitudinal waves [6], meaning that the
particles oscillate parallel to the direction of wave propagation. They are generated by collective
oscillations of electrons in plasma. lon acoustic waves are also longitudinal waves but are driven by the
collective motion of ions in a plasma. They involve the interaction between ions and the electrons they
displace, creating a restoring force that propagates the wave. However, ion cyclotron waves are
electromagnetic waves that occur in the presence of a magnetic field and are associated with the motion
of ions in a circular path around the field lines. They have a frequency close to the ion cyclotron
frequency. The upper hybrid Waves are a combination of Langmuir waves and electromagnetic waves.
They occur when the plasma frequency is close to the electron cyclotron frequency. However, the lower
hybrid waves are a combination of Langmuir waves and ion acoustic waves. They occur when the plasma
frequency is close to the ion cyclotron frequency.Whistler waves are electromagnetic waves that
propagate along magnetic field lines and are often observed in magnetized plasmas. Alfvén waves are
transverse waves that propagate along magnetic field lines in a plasma. They are driven by the interaction
between magnetic fields and charged particles. These waves play a crucial role in many natural and
laboratory plasma phenomena. They are involved in processes such as energy transfer, particle
acceleration, and wave-particle interactions. Magnetosonic waves are a type of plasma wave that
propagates in a magnetized plasma. They are a combination of magnetic and acoustic waves and exhibit
both compressional and transverse motion [6, 4].

A lot of studies have been done on magnetosonic waves. Toward the linear magnetosonic waves; M.
Toida, Y. Ohsawa, and T. Jyounouchi have investigated the propagating modes in the linear
magnetosonic waves and shown that the resulting modes are slow and fast modes [11]. But for the
nonlinear magnetosonic waves; Maruyama, K., Bessho, N., & Ohsawa have studied the interactions of
non-thermal energetic ions with nonlinear magnetosonic waves by means of a one-dimensional (one
space coordinate and three velocity components), relativistic, electromagnetic particle simulation code
with full ion and electron dynamics [1]. Mushtaq, A., & Shah, H. A. have discussed obliquely
propagating magnetosonic waves in an external magnetic field in electron-ion-positron plasma and
discussed the linear approximation for the fast and the slow modes [2]. In a two-ion-species plasma, the
magnetosonic wave is divided into two modes; the low-frequency mode and the high-frequency mode [9,
10]. The low-frequency mode is of the ion-ion hybrid resonance frequency, while the high-frequency
mode is of the lower hybrid resonance frequency [5]. Recently, Masood, W., Shah, H. A., Mushtag, A., &
Salimullah, M. have investigated the linear and nonlinear properties of two-dimensional oblique
propagation of dust magnetosonic waves [3].

The study of magnetohydrodynamics (MHD) plays a crucial role in understanding the behavior of
plasmas in various astrophysical and laboratory environments. In particular, investigating linear
magnetosonic waves has proven to be a fundamental aspect of MHD research. By considering the
presence of multiple ion species within a plasma, this paper aims to present a comprehensive model that
accurately describes the linear magnetosonic wave propagation in such systems. This work is organized
as follows; the following section (2), explains the mathematical model. Section (3) discusses the
numerical results and the parametric analysis of the propagating modes by changing the magnetic field B
and the fluid density n.

2. Basic Equations

Assuming a linear magnetosonic wave propagates perpendicular to the magnetic field through a
compressible, collisionless homogeneous plasma medium. The medium is composed of two positive ions
(a and b) and electrons e. The electric field E, the magnetic field B, and the wavevector k of the
propagating magnetosonic waves are defined as follows, respectively,E = E; X, B = (By + B;)Z , k = ky
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, Where the subscripts 0,1 are the unperturbed and perturbed quantities, respectively. The governing
equations are the fluid equation of motion, which are defined as follows,

auj
mjnj?:anj(E+uij), (1)

where | stands for j™ species(ions and electrons ), j=a,band e.m ; and g; are the masses and the

charges of the species j. n. and u; represent the density and the velocity of the j™  species,

i
respectively. The right-hand side is the Lorentz force. Equation (1) is coupled with the following
Maxwell’s equations.

oB
VxE= —, 2
ot @
VXB=p,d + 14 oaa_ltz’ (3)

where &, and u, are the electric permittivity and the magnetic permeability of free space. The first

term in Eq. (3) is u,J= yOqunjouj1 which represents the current density, while the second term
i

Uy & (Ba_ItE is the displacement current density. Equation (3) can be rewritten as

VxB:ﬂqujnjoujl"'ﬂo goaa_ltz- (4)
The Iijnearized forms of Eq. (1) , in x- and y-directions, are:

m;njg % = qjnjo(Ex1 + Uy1By) (5)
m;injo % = —qjNjoUx1Bzo (6)

