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Abstract. We have studied MHD waves (Alfvén and 

fast compressional modes) in a homogeneous collisional 

three-component low-β plasma. The three-component 

plasma consists of electrons, ions, and neutrals with 

arbitrary ratio between collision frequencies and wave 

time scales. We have derived a general dispersion equa-

tion and relationships for phase velocity and collisional 

damping rates for MHD modes for various limiting cases: 

from weak collisions to a strong collisional coupling, and 

for longitudinal and oblique propagation. In a weak colli-

sion limit, the MHD eigen-modes are reduced to ordi-

nary low-damping Alfvén and fast magnetosonic waves. 

For a partially ionized plasma with a strong collisional 

coupling of neutrals and ions, velocities of magneto-

sonic and Alfvén waves are substantially reduced, as 

compared  to the Alfvén velocity in the ideal MHD theory. 

At a very low frequency, when neutrals and ions are 

strongly coupled, a possibility arises of weakly damping 

MHD modes, called “decelerated” MHD modes. These 

modes can be observed in the solar coro-

na/chromosphere and in the F layer of the terrestrial 

ionosphere. 

Keywords: Sun, terrestrial ionosphere, collisional 

plasma, MHD waves. 

 

 
 

 

INTRODUCTION 

Plasmas of the solar atmosphere and terrestrial iono-

sphere are multicomponent media consisting of charged 

and neutral species. The magnetohydrodynamic (MHD) 

approach is a valid tool to a good degree for modeling 

large-scale solar and near-Earth plasma phenomena. 

The success of MHD in the solar photosphere and ter-

restrial magnetosphere can be seen from comparing 

realistic MHD models with observations. In both media, 

MHD waves are ubiquitous [Nakariakov et al., 2016], and 

they may act as intermediary transferring energy from 

vast reservoir of low-energy particles to a small group of 

high-energy  particles. 

In solar physics, the study of Alfvén waves, trans-

verse incompressible magnetic oscillations, is very popu-

lar due to its appeal to the solar coronal heating, as these 

waves can be easily excited by convective gas motions. 

Only a tiny fraction of this energy, if carried by the Alf-

vén waves to a higher altitude, will suffice to heat the 

corona to millions of degrees. Upward propagating Alf-

vén waves have been validated as a possible mechanism 

for heating the Sun’s corona by transporting convective 

energy from the photosphere [Tomaczyk et al., 2007; 

McIntosh et al., 2011]. 

The entire near-Earth space environment is filled 

with MHD waves with time scales from fractions to tens 

of minutes. These waves are recorded by satellite and 

ground magnetometers as ultra-low-frequency (ULF) 

pulsations. The terrestrial magnetosphere is a collision-

less medium in the ULF time scale, so ideal MHD ap-

proach is an adequate theoretical tool for describing 

ULF waves [Menk, Waters, 2013]. However, in the ter-

restrial ionosphere (altitudes from thousand to few thou-

sand kilometers) particle collisions become significant 

and the ideal MHD becomes insufficient. Any magneto-

spheric MHD disturbance can penetrate to the ground only 

through such collisional medium. Moreover, strong dy-

namic disturbances in the ionosphere, such as explosive 

atmospheric impact (seismic shock, hurricane), sudden 

auroral heating, rocket launches, explosions, etc., can 

excite transient ULF response [Pokhotelov et al., 1995]. 

The solar atmosphere and terrestrial ionosphere are a 

mixture of plasma and neutrals with a weakly ionized 

gas in the bottom layers and a fully ionized plasma in 

the upper layers. Such partially ionized gas does not 

behave like fully ionized plasma, and hence the ideal 

MHD description of these media dynamics at best is a 

crude approximation [Pandey et al., 2008]. For an ade-

quate interpretation of the magneto–seismology obser-

vational results in the solar atmosphere and near-Earth 

environment it is necessary to consider MHD waves in a 

partially ionized plasma in a multi-fluid description for 

electrons, ions, and neutral gas. Consideration of MHD 

waves in a collisional plasma indicated not just an oc-

currence of some collisional damping, but a possibility 

of new types of MHD waves to emerge [Sorokin, Fedo-

rovich, 1982, de Pontieu, Haerendel, 1998; Ballester et 

al., 2018]. 

