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Abstract

Electromagnetic phenomena in plasma are easier to describe in terms of fields,
expressing the electric current through the rotor of the magnetic field. But the approach
that ignores the corpuscular aspect of the electric current, as noted by H. Alfven, does
not allow describing many processes in space plasma. Indeed, relying on the concept of
continuity, it is impossible in the mechanics of continuous media to take into account
the fluctuations of hydrodynamic functions formed due to the molecular structure of
the medium. At the hydrodynamic level of description, taking into account the struc-
ture leads to the Langevin equation. Therefore, to describe processes in a magnetized
plasma, it is of certain interest to obtain MHD equations in the drift approximation not
from the Vlasov equations, but based on the principles of Onsager and Prigogine,
combined by Gyarmati into one variational principle and obtaining a one-liquid plasma
model in the drift approximation. Fluctuations are taken into account by introducing an
additional term in the expression for pressure, written in the drift approximation,
which is similar to the postulation of the Langevin source for describing Brownian
motion. The obtained fluctuating-dissipative system differs from the reversible
one-liquid approximation of the two adiabatic invariants of Chu, Goldberger, Low.

Keywords: nonequilibrium thermodynamics, variational principles of Onsager and
Prigogine, the combined Gyarmati principle, collisionless plasma, drift approximation

1. Introduction

Alfven in his work [1] noted that the approach which does not take into account
the corpuscular aspect of the electric current does not allow to fully describe many
processes in the cosmic plasma. Relying on the concept of continuity, it is impossible
in continuum mechanics to take into account fluctuations of hydrodynamic functions
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formed due to the molecular structure of the medium. It is known that at the hydro-
dynamic level of description, taking into account the corpuscular structure leads to
the Langevin equation, in which the parameters of the medium are described by
random sources [2]. These sources are responsible for fluctuations of density, velocity,
temperature and, being the unavoidable properties of the medium, cannot be
excluded. In turn, the model of “collisionless” plasma based on the Vlasov equations,
in principle, does not contain fluctuations, since it is collisions that lead to fluctuations
and, as a consequence, to dissipation. Naturally, magnetohydrodynamic equations
(MHD equations) obtained in the drift approximation from the Vlasov equation
through the moments of the distribution function also do not take into account
dissipative processes (see, for example, [3]). In a magnetized plasma, the distribution
of electrons and ions can have axial symmetry with respect to the magnetic field. In
the absence of heat flux along the magnetic field lines (or it can be neglected), slow
plasma motions obey MHD equations with anisotropic pressure. In a number of
interesting cases, the description of the plasma behavior without collisions in the
hydrodynamic approximation can be used as a heuristic tool for obtaining qualita-
tively correct results [3]. It should be noted that a significant part of the work on the
macroscopic description of plasma behavior is devoted to clarifying the question of
how much a real plasma can differ from its ideal twin under the assumption, for
example, of an ideally conducting liquid [4].

Therefore the problem arises to try to obtain the MHD equations not from the
Vlasov equations, but on the basis of another approach, in which the drift equations
themselves, in the conclusion of which the perturbation theory lies [1], are the initial
ones. Such a possibility opens in the case of application of the principles of the least
dissipation of energy of Onsager [5] and the least production of entropy of Prigozhin
[6], combined by Gyarmati into one variational principle [7]. In this case, the fluxes
corresponding to the observed transport processes in a magnetized plasma are
represented in the drift approximation. In turn, the drift approximation, being one-
particle, simultaneously admits fluctuations within the accuracy of this approximation
T /H|dH| < <1, where T, is the period of the Larmorian rotation.

The application of variational principles allows one to obtain a hydrodynamic
system of equations, which in the linear approximation describes in the drift approx-
imation the dynamics of a collisionless plasma located near the equilibrium state.
Unlike the Vlasov equation and the equations of hydrodynamics that follow from it
(or postulated on the basis of known conservation laws), the resulting system of
equations is completely self-consistent and takes into account the fluctuation interac-
tion of local currents with electric and magnetic fields within the accuracy of the used
drift approximation. Fluctuations are taken into account by introducing an additional
term in the expression for the pressure, which is responsible for its nonequilibrium
part, which is analogous to the postulation of a Langevin source in describing
Brownian particles in hydrodynamics.

