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1.  INTRODUCTION 

The solar wind is a continuous phenomenon occurring from the solar coronal zone 

as an outflow of solar plasma, viz., protons, electrons, alpha particles, trace amounts of 

heavier ions1-7. CMEs are one of the most dynamic and energetic aspects of solar activity 

that cause a rotation of the magnetic field and mostly originate from solar active regions. It 

interacts with the magnetosphere of the Earth producing perturbation in the Earth’s 

ionosphere. CMEs and solar flares are the key processes associated with magnetic 

reconnection8. In the process, two oppositely directed fields intersect releasing energy that 

stored in the originally stressed magnetic fields. Also, CMEs play a major role in the 

generation of interplanetary disturbances and can disrupt the magnetic and particle 

environment near Earth causing space weather. Solar wind creates and maintains the bubble 

like regions, i.e., heliosphere in the Sun against the outside pressure of the interstellar 

medium. From the Sun, the solar wind flows outward till it encounters the termination 

shocks. The interaction between the solar wind and Earth’s magnetic field produces the 

magnetosphere of the Earth (cavity) and interaction of solar wind and interstellar medium 

produce numerous bubbles in space known as magnetosphere of the Sun. 

In the process of magnetic reconnection, the magnetic energy is transformed into 

kinetic and thermal energy of electrons and ions which allow the heat flux to drive the 

instabilities satisfying the time averaged energy requirements of the solar wind. The ion-

temperature and the coronal holes is proportional to its mass, hence heavier ions can have 

greater flow velocities than protons and the coronal holes at the site7,9. The solar wind is 

a near-continuous flow of coronal material. A transient event, CME, is a cloud of magnetized 

solar material that erupts from the solar corona into interplanetary space, and is often 

associated with flares. Figure 1 panel (a) schematically shows the interaction of solar wind 

with the Earth’s atmosphere through the magnetopause while panel (b) shows the eruptions 

of magnetized solar material during CMEs. The solar atmosphere consists of very high 

temperature plasma and is fully dynamic in nature. Due to its high dynamic activity, large 

numbers of magnetic dipoles are continuously generated with intense magnetic fields. The 

energetic charged particles released from the solar corona are trapped within the dipole field. 

Those particles will gyrate along the magnetic field lines and accumulate near sunspots. 

These field lines are gradually elongated outwards from the Sun due to the radial momentum 

of the massive charged particles trapped in the field ultimately causing breakdown in the 
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field lines at their critical limit, thus establishing magnetic reconnection with the 

interplanetary magnetic field. This process generates and releases trapped particles and 

electromagnetic radiation in the form of solar X-rays and γ-ray bursts10-14. This intense 

radiation is responsible for ionizing the constituent particles of the ionosphere. The region is 

thereby highly modified and thus, the characteristic behaviour of the Earth-ionosphere 

waveguide is abruptly changed. 

 

 

Figure 1:  (a) Interaction of solar wind with the Earth’s atmosphere through the 

magnetopause. (b) Eruptions of magnetized solar material during CMEs. 

 

In this paper, the situation has been investigated by momentum balance equation, 

energy balance equation along with the equations of continuity and states. The data of 

International Reference Ionosphere (IRI-2007)15 based on Virtual Ionosphere, 

Thermosphere, Mesosphere Observatory (VITMO) model is used in the computation. For 

geographic latitude at 85° N and longitude 85° E, and at average altitude of 140 km from the 

surface of the Earth (Figure 2a), the values of the electron number density, electron 

temperature, wave propagation factor, and plasma frequency are taken from this model. The 

ionospheric region perturbed by the CMEs is schematically represented in Figure 2a. The 

region of interest (red circle) is magnified and shown in Figure 2b with the local Cartesian 

co-ordinate system and bounding dimensions (Note: We neither employ any finite element 

model to follow propagation nor implement the equations into a numerical algorithm). The 

volume is treated as stationary with a flow of material through the bounded region. 