In our previous studies, we have developed the so 

called E-approach in a general form, which makes it 

possible to consider the three-component plasma con-

sisting of electrons, ions, and neutrals with arbitrary 

ratios between frequencies of collisions between differ-

ent species [Nekrasov, 2008, 2009]. For astrophysical 

and space plasmas often consisting of species of many 

types (electrons, ions, dust grains, neutrals), this multi-

component E-approach considering the dynamics of 
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each species separately has turned out to be an adequate 

method [Nekrasov, Shadmehri, 2011]. 
In this paper, on the basis of the E-approach we de-

rive a general dispersion relation for the fast magneto-
sonic and Alfvén waves in a uniform collisional plasma. 
We consider the case of a low-β plasma where the gra-
dient of the thermal pressure is small as compared with 
electric, magnetic, and collisional forces. We show that 
new MHD modes depending on the ratio between the 
wave frequency and collisional frequencies may appear. 
These relationships can be used to interpret some low-
frequency wave processes in the solar corona and terres-
trial ionosphere. 

 

1. BASIC LINEARIZED EQUATIONS 

A three-fluid version of Ohm’s law describes rela-
tions between currents and electric/magnetic fields in a 
multi-component plasma, taking collisions with neutral 
and ion species into account (e.g., [Song et al., 2001]). 
From the momentum balance between plasma compo-
nents the equations of motion for electrons, ions, and 
neutrals follow [Zaqarashvili et al., 2011, 2012] 
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Here, index j  marks electrons  (e), ions ( i), and neu-
trals (n); vj is the velocity of species j, qj is their charge, 
νkl is the collision frequency of particle k with particle l, 
and c is the speed of light. The electric and magnetic 
fields, E and B, are coupled with particle dynamics by 
the Faraday’s and Ampere’s equations. The background 
plasma and magnetic field are assumed to be homogene-
ous. The background magnetic field B0 is directed along 
the axis Z. 

From the momentum conservation law, the relation 
for the different particle collisional frequencies follows 
νijmiNi = νjimjNj, where i, j denote an electron, ion, or 
neutral. We consider oscillations with small amplitudes, 
so the collisional terms hold only the background (un-
disturbed) specie densities. We leave effects of tempera-
tures, pressure, viscosity, and gravity out of account. The 
background magnetic pressure is supposed to exceed the 

thermal pressure P, i.e. 
2

02 / 1P B   = . The iono-

sphere and inner magnetosphere are examples of such 
cold plasma. In the solar chromosphere and corona, the 
parameter β<1 [Rodriguez Gomez et al., 2019]. 

The dynamics of neutrals, described by the third 
equation from system (1), is determined only by colli-
sions with charged particles. Using equations for elec-
tron and ion velocities, we can obtain an equation for 
plasma density from the continuity condition. Nonetheless, 
in our consideration the information about perturbed densi-
ty is not necessary. 

After linearizing Equations (1) and substituting the 

perturbed velocity of neutrals vn into the linearized 
equations, we obtain the equation for ion and electron 
velocities vj, where index j marks electrons (e) or ions (i). 

For perturbations of the form exp( ),i i t  kr  the 

equations of motion become algebraic and the determi-
nant of this system gives the dispersion relation in a 
general form  
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This equation enables us to consider different relations 

between the wave frequency ω and collisional frequen-

cies νne+νni. The solution of Equation (2) may be pre-

sented as 
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where 
2 2 2 2

j j j     , and 
j 0

j

j

q B

m c
   is the cyclotron 

frequency (index j marks electrons and ions). 

 

2. PERTURBED CURRENT AND  

DIELECTRIC TENSOR 

We now find the perturbed current 

 j j j i 0 i e .q N q N  J v v v  The condition of quasi-

neutrality Ne =Ni=N, and qe =−qi, has been assumed. 

Using equation (2) for the transverse velocity and taking 

into account equations (4), we obtain the following rela-

tionships 

 

 

2

i i

i

2

i i

i

,

.

x y y x

y x x y

q N
aJ bJ dE i E

m

q N
aJ bJ dE i fE

m

   

    

 (5) 

Here, the notations are introduced 

e e e ei i i i

2 2 2 2

i e i e

e ei i i i

2 2 2 2

e ei e i e

1 , ,

, .

a i b

m m
d f

m m

       
      

    

  
   
   

 (6) 



A.K. Nekrasov, V.A. Pilipenko 

19 

 

The solution of Equation (5) for the perturbed currents 

Jx,y is as follows 
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where 

 

 

2

pi

2 2

2

pi

2 2

,xx

xy

ibd
af

a b

iad
bf

a b

  
   

  

  
   

  

  

and  
1/2

2 2

pi i i i4 /q N m    is the ion plasma frequency. 

From Equations (2) and (4), we find the perturbed 

longitudinal (field-aligned) current  i 0 i ez z zJ q N u u  

as follows 
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The contributions of ions and electrons into the wave 

dynamics can be easily estimated separately from Equa-

tions (7) and (8). 