The linear analysis is assumed in one dimension, where k is in the y-direction. The dependent
variables are adopted as

n;=n,+n,e® ), @)
B=B,z+Be'® “z, (8)
(9)

E=Ee'™ “x,
(10)
J=J,0 ey,

Where o is the frequency of the propagating wave, while k is the wavenumber of this wave. Taking
the curl of Eq. (2), then substituting into Eq. (4), we get

1)
(wz_czkz) E=- _qunjoujl' (11)
€ j
Linearizing Eq. (11), we get
(wz—czkz) E ,=- Iﬂzijnjoule. (12)
€0 j

From Egs.(5) and (6), we get the following expression for the species’ velocity in x-direction
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o= & g (13)

xj1 2 X
g
j
om|1-
j 2
w

Substituting Eq. (13) into Eq. (12), we obtain the linear dispersion relation as:

QZ_ 2
- K2 - (Z%):o, (14)

ja)-a)cj

where Q. is the plasma frequency of the jth species which is defined as Q, = (eznj / &M )1/2

w, isthe jth species cyclotron frequency that is given by «; =eB/m; . Reformulating Eq (14) into a

cl

polynomial form, we get

Cy® +C0® +C,0" +C,00° +C, =0, (15)
where C,,C,,...,C, are coefficients of the @ and they are defined as follow,
C;=1
—_ 2 2 21,2
C6_ ( C(Oz) +w (02)+Q ++.Qp(e)+C k j

c0? w2 40 Wl t0? 02 402 Vw2 42
C4'“’C(Oz)”c(0J c<ozme> e A GO

2 2 2 2 2 2 2 2 2 2 2
fei0)%c(e) ~Zblo, fei0)%cle) ~Zpi0) el Fele) ~Crle) dlo, ['co)
2 2 2 2 2
- ¢ "[ (0,)% +wc(02)wc(e)+wc(o)wc[e]J

_ 22 2 2
CO =C k (a)c(oz)a)c(o)a)c(e))

3. Numerical Solution and Discusion

In this work, we study the linear magnetosonic waves propagating in a two-ion-plasma medium. This
model could be applied to the observed linear magnetosonic waves on Mars [7]. Linear magnetosonic
waves have been observed in the Martian magnetosphere that propagate in the dayside ionosphere at an

altitude of about 535.7 km and solar zenith angle (SZA) of about 77.8 [8] The medium is composed of
two ions; oxygen O" , di-oxygen O} and electrons e ™. At the region of observation, the magnetic field

strength B = 22nT , and the densities of the ions are; n_, = (10-20)x10°m *
=(20-60)x10°m °°

Solving the polynomial Eq.(15) gives 8 roots; half of them propagate in the forward (+ve) direction, and
the other half propagates in the backward (-ve) direction, which means that we have a mirror mode comes
from the magnetic field. Each root indicates a special mode in the plasma.
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Figure (1) depicts the propagating modes in our medium. These modes depend on the type of the ions,
which will be cleared below.
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Figure 1: Depicts the propagating modes for each root: (a) O} species,z(b) O" species, (c) e species, (d)
field mode. At the upper ionosphere of Mars, which has the magnetic field B~ 22 nT and the number density for

each species are n_, = 60x 10°m® and n_.=20x 10°m?’.
2

a. 0; ion modes From Fig (1a), we see that the propagating modes produced by O, ion fluid are
divided into two parts. A mode that propagates at low k (k = (0 3)>< 10 °m ') until it reaches
k. (k. is the wavenumber at which the magnetized mode disappears and the propagating mode
becomes ion cyclotron mode for the higher wavenumber k). The mode with k <k_ is Alfven
mode. We found that the propagating mode satisfies this dispersion relation proving that this is an
Alfven mode. Then, as the wavenumber k increases the propagating mode saturates at the 02+ ion

cyclotron frequency which means that the O; ion cyclotron mode becomes dominant after k. .

This mode propagates at the cyclotron frequency of the O," ion, i.e at wc(o ) =0.06629 Hz.
2

b. O"and e species modes
From Figs. (1b, 1c), we notice that the propagating modes in each ion fluid are also divided into

two parts. At low k <k_ the propagating mode is a Whistler mode. Increasing the wavenumber