2. Statement of the problem

Difficulties that arose from the very beginning after obtaining kinetic equations
and introducing the terms collisional and collisionless plasma [8, 9] are associated in
the physics of open systems with the concept of continuous medium. In this case, it
becomes important to determine the physically infinitesimal scale corresponding to
the point of the “continuous medium”.
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Indeed, the concept of continuous medium, depending on the chosen model for
describing the behavior of an ionized gas (kinetic, diffusion, or hydrodynamic),
implies the choice of a scale characterizing a physically infinitesimal point of a con-
tinuous medium £ for which differential equations are written. However, in this
case, information is lost inside these points, since the large number of particles filling
their volume (g~! = n1}, > >1, g is the plasma parameter, 1p is Debye radius) is not
taken into account, which ultimately determines the internal openness of the chosen
level of description [2]. Therefore, taking into account the structure due to the
“artificial” introduction of an additional collision integral into the dissipative Vlasov
equation when calculating the Landau collisionless damping coefficient leads to the
appearance of dissipation and, as a consequence, to nonequilibrium. The need to take
into account the structure of a physical “point” is one of the main provisions that
determine the substantive part of fundamental works [2, 10, 11]. This position sets the
direction of the search for the possibility of describing nonequilibrium processes on
the kinetic and hydrodynamic scales from a single point of view, and will be used in
this work.

It is known that the description of the dynamics of an ionized gas is also possible at
the hydrodynamic level. Indeed, the kinetic method for some practical problems may
turn out to be too detailed and mathematically complex. At the same time, without
being interested in the motion and interaction of a large number of particles, one can
significantly simplify the problem associated with the study of collective processes
occurring in a plasma. Considering such macroscopic quantities as the average veloc-

ity of motion of a medium V, pressure P, density of particles n and currents 7, and so
on, postulating then the basic equations of hydrodynamics of continuous media, based
on the laws of conservation of mass, momentum, energy and charge, together with
Maxwell’s equations, we can reduce the problem to the problems of magnetohydro-
dynamics (MHD). The system of MHD equations has the simplest form in the case of
a one-fluid approximation for scalar (see, for example, [12, 13]) or tensor pressure
(quasi-hydrodynamic approximation of Chu, Goldberger, and Lowe (ChGL) [14]).
At the same time, the Lorentz force acting on charged particles in a magnetic field
twists them around the lines of force, preventing movement across the lines of force,
and in this regard, the action of the field is similar to the effect of collisions, limiting
the movement of the particle by the value of the Larmor radius. Consequently, the
drift approximation shows how, in the absence of collisions, the order inherent in
“collisional” continuous media and practically sufficient for describing the dynamics
of a “collisionless” plasma at the hydrodynamic level is provided by a magnetic field.
(“Practical sufficiency”, from the point of view of the kinetic description, is achieved
by neglecting the third moments in the equations, which corresponds to the not
entirely justified neglect of the heat flux along the lines of force. Experimentally, this
is realized in closed axial plasma systems or under real conditions, for example, in the
region capture of the Earth’s magnetosphere). Consequently, in a magnetized plasma,
the role of the mean free path is played by the Larmor radius of ions p; (o, > >p1. ),
and the condition for the applicability of the continuous medium approximation takes
the form L > > p; , where L is the characteristic size in the plasma. As for the
frequency dependence, which makes it possible to consider a collisionless plasma as a
continuous medium during the propagation of a wave process in it, it has the form:
w < <wr, < <wg, for a not too discharged ionized gas and a weak magnetic field (hot
plasma) and w < <o, < <wy, for a magnetized plasma satisfying the drift approxi-
mation (cold plasma). Moreover, the possibility of describing the behavior of a
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collisionless plasma using a pressure gradient is associated with the mechanism of
pressure transfer not through collisions, but through the interaction of currents
flowing in the plasma drift currents and magnetizing currents. In addition, a large role
in the processes occurring in a collisionless plasma is played by self-consistent fields
that bind particles and prevent them from scattering.

For physically small linear and time scales # and 7, as well as the number of

particles N ¢ in the volume f?, the inequalities are valid 77 ~ (Ap/V7) < <T, ¢ ~ Ip

[8]. The first inequality makes it possible to use the “continuous medium” approxi-
mation, the second - to use the concept of “collisionless plasma”, and the third notes
the fact that the interaction of charged particles in an ionized medium has a collective
character (V' is the thermal velocity of particles, T is the characteristic time).