 

3. DISPERSION EQUATION 

From Faraday’s and Ampere’s laws we can obtain 

the equations for perturbations. Using Equations (7) and 

(8), we find 
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where  , , /y z y zn k k c   is the refraction index of 

plasma, and 
2 2 2 .y zn n n   

Components εxx, εxy, and εzz given by Equations (7) 

and (8) in a general form can be applied to arbitrary 

ratios between collision frequencies and wave time 

scales. This enables the study of wave propagation in a 

partially ionized plasma in different domains of the 

solar atmosphere or terrestrial ionosphere. Below, we 

consider specific important cases. We first consider 

waves propagating almost along the background mag-

netic field, when ky →0 (quasi-parallel propagation), 

and then the oblique wave propagation, ky ≠0. 

3.1. Longitudinal propagation 

The condition for the quasi-parallel (field-aligned) 

propagation ky→0 can be found from the inequality 
2 .y xyn =  As follows from Equation (9), the dispersion 

relation D(ω, kz)=0, where D(ω, kz) is the determinant of 

system (9), for the field-aligned propagation of MHD 

modes is 

 2 0.z xx x xy yn E E    (10) 

This equation describes two circularly-polarized waves: 

the fast magnetosonic and Alfvén modes. Their electric 

fields rotate in opposite directions in the plane perpen-

dicular to the magnetic field B0. 

To find the tensor elements and resulting dispersion 

equation, we must specify collision frequencies and time-

scales. From the dispersion equation for MHD modes we 

consider separately three limiting cases and derive rela-

tionships for a phase velocity V and damping rate. 

3.1.1. Weakly collisional plasma 

First, we consider a weakly collisional plasma when 

i in .  ? ?  In this case, neglecting factors 

in / 1,  =  the terms in (3) and (6) are simplified as 

follows αn –iω, αe νei+ iνenνni /ω, αi νie+ iνneνin /ω, βi 1, 

βe 1, a 1, b αi /ωi+αe /ωe, d 0, and 
2

i .f ;  The ele-

ments of the tensor reduce to the following 

2 22
pi pi

2 2 2

i A i

, .xx xy

c
b

V

 
   

 
; ;  (11) 

Relationships (11) show that the off-diagonal elements 

in (9) are small as compared to εxx, εxy<<εxx, and can be 

neglected. Therefore, the resulting dispersion equation 

may be reduced to 

 2 0.z xxn    (12) 

From (12) it follows that the wave phase velocity along 

the magnetic field is the ordinary Alfvén velocity 

ω /kz=VA=B / [4πρi]
1/2

. 

The influence of weak collisional effects can be es-

timated keeping the collisional terms in /    in dis-

persion relationship (12) 
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The resultant relationship for the wave phase velocity 

takes the form 

ne in ie
A 2 2
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1 .
2 2z
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 (13) 

Thus, in the case in ?  the MHD eigenmodes are 

weakly damping Alfvén and fast magnetosonic waves. 

Their phase velocities, given by (13), are somewhat 

lower than the Alfvén velocity VA. 

3.1.2. Collisional plasma with moderate ion-neutral 

coupling 

Now we consider somewhat lower frequencies, 

when ni in ,  = =  where νni  is the neutral-ion colli-

sion frequency. In this case, neglecting small terms 

in/ 1,  =  relations (3) and (6) are simplified as fol-

lows: αn − iω, αe νei+ iνenνni /ω, αiνie+iνneνin/ω, βeiνen/ω, 

βiiνin/ω, in

2

ii ,1– /a   ;  
2 2 3

i i i/ ,b b   ;  
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2 2 3

i i/ ,d b  ;  and 
2

i i/ .f  ;  The tensor elements 

reduce to the following 
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As a result, dispersion relation (12) takes the follow-

ing form 
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In the case of a weak B-field, when 
2 2

in ne i ,  ?  we 

arrive at the following dispersion equation and the rela-

tion for the phase velocity 
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In the case of a strong B-field, when 
2 2

i in ne ,  ?  

we obtain 
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Thus, in the case 
ni in  = =  all MHD 

eigenmodes are to be severely damped. 

However, at very low frequencies, when neutrals and 

ions become strongly coupled, a possibility of weakly 

damping MHD modes, aka decelerated MHD modes, 

emerges. This case is considered below. 

3.1.3. Dynamics of strongly coupled neutrals and ions 

Now we consider the low-frequency limit in which 

ni = . In this case, neutrals are strongly collisionally 

coupled with ions. Neglecting small terms ∼ω /νni, we 

obtain from (6) that αn νni, αe νei+νen, αi νie+νneνin /νni, 

βi 1+ρn /ρi, βe 1+νen /νni, 

 2 2

i i i e e e1 / / ,a i       ;  
2 2 3

i i i/ ,b    ;  and 

  2 2 2 2

i e i e/ / / .i ed m m    ;  As a result, disper-

sion relation (12) reduces to the  following form 
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From relationship (16) the relation for phase speed of 

Alfvén wave can be obtained with account for colli-

sions 

i n
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2z
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%  (17) 

Here AV%  is the modified (decelerated) Alfvén velocity 
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A 0 i n/ 4 .V B     
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Unlike the ordinary Alfvén velocity VA, the modified 

velocity AV%  is determined by total density of ions and 

neutrals, ρi +ρn. 