421



Abdelkader, et al

AJBAS Volume 5, Issue Ill, 2024

k >k, , each ion fluid has a propagating wave at the ion cyclotron frequency. Hence, it is called

the ion cyclotron frequency mode. Each species saturates at the following frequencies;
a)c(o ):0.06629 Hz, o, =1.32331 Hz, o, =3863.89 Hz.
2

c.  The field mode

Fig (1d) indicates that the propagating mode is the magnetized analog of Langmuir mode.
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Figure 2: shows the influence of varying the magnetic field on the propagating modes for
each root: (a) O:{ species, (b) OT species, (c) e~ species, (d) field mode. At the upper

ionosphere of Mars which has the number density for each species are no; = 60 x 10° m

and np+ = 20 x 10% m=3

-3

As the plasma parameters can affect the behavior of the existing modes. Here, we study the effects of

each plasma parameter (the magnetic field B, and the density n; ) on the propagating modes for each
species. Figure (2) introduces the effects of varying the magnetic field on the propagating waves on
different ion fluids. It is noticed that varying the magnetic field B results in shiftiness of the saturation
frequency (i.e. the ion cyclotron frequency) of the propagating wave, and of the critical wavenumber Kk
after which the ion cyclotron mode becomes dominant. Verifying that decreasing the magnetic field B
turns the wave into an ion cyclotron wave, i.e. disappearing the other propagating magnetized mode

(Alfven or Whistler mode). Here, we study in detail the effect of changing the magnetic field B on each
ion fluid as follows,

a. O,
From Fig (2a), we see that increasing the magnetic field gives similar propagating modes that are
observed at higher frequencies because of the increase of the saturation frequency (carbon-

ion mode
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dioxide cyclotron frequency a)c(o ) ). That’s why, we observe that the saturation mode (ion
2

cyclotron mode) becomes noticeable at higher frequencies by increasing B. Also, the magnetized
mode (Alfven mode) lasts for higher wavenumber k, i.e. at lower wavelengths. Therefore, we

can say that the Alfven mode propagates at smaller wavelengths A and could last for higher
frequencies by increasing the magnetic field.

b. O"and e species modes
From Figs (2b) and (2c), it is noticed that the saturation frequency (ion cyclotron frequency)

occurs at higher w, by increasing the magnetic field B. The propagating Whistler mode lasts for
higher frequency bands and larger wavenumber K. Hence, we can say that the Whistler mode
disappears by decreasing the magnetic field B as expected. This effect is the same for oxygen
ions O" and electrons e™.

C. The field mode
This mode results from the displacement current which depends on the densities of the ions.
That's why, it isn’t affected by changing the magnetic field B at all. From Fig (2d), we see that the
magnetized analog of Langmuir mode doesn’t suffer any changes by varying the magnetic field
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Figure 3: shows the influence of varying the number density on the propagating modes for each
root; (a) OF species, (b) OF species, (c) e~ species, (d) field mode. At the upper ionosphere
of Mars which has the magnetic field B = 22nT

Figure (3) introduces the effects of varying the density of the fluid species on the propagating modes.

This shows that the ion cyclotron frequency w, , at which the ion cyclotron mode propagates, isn’t

cj°

affected by changing the density of the species j . It just influences the Alfven and the Whistler modes
making them last for higher wavenumbers k.

423



Abdelkader, et al AJBAS Volume 5, Issue Ill, 2024

a. O," ion

From Fig.(3a), we see that the saturation occurs at larger wavenumber k by increasing the
density No, (i.e, k., «cn; ). But for the ion cyclotron mode, it has nothing related to the density

except for retarding its observation at higher k, i.e., smaller wavelength 4.

b. O™ and e~ species modes
From Fig.(3b and 3c), we notice that the saturation frequency w,; is not affected by varying the

density of the species n; . The magnetized mode (Whistler mode) begins to be observed at higher

wavenumber Kk and lasts for a greater frequency w by increasing the density of the ion fluid n; .

c. The field mode

But for the magnetized Langmuir mode, it’s obvious from Fig (3d) that the waves propagate at
larger frequencies by increasing the whole density of the plasma medium.

4. CONCLUSION REMAEKS
In this work, we have carried out a linear analysis of magnetosonic waves observed in the upper

ionosphere of Mars. This medium is composed of two cold ion species; oxygen O" and di-oxygen O,

and the neutralizing electrons e~. Our analysis has shown that every ion fluid has propagating waves with
two different modes; one of them is excited due to the magnetic field B. This mode for the ion species

O, is an Alfven mode. While for the other species, it’s a Whistler mode. Both modes appear only when
there is a magnetic field B. These magnetized modes only propagate at low wavenumber k <k_ . At
larger wavenumbers k >K_ , the dominant mode at all ion fluids, is the ion cyclotron mode. This mode
propagates at the cyclotron frequency of each species w,; . We also have investigated the influence of

different plasma parameters (magnetic field B, density n) on the propagating modes. It’s shown that both
parameters don’t excite any new modes within the ion fluids. Varying the magnetic field, results in

shiftiness of the cyclotron frequency and the critical wavenumber k_ after which the propagating mode
becomes the ion cyclotron mode. Therefore, increasing the magnetic field B makes the magnetized modes
propagate for higher w and last for larger k . But for the density variations, we have seen that increasing
the number density for each species results in an increase in the critical wavenumber Kk , i.e. increase in
the frequency range of the propagating Alfven or Whistler-mode.
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