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Abstract

Protons, electrons, alpha particles, and heavier ions in the solar wind are emitted from the
Sun’s coronal plasma. Energetic phenomenon such as a Coronal Mass Ejection (CME)
releases high energy as electromagnetic radiation in the form of solar X-rays and y-ray bursts.
This intense radiation is responsible for ionizing the constituent particles of the various
layers of Earth’s ionosphere. In the presence of perturbations of the thermospheric region
produced by CME, different characteristic parameters are theoretically investigated through
momentum and energy balance equations, equation of continuity and equation of state.
Dispersive nature of the medium is investigated and altitude variations of resulting electric
field are carried out. In the computation processes, data of the latest International Reference
Ionosphere (IRI) models are used. The results obtained are to be compared and supported by
the experimental findings from other researchers to understand the nature of the medium in
detail.
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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 ions”’. 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
reconnection®. 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 site”°. 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 y-ray bursts'®*4, 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 lonosphere (IR1-2007)® based on Virtual lonosphere,
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 equations®!8: 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. e(E +Vx I:I) 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.

3 oN

E%(NekTe)+eNe\7-(E+\7xI:|)+Geﬂ (T)e(T.)-V-G=2v°T, +Q, ZE =0 (1)

aaNte :(Vi _Va)Ne _aNe2 (2)
N oo = N

mE+m(v-V)v=—eE—mve(Te)v—e(v><H)—bv+77Vv 3)

Where, N., the number of electrons per unit volume; k , the Boltzmann constant; T,, the

electron temperature; e, charge of an electron; v, velocity vector of an electron; E, the
electric field vector; H , the geomagnetic field vector; G (T, ), effective fraction of energy
transfer per collision; v, (Te), effective collision frequency of electrons with heavy particles;
g, total energy flow due to electron drift when the heavy neutral and ion components are
assumed to have no-net drift velocity; y , thermal conductivity; Q,, ionization energy of the
medium; v, ionization frequency; v, , 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

(Vi ~Va )t
v,—Vv, €
Ne - a 1_e(vi7‘/a)t (4)

The energy balance equation [eq. (1)] may be simplified as (Appendix A)

% +P(0)=Q (5)

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

this purpose®® and solution for @is deduced in the integral form as

(6)
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The medium refractive index has been obtained through the dispersion relation

(based on the Appleton Hartree formulation)?.

, (7
N’ =c’g,|1+ -
D? + D? pz+D? |’ 2

2(A-jB)- > - ¥ Y e 4D?2

(A-i8) (A+1)—j(B—C)+H(A+l)—j(B—C)} " ]
Where,
A_goma)2 B_gow(mve +b) C_gonwsﬂz _ SOQEHX D _gOaEHy D _ganHz

N, e N.e? N.,e’c> N, 7ONe® ‘N,

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,n = u— jy, u = real part of complex refractive index,
and y = absorption coefficient of the medium, where, j=+/—1, wis the angular frequency

of the wave and ¢, is the permittivity of free space, eq. (7) is simplified as,

(R—jS)2(A+1)+ j2(B-C)j
4A+1) +4(B-C)

(,U— JZ)Z =C%g| 1+
With,
R=4A(A+1)-4B(B-C)-2D:¥D: - 2D’ ¥ D ¥4D,(A+1) and
S=2A(B—C)+4B(A+1)¥4D (B-C).

Explicit expressions for real part of complex refractive index and absorption
coefficient of the medium could be found from

: Ly H“ (A+1P+(B-CR }:{ (A+1Q-(B-C)P }2 ;+(1+ (A+1)P+(B—C)Q]

A2 N e r2B—cf| T |2(A+1f +2(B—CF 2A+17 +2(B-C)

, 1, H“ (A+)P+(B-C)Q }:{ (A+1)Q—(B—C)P2}2 2_[1+ (A+1)P+(B—C)Q]

I 2(A+1)* +2(B-C)’ 2(A+1)*+2(B-C) 2(A+1)"+2(B-C)*

2
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Further simplifications are possible if the temperature dependent collision frequency

balances the pressure gradient within the medium, then v, =—%, I.e., the damping

coefficient or coefficient of friction effectively vanishes, Bzwzol Also, if
N.e

medium is non-viscous, thenn =0, C =0, the dispersion relation is simplified as,

e :%ngo [2+4A(A+1)-2D? —2D? |+ {D? + D? + 4D, (A+1)}] and (8a)
=0, (8b)

Equation (8b) is simplified for our analysis through
u2(A,D,,D,,D, )= u?(A0,0,0)+D,F,(A)+ D?F,(A)+ D2F,(A)
With

1#°(A0,0,0)=c?g, L+ 2A(A+1)}

and
F.(A)=c’g, L+ 2(A+1)2A+1)} (92)
F,(A)=F,(A)=c?s, {L+ 2A(A+1)} (9b)

For normal incidence to the ionosphere, condition for vertical reflection of ordinary

2

. . N.e o .
wave will be x=0 and it leads to @, = —"— and normal incidence of extra-ordinary waves
me,

to the ionosphere, frequencies splitting are obtained as (Appendix B):