MATLAB programs are used to calculate the values of complex refractive indices of the 
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medium along with the real (refractive) and imaginary (absorption index) part as well as 

electric fields within the medium for these altitudes. The output of our program is plotted 

through Origin 5.0. 

 

 

Figure 2:  (a) Schematic diagram showing the co-ordinate system used in this problem. The 

frame of reference is on the surface of the Earth. (b) Dimensions of the volume 

of the ionosphere perturbed by CME for finite computation of the parameters 

addressed in this problem. 

 

2.  MATHEMATICAL FORMULATIONS 

The physical situation stated above can be represented by the following energy 

balance equation, equation of continuity and momentum balance equations16-18: We consider 

a self generating electromagnetic wave that moves along the X-direction in the lower 

thermosphere. Due to the effect of collisions of electrons with other electrons and gas phase 

atoms, there will be a frictional force which is in general proportional to velocity. Other 

aspects will be energy transfer from one electron to other atoms and transfer due to electron 

drift also. Other terms in energy balance equation relate to thermal conductivity and 

ionization.  HvEe


  is the Lorentz force for an electromagnetic field. In the equation of 

continuity, the terms pertain to the excess electrons from two competing phenomena, i.e., 

ionization and electron-neutral attachment. The loss term relates to electron-ion 
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recombination. Besides this, in momentum balance equation, collisions with heavy particles 

and viscosity terms are considered. 
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Where, eN , the number of electrons per unit volume; k , the Boltzmann constant; eT , the 

electron temperature; e , charge of an electron; v


, velocity vector of an electron; E


, the 

electric field vector; H


, the geomagnetic field vector;  eeff TG , effective fraction of energy 

transfer per collision;  ee T , effective collision frequency of electrons with heavy particles; 

q


, total energy flow due to electron drift when the heavy neutral and ion components are 

assumed to have no-net drift velocity;  , thermal conductivity; iQ , ionization energy of the 

medium; i , ionization frequency; a , electron neutral attachment frequency;  , electron-

ion recombination coefficient; m , mass of an electron; b , damping coefficient, i.e., 

coefficient of friction;   is the coefficient of viscosity. 

Below mentioned electron number density satisfies equation (2) as 
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The energy balance equation [eq. (1)] may be simplified as (Appendix A) 

  QP 








          (5) 

Expression for electron velocity distribution has been taken from our previous work for 

this purpose19 and solution for  is deduced in the integral form as 
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The medium refractive index has been obtained through the dispersion relation 

(based on the Appleton Hartree formulation)20.  
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It is evident that medium refractive index will have two values corresponding to the negative 

and positive signs involved in the formula. Thus, the electromagnetic wave will split up into 

two: ordinary and extra-ordinary. As,  jn  ,  = real part of complex refractive index, 

and  = absorption coefficient of the medium, where, 1j ,  is the angular frequency 

of the wave and 0 is the permittivity of free space, eq. (7) is simplified as, 
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Further simplifications are possible if the temperature dependent collision frequency 

balances the pressure gradient within the medium, then 
m

p
e
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coefficient or coefficient of friction effectively vanishes, 
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 Also, if 

medium is non-viscous, then 0 , 0C , the dispersion relation is simplified as, 
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Lastly, the magnitude of electric field has been found as,  
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Where, 2222 zyxr   with zyx ,,  are the components of the volume concerned in the 

rectangular Cartesian co-ordinate system and schematic of which has been shown in Figure 

2b. 

 

3.  RESULTS AND DISCUSSION 

Researchers mainly consider variations of 2 and 2 as functions of plasma 

frequency for different values of 
2
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H  and of direction of propagation in magnetoionic 

theory. Here,  is the angular frequency of the wave,
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defined 

earlier in the text and in literature21. In our work, we consider that CME material enters into 

the medium vertically along the z direction without angular dependence. If the refractive 

index is plotted as function of 2

0 , its value changes continuously as plasma frequency 

increases, corresponding to the continuous change in the nature of wave propagation. 