However, magnetohydrodynamic equations (MHD equations) obtained in the
drift approximation from the Vlasov equation through the moments of the distribu-
tion function do not take into account dissipative processes [3]. In other words, in this
case, the structure of the physically small volume of the continuous medium is not
taken into account, with respect to which the macroscopic equations are written. At
the same time, the possibility of taking into account the drift approximation in the
hydrodynamic consideration of the theory of magnetized plasma without any addi-
tional assumptions appears in the case of applying the variational principles of
nonequilibrium thermodynamics of Prigogine and Onsager [5, 6], combined by
Gyarmati [7]. Thus, in the mechanics of continuous media, it becomes possible to
construct non-equilibrium models that describe the dynamics of continuous systems
located near equilibrium (linear approximation). In turn, the construction of new
models is an important section of continuum mechanics, and they are based on the
search for additional relationships between the parameters that describe the state of
the considered continuous medium.

With this in mind, the following provisions were the starting points for
constructing a hydrodynamic model based on variational principles and drift
equations [3, 7, 15]:

1.Incomplete description of plasma in the language of fields, considered as a
continuous medium, which arises when currents are replaced according to
Maxwell’s equations by a magnetic field [1]. This leads to neglect of the
corpuscular aspect of currents and, as a consequence, neglect of the
fluctuation interaction, which is formed precisely due to the molecular
structure of the medium. In turn, taking into account the molecular
structure of a continuous medium inevitably leads to the appearance of
dissipation in it.

2.The variational principle of Gyarmati [7], which combines the principles of
Onsager and Prigogine [5, 6], makes it possible, within the framework of the
Lagrangian formalism, to obtain the equation of motion with allowance for
dissipation for a magnetized plasma (the pressure is anisotropic) in the
approximation in which thermodynamic forces Xi and fluxes Ji. In this chapter,
we use the drift approximation [3, 7, 15] and the approximation of two adiabatic
invariants [14]. Since the ChGL approximation is holonomic, i.e. all quantities
can be expressed using the displacement vector and described by the Lagrange
formalism, then the dissipative approximation of the ChGl will be obtained
within the framework of this formalism.
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3. Equation of collisionless plasma motion considering dissipation.
Anisotropic case

To describe nonequilibrium thermodynamic processes in continuous media in a linear
approximation, the Hungarian physicist Gyarmati formulated a variational principle that
combines the principle of the least dissipation of Onsager’s energy and the principle of
the least production of Prigogine’s entropy. To obtain the equation of motion that takes

n
into account dissipation, we introduce the entropy production function 6 = ) J;X;, as
i=1

n n
well as the scattering potentials ¥ = 23" L; . X;X; and ® = 13" R, 1J;J,, expressed in
ik ik

terms of thermodynamic forces X; (gradients of temperature, pressure, potential, field
strength, and so on), and fluxes J; corresponding to the observed transfer processes. If we
now construct a function, L = ¥ + ® — ¢, then, as shown in [7], thermodynamic
nonequilibrium processes near a steady state develop in such a way that the integral of
over the volume occupied by the medium under study is minimal

JLdU = J[‘P + ® — 6]dO = min
o o

In this formulation, the Gyarmati principle is similar to Hamilton’s principle in
mechanics and the variation of this integral is equal to zero. Following the general
provisions of [7, 11], we represent the tensor pressure of positively charged particles

of an ionized gas as a sum of two parts. One part P depends on the state and

corresponds to the equilibrium part, the other part P, depends on the rate of change
of this state and corresponds to the nonequilibrium part, that is

i ol i

1

the subscript “i” denotes the ionic component of the equilibrium and
nonequilibrium parts of the plasma pressure tensor. From the general provisions on

the form of the explicit dependence of pressure ﬁ;, it follows that it should depend on

the macroscopic velocity of the medium V; and on the physical reasons causing the
appearance of the nonequilibrium part of the pressure (for example, for viscous media
with Brownian particles, this is taken into account by introducing the corresponding
coefficients of viscosity and a random Langevin source). In our case, viscosity in the
usual sense is absent, and the nonequilibrium part of the equation should be propor-
tional to the flows of charged particles, which also corresponds to the general concept
of pressure transfer through electromagnetic interaction, and also takes into account
the discreteness of the ionized medium (its atomic-molecular structure [2]). With this

sl
approach, the ionic component of the pressure tensor P, is similar to a Langevin
source. According to what has been said, we represent the nonequilibrium part of the
pressure in the form

A (vk . 7,,)7 @)
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where [1is the unit tensor, and for the equilibrium part we write out the standard
representation of this part of the pressure [12]