1
1/ e 2 1( e 2 i 2
w? = a)2+—(—j H2l+ a)2+—(—j H2! —2N2%*
e {0 2{m ©  2\m e (10)

Lastly, the magnitude of electric field has been found as,
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N

E|= N.e r’ + 244" (y2 +zz)+ 3u (y2 +22)} (11)

2 4.2
& cg, &

Where, r? =x*+y®+z* with x,y,z 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 x“and y*as functions of plasma

oy,
25

frequency for different values of

and of direction of propagation in magnetoionic

2

: N H :
theory. Here, wis the angular frequency of the wave, o = o€ and @, _ & defined
me, m

earlier in the text and in literature?X. 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 @?, 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 nT?2

for the altitude concerned. N, is taken as ~10°m, v,(T,) as 10°Hz, k,as 2.8.2 Itis to be

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

The simplified dispersion relation [Eqg. (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
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Figure 4: Variation of electric field (E) with Height for different values of refractive
indices (W)
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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 (1) = 0.8, 0.9 and 1.1. These values are likely
for the stated physical situation of the medium, obtained from our analyses. Blue (1), orange
(12) and grey (us) coloured bars respectively represent the fields for refractive indices
H1=0.8, K2=0.9 and p3=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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Differentiating partially and rearranging the terms,
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As \7-(\7>< H):O,thus
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aglte from equation (2)

Substituting the values of

e e

(nge +Qij{(vi ~v,)N, —aN:}JrgN e eN v E

+Geff (Te)ve(Te)_v'q_szTe =0

Dividing throughout by g N k and rearranging,

_ 2G (T
aTe +(Te +£j{(vi _Va)_aNe}_z—zvae + eﬁ( e)VE(Te)
ot 3k 3Nk 3Nk
v 2 amvT+ ZvE=o
3N k 3k

e

Again rearranging the terms to form a partial differential equation of T,

aT*?{(vi—va)—ome— 27 V2 4+ 2 /I(TE)V}Te

ot 3N,k 3N,k
Q. oy 264 2 -
- 3k {(Vi Va) aNe} 3N k Ve(Te) 3kv E

Now, let V = -k, where k be the propagation constant; therefore V?= —kﬁ . Neglecting

the imaginary terms, we get

i 27Kk _ 2G,, (T _
aTe + (Vi _Va)_aNe - ka:lTe =_£{(Vi _Va)_aNe}_ Eﬁ( e)ve(Te)_§v' E
i 3N,k 3 3N,k 3
2 2
or, 9 T—ej+{(vi —v,)-aN, - ka}{-r—e)
ol T 3N\ T
2Q 2G4 (T.) 2e _ -
=——< {y. — —aN t— - V-E

o, %(9)+ AO=A, +A +A,
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|

a2y
3KT

Substituting v, (T, )t =7, i.e., % . e)ai above equation takes the form
T
0

ve(T) - (O)+ A=A, + A+ A,

00 A , 1
o Trm )l Tyt A A

a i —Va e(Vi*Va)t ~ 2Zk§a e("i*"a)t
e) Ve (Te) Ve (Te) 1—e(Vi7Va)t 3kl/e (Te )(Vi —Va)l_e(vrva)t

Where explicit expression of N, has been used from equation (4) and
1

Ve(Te)(A2+A3+A4): B,+B,+B,

Q=

2Q, (Vi —Va )
BZ - (vi—va)t
3kTv,(T,)1-e

_ 2G4 (Te)a 1-glie)t
PUBKT (v, —v,) el

(5)

14
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Appendix B [Derivation of equation (10)]

For normal incidence of extra-ordinary waves to the ionosphere, # =0 leads to

1
) 1
A_D5+D§i(D§+Dﬂ X 22:_1
20+ A) | 4@+ Ay

Squaring both sides, and after some algebraic simplifications, we get,

1+ A)’[1+ A)* —(Dg +D; +D;)]=0

For extra-ordinary waves, (1+ A)* = D? + D; +D;

2 2 212
L g,mo’ B gw*H? &o'H, glo*H?
N e’ NZe? NZe? NZe?

N.e* —g,mo? i g’y , 2 2
o, 0 — 202 (H2+H2+H?)
N.e N.e

or, NZe* +&2m’w* —2mN, %0’ = s2w’e?(HZ2 + HZ + H?)
or, egm*e’ —2mN e°w’ = elw’e’H? —NZe’

or, &¢m’e* —(2mNee2 +gle’H z)wz +NZe* =0

(2mNee2 +&le’H Z)J_r\/{— (2mNee2 +ece’H 2)}2 —4gZm*N’e*
2¢lm?

or, w* =
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(ZmNee2 +ele’H 2)

or, w? =
2¢lm?

I+

1

) 1

(2mN,e? +g§e2H2) 4eZm’Nze |?
2elm? 2&lm?

Substituting w by o, for extra-ordinary wave

1
2 2
o = wg+1(ij He Ly w§+1(ij H2 L _oNze!
2\m 2\m

(10)
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