To elucidate the physics of decelerated MHD modes, 

we may consider the neutral velocity Vn in a wave 

n ni

i ni

.
V

V i



  

  

According to this relationship, in the frequency interval 

in = , corresponding to a weakly damping MHD 

mode in Section 3.1.1., the velocity of neutrals is much 

lower than the ion oscillatory velocity, 
n iV V= . There-

fore, neutrals are not involved in wave propagation, and 

wave propagates with the Alfvén velocity with a weak 

attenuation. On contrary, in the low-frequency limit, 

ni = , corresponding to a decelerated MHD mode in 

Section 3.1.3, neutrals are involved in a joint oscillatory 

motion with ions, 
n iV V; . In other words, MHD waves 

are mass-loaded with neutrals [Vranjes et al., 2008]. 

 

3.2. Oblique Propagation 

We now consider the case of oblique wave propaga-

tion when 0yk  . Assuming that 
2

y xyn ? , the terms 

,xy x yE   describing the Hall effect can be omitted. 

Then, we obtain the following dispersion equations 

   2 20, 0.xx x z xx yn E n E     (18) 

Equations (18) describe the independent linearly polar-

ized magnetosonic, 0xE  , and Alfvén, 0yE  , waves. 

3.2.1. Alfvén mode 

For Alfvén waves, we include the contribution of the 

field-aligned field Ez and find the dispersion relation 

2 2 0,xx
z xx y

zz

n n


   


 (19) 

where εzz given by equation (8) has the form 
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 (20) 

where ωpe is the electron plasma frequency. The ions do 

not contribute to the longitudinal current due to their 

high mass in comparison with the electron mass. In ideal 

MHD, it is assumed that εzz→∞, and Ez is neglected. 

We consider only the most interesting case 

ni . =  In this low-frequency limit, we have 

αe νei+νen, βe 1+νen /νni, e e , =  and 

 en ni ei en1 / .     =  Using (19) and the condi-

tion of quasi-neutrality αi=(me /mi)αe, we find from (19) 

the dispersion relationship 

2 2 2 2

e A 0.zi k k V    %  (21) 

The factor 
2 2

e e pe/c     describes the magnetic diffu-

sivity of Alfvén waves. From this relationship the rela-

tion for the phase speed of oblique decelerated Alfvén 

wave can be obtained 
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3.2.2. Compressional mode 

We consider fast magnetosonic (compressional) 

waves, described by first equation (18), in the low-

frequency limit with a strong collisional coupling of 

neutrals with ions, ni . =  Neglecting small terms 

ni/ 1,  =  we obtain from (6) that αn νni, αe νei+νen, 

αi νie+νneνin /νni, βi 1+ρn /ρi, βe 1+νen/νni, 

 2 2

i i i e e e1 / / ,a i       ;  
2 2 3

i i i/ ,b    ;  

and  2 2

i i e e i e/ / / .d m m   ;  As a result, disper-

sion relation (18) reduces to the following form 

2
2 2 2 2 ne in

i A i ie2

nipi

0, .
c

i k k V
  

         
  

  

The phase velocity in view of the collisional correction 

∝ iηi is as follows 

i
A

A

1 .
2

k
V i

k V
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Thus, the low-frequency fast compressional mode prop-

agates in a collisional plasma with a reduced Alfvén 

velocity AV%  and a weak damping. 

 

4. DISCUSSION 

The above consideration has shown that in a weakly 

ionized plasma a new type of MHD waves are possible, 

named decelerated MHD waves [Ballester et al., 2018]. 

These decelerated MHD waves should not be mixed up 

with the ordinary slow ion-acoustic mode. In decelerated 

MHD waves the neutral component is involved in oscil-

lation together with ions. These weakly damping waves 

may exist under condition 
1

ni ,T  ? ;  where T is the 

wave period. 