Perturbed zone is chosen having a finite dimension of 450 km along X, 550 km along 

Y and along Z direction the heights are from 120 to 150 km (Figure 2b). The corresponding 

components of geomagnetic field are taken respectively as 310 nT, 35500 nT and 22500 nT22 

for the altitude concerned. eN is taken as ~
910 m-3,  ee T  as 

310 Hz, pk as 2.8.21 It is to be 

noted that the physical constants are replaced by their standard values in the computation. 

The simplified dispersion relation [Eq. (8a)] is analyzed with two functional 

dependence given in Equations (9a) and (9b). Those variations are shown in Figure 3 (Note: 

negative values in the abscissa are only for mathematical completeness and without physical 

significance). This is the condition when temperature dependent collision frequency 

balances the pressure gradient within the non-viscous medium. But real phenomenon 

involves greater complexity and requires additional studies along with accurate experimental 

data for context and constraining theoretical aspects. 
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Figure 3:  Functional dependence of refractive index with normalized plasma frequency for 

non-viscous medium in quasi-dynamic situation 

 

 

 

Figure 4:  Variation of electric field (E) with Height for different values of refractive 

indices (µ) 
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The bar diagram Figure 4 depicts the height variations in the electric field (E) for 

three possible values of the refractive indices (µ) = 0.8, 0.9 and 1.1. These values are likely 

for the stated physical situation of the medium, obtained from our analyses. Blue (µ1), orange 

(µ2) and grey (µ3) coloured bars respectively represent the fields for refractive indices 

µ1=0.8, µ2=0.9 and µ3=1.1 for the height ranges from 120 to 150 km as mentioned earlier. It 

reveals that fields are almost constant throughout a large height range but is sensitive to the 

refractive indices of the medium. 

 

4.  CONCLUSION 

Coronal Mass Ejections play a major role in the generation of interplanetary 

disturbances and can disrupt the magnetic and particle environment near the Earth creating 

space weather. We have explored the physical situation through the nature of dispersion of 

the medium by magneto-hydrodynamic formulation. We have established the expressions of 

complex refractive indices of the medium as well as electric fields within the medium. In 

computation, we used IRI-2007 data based on VITMO model and MATLAB programs for 

calculation and Origin 5.0 for plotting. The problem addressed more simplified situations 

like non-viscous and collision free condition for both ordinary and extra-ordinary waves. We 

obtain frequency splitting for normal incidence of extra-ordinary waves. Also, we found that 

the electric fields within the medium remain almost constant throughout a large height range 

but changes quite with refractive indices of the medium. As the real situation is quite 

complex thereby demand further studies along with the sophisticated experimental data for 

the justification of theoretical aspects. 
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Appendix A [Derivation of equation (5)] 
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Now, let pjk , where pk be the propagation constant; therefore 
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Appendix B [Derivation of equation (10)] 

For normal incidence of extra-ordinary waves to the ionosphere, 0  leads to 
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Squaring both sides, and after some algebraic simplifications, we get, 

0)]()1[()1( 22222  zyx DDDAA  

For extra-ordinary waves,   2222
1 zyx DDDA   

22

222

0

22

222

0

22

222

0

2

2

2

01
eN

H

eN

H

eN

H

eN

m

e

z

e

y

e

x

e
















  

or,  222

22

22

0

2

2

2

0

2

zyx

ee

e HHH
eNeN

meN













  
 

or,  222222

0

22422

0

42 2 zyxee HHHeemNmeN    

or, 
422222

0

22422

0 2 eNHeemNm ee    

or,   02 422222

0

2422

0  eNHeemNm ee   

or, 
    

22

0

4222

0

2222

0

2222

0

2

2

2

422

m

eNmHeemNHeemN eee







  



Suman Paul & S.S. De /Sri Lankan Journal of Physics, Vol. 18, (2017) 1-16 16 

 

or, 
    2

1

22

0

4222

0

22

0

2222

0

2

22

0

222

0

2
2

2

4

2

2

2

2






















m

eNm

m

HeemN

m

HeemN eee












  

Substituting  by e for extra-ordinary wave 
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