The occurrence of new modes in a strongly colli-

sional ionospheric plasma was demonstrated by Sorokin 

and Fedorovich [1982]. They analyzed the relationship 

for the current j generated by oscillations of plasma 

with velocity V which may be described by the simpli-

fied Ohm’s law 

2
e e i

e 2

in

,
e N

B mB

  
      


j j B B j B E   

where E′=E+c
−1

V×B. The wave phase velocity and 

damping rate of MHD waves are determined by the pa-

rameter νni. At frequencies ni = ,  ions can drag neu-

trals into the wave dynamics, so a collisional plasma 

oscillates as an entity. In this case, the propagation ve-

locity AV%  is determined by the total medium density, 

comprising both ions and neutrals. If the ionization rate 

is low, i n/ 1,N N =  the velocity of decelerated MHD 

mode is much lower than the classical Alfvén velocity. 

Our more general consideration has confirmed the exist-

ence of decelerated MHD modes and has enabled us to 

estimate the damping rates of those modes. 

To highlight the physical nature of the MHD modes 

modified by a strong collisional coupling, we have con-

sidered the wave properties in a homogeneous system. 

In realistic situations, a steep inhomogeneity of plasma 

or magnetic field may result in the formation of Alfvénic 

resonators and compressional mode waveguides. 

Though formally mathematically the Alfvén mode has 

no turning point, a substantial wave reflection may oc-

cur in regions with a strong contrast between the trans-

verse Pedersen conductance ΣP and wave conductance 

ΣA=(μoVA)
−1

 [Yumoto et al., 1995], field-aligned gradi-

ent of Alfvén velocity [Cally, 2012], or rapid variation 

of the curvature of magnetic field lines [Pilipenko et al., 

2005]. As a result, Alfvénic resonators can be formed 

between these regions. The waveguides where the fast 

magnetosonic (compressional) modes can be trapped are 

formed in the regions with a deep minimum of Alfvén 

velocity. To justify a possibility of the guided decelerated 

MHD wave propagation a profile of the modified Alfvén 

velocity A ( )V z%  should be constructed from available em-

pirical models. 

We suppose that the background magnetic pressure 

exceeds the thermal pressure P, that is 
2

02 / 1.P B   =  The approximation of cold plasma is 

valid in the terrestrial ionosphere and inner magneto-

sphere, and in the solar chromosphere and corona. 

Moreover, even a finite value of β does not influence 

qualitatively the properties of large-scale MHD waves: 

a thermal pressure does not modify the Alfvén mode, 

whereas in the fast magnetosonic mode a thermal pres-

sure acts additively with magnetic pressure. 

We neglect the influence of a gravity. A possible 

modification of low-frequency MHD waves may occur 

upon account of gravity resulting in a stratification of 

plasma density [McLellan, Winterberg, 1968]. The con-

tribution of gravity effects into the ideal MHD theory is 

characterized by the effective height H U
2
/g, where 

 2 2 2

S A, .U V V  The gravity-modified MHD modes 

were called magneto-gravity waves (MGW) alike 

acoustic-gravitational waves. The gravity effects can be 

neglected when 1.kH ?  In the ionosphere, the esti-

mated scale H is much larger than any possible wave-

length of ionospheric modes ∝ k
−1

, so the effect of 

gravity can be neglected. Moreover, the consideration of 

gravity effects in [McLellan, Winterberg, 1968] was per-

formed in the ideal MHD theory regardless of collisional 

effects. 

4.1. Solar atmosphere 

The solar atmosphere is a partially ionized medium 

with fractional ionization changing with altitude. The 

lower solar atmosphere, the photosphere, is a weakly 

ionized medium, and though with increasing altitude the 

fractional ionization drops, even in the chromosphere 

the neutral number density dominates over the plasma 

density by an order of magnitude. In the upper transition 

region and corona, the solar plasma is fully ionized, but 

in the photosphere and chromosphere up to low transi-

tion region it is only partially ionized. 

In the photosphere, the ionization rate Ni /Nn varies 
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with altitude from ∼10
−4

 to ∼1. The collision frequency 

νin varies from ∼10
9
 to ∼10

2
 Hz [Pandey et al., 2008]. 

Therefore, the neutral-ion collision frequency νni may 

vary from ∼10
5
 to ∼10

2
 Hz. Thus, Alfvén and fast mag-

netosonic waves with frequencies much lower than the 

effective neutral–ion collision frequency νni  10
2
 Hz 

have to propagate in the photosphere with a low damp-

ing due to a strong collisional coupling of ions with 

neutrals partaking in oscillations together. 

The solar prominence is only a partially ionized me-

dium as well. The condition of the strong collisional 

coupling between neutrals and ions is valid for wave 

periods T>30 s. Thus, the prominence oscillations [Bal-

thasar et al., 1993; Foullon et al., 2009] observed with 

such periodicity may be interpreted as decelerated Alfvén 

waves with strong neutron-proton collisional coupling. 

The emergence of new modes, named modified fast 

and slow waves, owing to a strong coupling between 

charged and neutral particles in solar plasma was shown 

by Ballester et al. [2018]. In general, our results agree 

with that from [Ballester et al., 2018], but in their study 

the electron-neutral collisions have not been taken into 

account. Additionally, we provide the relationships for 

the phase velocities and damping rates that are useful 

for the comparison with observations. 

4.2. Terrestrial ionosphere 

In the terrestrial ionosphere, gyrofrequencies of elec-

trons, ωe10
6
 s

−1
, and ions, ωi10

2
 s

−1
, do not vary much 

with altitude. In the dayside ionosphere, the ion density 

is Ni3·10
5
 cm

−3
 in the E layer (120 km) and Ni3·10

6
 

cm
−3

 in the F layer (350 km). Corresponding values of 

the neutral component density are Nn10
11

 cm
−3

 and 

Nn10
9
 cm

−3
 in the E and F layers respectively. There-

fore, the ionization rate is Ni/Nn ~ 3·10
−6

 in the E layer, 

and Ni/Nn ~ 3·10
−3

 in the F layer. 

Collision frequencies can be estimated using classi-

cal relationships with the help of the standard model of 

neutral ionosphere CIRA. According to this model, 

electron-neutral collision frequency νen varies from ∼10
10

 

Hz in the D-layer (60–70 km) to ∼10
3
 Hz at altitudes 

above 150 km. The ion-neutral collisional frequency 

varies from νin∼10
2
 Hz in the E layer to νin∼1 Hz in the 

F layer. Thus, the neutral-ion collision frequency νni 

varies from ∼10
−4

 Hz in the E layer to ∼10
−3

 Hz in the F 

layer. Therefore, the critical time scales that determine 

the possibility of the decelerated MHD wave occurrence 

is 160T  ;  min in the E layer and 16T  ;  min in 

the F layer. In a partly ionized plasma, electromagnetic 

disturbances with periodicity larger than the critical 

time scale T 
 may be associated with decelerated 

MHD modes. 

In early experiments with powerful impact onto the 

ionosphere by rocket launches, a specific type of iono-

spheric disturbance in the F-layer was noticed [Karlov et 

al., 1980]. At a distance around 2000 km from a launch-

ing site, a sudden decrease in the ionospheric density was 

detected after ∼50 % of rocket launches [Tribble et al., 

1989]. The apparent propagation velocity of these iono-

spheric disturbances was above 30 km/s, so they cannot 

be associated with internal gravity waves in the upper 

atmosphere. Some evidence for the occurrence of very 

low frequency periodic disturbances in the terrestrial 

ionosphere has been found by Barkhatov et al. [2014]. 

Quasi-periodic geomagnetic disturbances in the fre-

quency band 10
−5

−10
−3

 Hz were associated with waves 

generated by the auroral electrojet during substorms 

[Barkhatova et al., 2009]. Such very long-period (T>20 

min) disturbances in the ionosphere may be interpreted 

as decelerated MHD compressional mode (considered in 

the Section 3.2.1). 

According to the above theoretical estimates, low-

frequency MHD waves propagate not with Alfvén veloci-

ty (which is about several hundred km/s in the F layer), 

but with velocity about few tens of kilometers per second. 

This velocity is higher than the typical velocity of the 

acoustic-gravity waves (few hundreds of meters per sec-

ond), and corresponds to the disturbance velocities ob-

served after a strong impact on the ionosphere. 

 

5. CONCLUSION 

Using the multi-component approach, earlier devel-

oped in [Nekrasov, 2008, 2009], we have considered a 

model of collisional three-component cold plasma con-

sisting of electrons, ions, and neutrals. This approach 

makes it possible to follow the movement and change of 

parameters of each species separately and to obtain the 

corresponding physical consequences. The dielectric 

tensor elements in a partially ionized plasma have been 

derived in a general form, so they can be applied to ar-

bitrary relationships between collision frequencies of 

species and wave timescales. For a collisional plasma 

we have derived the dispersion equation and relation-

ship for the phase velocity for MHD modes for three 

limiting cases: a weakly collisional plasma, a moderate 

collisional plasma, and a strongly collisional plasma. 

The critical parameter that determines the wave regime 

is the ratio between the wave period T and the time of 

the neutral dragging by ions
1

ni .
:  The consideration 

based on the multi-fluid hydrodynamics confirms the 

existence of specific decelerated MHD waves with 

phase velocity much less that the classical Alfvén ve-

locity. These theoretical results can be applied to dif-

ferent parts of the solar photosphere and terrestrial 

ionosphere. For the partially ionized plasma of the 

solar photosphere with a strong collisional coupling of 

neutrals with ions, the occurrence of weakly damping 

low-frequency Alfvén waves modified by neutrals be-

comes possible. In the terrestrial ionosphere, decelerat-

ed fast compressional MHD modes can propagate 

along the F layer of the ionosphere with velocities 

higher than the typical acoustic velocity. 

This research was supported by the state contracts 

with IPE (AKN) and SRI (VAP). The useful comments of 

both reviewers are appreciated. 
 

REFERENCES 

Ballester J.L., Alexeev I.I., Collados M., Downes T., 

Pfaff R.F., Gilbert H., et al. Partially ionized plasmas in astro-

physics. Space Sci. Rev. 2018, vol. 214, iss. 2, article id. 58. 

DOI: 10.1007/s11214-018-0485-6. 

https://doi.org/10.1007/s11214-018-0485-6


A.K. Nekrasov, V.A. Pilipenko 

23 

 

Balthasar H., Wiehr E., Schleicher H., Wohl H. Doppler 
oscillations in solar prominences simultaneously observed 
with two telescopes: Discovery of a 30 s oscillation. Astron. 
Astrophys. 1993, vol. 277, pp. 635–638. 

Barkhatov N.A., Barkhatova O.M., Grigor’ev G.I. Spectral 
characteristics of magnetogravity waves generated by high-
energy mass source in the equatorial region of the atmos-
phere. Part I. Geomagnetism and Aeronomy. 2014, vol. 54, 
no. 6, pp. 819–831. 

Barhatova O.M., Barhatov N.A., Grigoriev G.I. Discovery 
of magnetogravitational waves in the ionosphere using maxi-
mal observed frequencies at oblique radio sounding paths. Izv. 
Vuzov. Radiophysics. 2009, vol. 52, no. 10, pp. 761–778. 

Cally P.S. Alfvén reflection and reverberation in the so-
lar atmosphere. Solar Phys. 2012, vol. 280, pp. 33–50. 
DOI: 10.1007/s11207-012-0052-3. 

de Pontieu B., Haerendel G. Weakly damped Alfvén 

waves as drivers for spicules. Astron. Astrophys. 1998, vol. 338, 

pp. 729–736. 

Foullon C., Verwichte E., Nakariakov V.M. Ultra-long-

period oscillations in EUV filaments near to eruption: two-

wavelength correlation and seismology. Astrophys. J. 2009, 

vol. 700, pp. 1658–1665. DOI: 10.1088/0004-637X/700/2/1658. 

Karlov V.D., Kozlov S.I., Tkachev G.N. Large-scale dis-

turbances in the ionosphere occurring during a passage of 

rocket with a running engine: A review. Cosmic Res. 1980, 

vol. 18, no. 2, pp. 266–277. 

McIntosh S.W., de Pontieu B., Carlsson M., Hansteen V., 

Boerner P., Goossens M. Alfvénic waves with sufficient energy 

to power the quiet solar corona and fast solar wind. Nature. 

2011, vol. 7357, pp. 475–477. DOI: 10.1038/ nature10235. 

McLellan A., Winterberg F. Magneto-gravity waves 

and the heating of the solar corona. Solar Phys. 1968, vol. 4, 

pp. 401–408. DOI: 10.1007/BF00147905. 

Menk F.W., Waters C.L., Magnetoseismology. Ground-

based remote sensing of Earth’s magnetosphere. Wiley-VCH 

2013, 251 p. DOI: 10.1002/9783527652051.app2. 

Nakariakov V.M., Pilipenko V.A., Heilig B., Jelinek P., 

Karlicky M., Klimushkin D.Y., et al. Magnetohydrodynamic 

oscillations in the solar corona and Earth’s magnetosphere: 

Towards consolidated understanding. Space Sci. Rev. 2016, 

vol. 200, pp. 75–203.Nekrasov A.K. Compressible streaming 

instabilities of warm multicomponent collisional magnetized 

astrophysical disks. Physics of Plasmas. 2008, vol. 15, 032907. 

DOI: 10.10 63/1.2894561. 

Nekrasov A.K. Compressible streaming instabilities of 

warm multicomponent collisional magnetized astrophysical 

disks // Phys. Plasmas. 2008. V. 15. 032907. DOI: 10.1063/ 

1.2894561. 

Nekrasov A.K. Electromagnetic streaming instabilities of 

magnetized accretion disks with strong collisional coupling of 

species. Astrophys. J. 2009, vol. 695, no. 1, pp. 46–58. 

Nekrasov A.K., Shadmehri M. Multicomponent theory of 

buoyancy instabilities in astrophysical plasma objects: the case of 

magnetic field perpendicular to gravity. Astrophys. Space Sci. 

2011, vol. 333, pp. 477–490. DOI: 10.1007/s10509-011-0648-3. 

Pandey B.P., Vranjes J., Krishan V. Waves in the solar photo-

sphere. Monthly Notices of the Royal Astronomical Society. 2008, 

vol. 386, iss. 3, pp. 1635–1643. DOI: 10.1111/j.1365-

2966.2008.13144.x. 

Pilipenko V., Mazur N., Fedorov E., Engebretson M.J., Murr 

D.L. Alfvén wave reflection in a curvilinear magnetic field and 

formation of Alfv´enic resonators on open field lines. J. Geo-phys. 

Res. 2005, vol. 110, A10S05. DOI: 10.1029/2004JA 010755. 

Pokhotelov, O.A., Parrot M., Pilipenko V.A., Fedorov E.N., 

Surkov V.V., Gladyshev V.A. Response of the ionosphere to 

natural and man-made acoustic sources. Ann. Geophys. 1995, 

vol. 13, no. 11, pp. 1197–1210. 

Rodriguez Gomez J.M., Palacios J., Vieira L., Dal Lago A. 

The plasma β evolution through the solar corona during 

solar cycles 23 and 24. Astrophys. J. 2019, vol. 884, no. 1. 

DOI: 10.3847/1538-4357/ab40af. 

Song P., Gombosi T.I., Ridley A.J. Three-fluid Ohm’s law. 

J. Geophys. Res. 2001, vol. 106, pp. 8149–8156. 

Sorokin V.A., Fedorovich G.V. Physics of slow MHD 

waves in the ionospheric plasma. Moscow, Energoizdat Publ., 

1982, 135 p. (In Russian). 

Tomaczyk S., McIntosh S.W., Keil S.L., Judge P.G., 

Schad T., Seeley D.H., Edmondson J. Alfvén waves in the solar 

corona. Science. 2007, vol. 317, no. 5842, pp. 1192–1196. 

DOI: 10.1126/science.1143304. 

Tribble A.C., Pickett J.S., d’Angelo N., Murphy G.B. 

Plasma density, temperature and turbulence in the wake of the 

Shuttle orbiter. Planetary Space Sci. 1989, vol. 37, pp. 1001–

1010. DOI: 10.1016/0032-0633(89)90054-8. 

Vranjes J., Poedts S., Pandey B.P., de Pontieu D. Energy 

flux of Alfvén waves in weakly ionized plasma. Astron. Astro-

phys. 2008, vol. 478, pp. 553–558. 

Yumoto K., Pilipenko V., Fedorov E., Kurneva N., 

Shiokawa K. The mechanisms of damping of geomagnetic pul-

sations. J. Geomag. Geoelectr. 1995, vol. 47, no. 2, pp. 163–176. 

Zaqarashvili T.V., Khodachenko M.L., Rucker H.O. 

Magnetohydrodynamic waves in solar partially ionized plas-

mas: two-fluid approach. Astron. Astrophys. 2011, vol. 529, 

A82. DOI: 10.1051/0004-6361/201016326. 

Zaqarashvili T.V., Carbonell M., Ballester J.I., Khoda-

chenko M.L. Cut-off wavenumber of Alfvén waves in partially 

ionized plasmas of the solar atmosphere. Astron. Astrophys. 2012, 

vol. 544, A143. DOI: 10.1051/0004-6361/201219763. 

How to cite this article: 
Nekrasov A.K., Pilipenko V.A. MHD waves in the collisional 

plasma of the solar corona and terrestrial ionosphere. Solar-Terrestrial 

Physics. 2020. Vol. 6. Iss. 4. P. 17–23. DOI: 10.12737/stp-64202003. 

file:///E:/DISK_E/РИО/СБОРНИКИ/СОЛНЕЧНО-ЗЕМНАЯ%20ФИЗИКА/СЗФ%20Т6%20№4/Пилипенко/10.1051/0004-6361/201219763
https://doi.org/10.1088/0004-637X/700/2/1658
https://doi.org/10.1038/nature10235
https://doi.org/10.1007/BF00147905
https://doi.org/10.1002/9783527652051.app2
https://doi.org/10.1063/1.2894561
https://doi.org/10.1063/1.2894561
https://doi.org/10.1063/1.2894561
https://doi.org/10.1007/s10509-011-0648-3
https://doi.org/10.1111/j.1365-2966.2008.13144.x
https://doi.org/10.1111/j.1365-2966.2008.13144.x
https://doi.org/10.1029/2004JA010755
https://doi.org/10.3847/1538-4357/ab40af
https://doi.org/10.1126/science.1143304
https://doi.org/10.1016/0032-0633(89)90054-8
https://doi.org/10.1051/0004-6361/201016326
https://doi.org/10.1051/0004-6361/201219763
https://doi.org/10.12737/stp-64202003