(3)

| e

<P) =p}16k6n+p1(5kn—eken>,e1:
ken

Spatial heterogeneity and concentration n are taken into account in the explicit

form of the flow 71-.
We represent the Gyarmati principle in the form [13],

5 J(ad —¥,))do =0 (4)
[6)

where 6, = Zj;zlj Xjand ¥, = %Zé,kzlekX iXk. The integral in (4) is taken over
the entire volume U occupied by the plasma. Since in a collisionless plasma there are
no chemical reactions and sources of death and production of particles, and the
interaction of currents leads to dissipative phenomena, then according to the general
principles of construction 6, and ¥, [7] we have for the positive plasma component

o =P, <V-V>, d—im,(V -])(V-V,) =3P, (v-v).
Considering o, and ¥, values and on the basis of (4), we obtain

o ed e o oo 1 [oi (o i
(&)

To calculate the integrand, we use the equation of balance of translational kinetic
energy [7]

vv

pi%i‘i‘v‘(l)z'v):pi(v'Fext>+P2:(V'V> (6)

2

i

i —
where Py is total pressure, determined by (1), F,,, is external and internal forces

ext
ol —
per mass unit, p; is ion component density. If we now express P, : <V -V ) in (5) on

the basis of (6), we obtain

1 (i av i i i
—§5JV pi%—i—Diz/P —miVV -] —pF
o o

ext

PR D R | i

i i i
where L; =1V <Pid,x +DivP —m;V'V -] —p,F

ext

) is Lagrange density, which
satisfy the general equation
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3
0
————— =0, 7
aV,, ; 0Xy 0 av,;/aX ) @

which is also valid for electronic component. Substituting the value L; into Eq. (7)
and performing differentiation, we obtain the equation of motion for the ionic

€«

component %

dV PR P }
e —DwP —l—plFm + 2m; <V V] ) (8)
where Div the operator denotes tensor divergence. Repeating the same procedure
for the plasma negative component, which is near the thermodynamic equilibrium
(T,~T; ), asimilar equation may be obtained for electronic ¢ component. Adding the

—€ 1 PR —€ —
obtained equation for electrons to (8) and consideringV ~V =V, F, ,~F,, = F.q,
and m, + m; = m;(1+ m,/m;) xm; = m, p; = m;n; = p we obtain the following equa-

tion of motion:

AV [e < m, d
o= _DivP 4 pF., +2mV|V.] +% = (n—m) 9)

PN e i eyl eyl — i

where P=P +P =P, +P;.In(9) V-] value is expressed through % (ne — m;),
considering the violation of quasi-neutrality and condition 1> > m, /m;.

Taking into account the structure of a physically infinitesimal element of the
medium, it must be remembered that it has linear dimensions of the order of the
Debye radius, within which the condition of quasineutrality, due to fluctuations, can
be violated. This is of fundamental importance, since it is the fluctuations that deter-
mine the character of the development of possible instabilities in the plasma. There-
fore, in the last expression, the partial derivative of the difference between the
concentrations of the electronic and ionic components is multiplied by a small value
(me/m;) = (m,/m).

Since in (9) the total flux is determined through the sum of fluxes of positively

charged particles 7,@ 71 = Zkﬁe, then after simple ones associated with calculating
the corresponding divergences in the drift approximation for fluxes [1, 16] (see
appendix), we have

7, = e%mt [% IE] div], =0, (10)

T, =mne E}:If} Jdiv], miui <E7m> miui (E;’gr), (11)

T = n 2 [, V0] s = 2 (), 12)

Tu= 2o [1,.VE4] ain] :%ﬁ(ﬁﬁ'm} _%ﬁ(f,ﬂyg), (13)
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Js=n 2 [k ] =2 [(5,) +e (7) + 4 (B5)] a9
Jo= B To -2 [(E7.) +2(Ff) ~2(E7,) ~2(Fu)]

(15)

77 = nVII?bdiV77 = %’/ﬁ (FM7H> + %1/%] (E]_H) (16)

Flows 72)3 arise due to electric and gradient drifts. Accounting for fluxes 74,6 is
associated with the interdependence of magnetic pressure and plasma pressure
observed in the quasi-hydrodynamic approximation, since the pressure of charged
particles in the absence of collisions is transferred by currents. In addition, the fluxes

J 4,6 also take into account thermal diffusion, which is associated with the temperature
gradient (p, ~ Ty andp, ~ T ). The flow J 5 is associated with centrifugal forces

due to the curvature of the lines of force, 77 - the flow of charged particles along the
line of force. Opposite the corresponding values of the fluxes, their divergences are
presented, in the derivation of which the invariance #/H and u (first adiabatic
invariant) with the accuracy of the drift approximation were taken into account and
the following designations were adopted [16]:

7g7 =1H [f[ , VH ] is gradient drift current; 7m = — % urot His magnetizing current $;

— 2 — — “—

j.= % [R,H} is centrifugal drift; F,, = —uVH is magnetic force;

— 2 — —

F.= %R = 2# V1 H is a force, affecting a charged particle in inhomogeneous
magnetic field (centrifugal). It is clear that in this case the divergence of the flow of

particles J; is equal to the divergence of the flow of leading centers, since in an
ionized medium the motion of non-interacting particles differs from the motion of

leading centers only by vortex terms, therefore diy71 = 0. In addition, in deriving
(10), the change in the average kinetic energy along the magnetic field line was
neglected. Let us consider the second term in square brackets of (9), associated with
the violation of the quasi-stationarity condition. Fluctuational charge separation in
plasma leads to the appearance of an alternating electric field, which is responsible for
the onset of polarization drift, which, in turn, leads to the formation of a drift

polarization current j ,. The magnitude of the drift current arising from the separa-

tion of charges is proportional to the rate of change in the electric field strength. This
allows us to consider it as a displacement current that occurs during the polarization of
dielectrics. Having carried out the appropriate calculations, and without limiting the
generality of the proposed approach, we consider a special case when an alternating
electric field is perpendicular to the magnetic field, we obtain (see Appendix)

0 4H? l?m?'p
e ) = — . 17
ot (ne = m:) (H? + 4nnmc?) emv] (17)

Substituting divergence values (9), calculated from the corresponding fluxes
(10-16), and expression (17) into the equation of motion (9), we obtain
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dv 1.5 = W ol = A Ao
%:—;DZVP+Fext+W—H[E(]gr_]m+y_%1]6+y_%1]11>+

ZHZ

2
vio [ o 1(—¢ ) .2V (H %) _

F T +2(F + F , €= (me/m;) < <1
evh ’"(]” i) e C]m] gn,uHH2+47mmc2 nip)® = (me/mi)

(18)

Since the derived equation uses macroscopic quantities #, ﬁ, E, H R V as the main
parameters, there is no need for additional assumptions about the form of the distri-
bution function associated with the termination of the chain of moments and the
transition to hydrodynamic equations from the Vlasov kinetic equation. However, the
most important thing in Eq. (18) is that it takes into account small dissipative and
fluctuation processes arising due to the interaction of drift currents with inhomoge-
neous electric and magnetic fields. The reason for the smallness of the fluctuations
taken into account in (18) is the condition of applicability of the leading center
approximation and is a consequence of the perturbation theory, which is valid up to
the constancy of the first adiabatic invariant (4 = const)and therefore allows the
parameters to vary within this accuracy. At the same time, it is known that fluctua-
tions in plasma are responsible for the appearance of local currents, which are deter-
mined by space-time inhomogeneities in the distribution of the field and plasma. In
turn, the interaction of these currents with forces, also associated with inhomogenei-
ties in the spatial distribution of magnetic and electric fields, determines the further
development of the resulting fluctuations, as well as the nature of the possible
instability.

Eq. (18) under the assumption of quasineutrality (#, = 7;) and infinite conductiv-
ity along the field line is greatly simplified (E; = 0). In addition, if we consider a
closed axially symmetric system, then the inhomogeneity in the plasma distribution
along the drift trajectory may be absent and the current intensity j,; proportional to
this inhomogeneity tends to zero. Finally, instead of (18), we obtain a simplified, but
not changing the physical essence, equation

_2<Fm]€)+_<FC]m> :;leP+ngt+fdiS<F’]>

(19)

AV 1 o o 2V
e _ZDiP+F,, +
di P wP + t+n,uH

Egs. (18) and (19) differ from generally used equations of motion by the third term
in the right part, which describes dissipative interaction of drift currents with

¢E, F,,, F., forces. This additional part evidently take into account magnetization of
physically infinitesimal element of a continuum, since besides the dependence on drift

current Fgr, 7 o 711 and 7m’ it is proportional to 1/u. We should note, that in the case
with axial-symmetrical plasma system, currents ?m and ? . constantly flow in it.
Nevertheless, they do not break freezing-in, as 7m and 7'C are directed along the
azimuth and F,, ch, Elfm. At the same time the appearance of fluctuations may
cause azimuthal inhomogeneity and, consequently, coincidence of F,, and ;C, F. and

,ITI} force in the Egs. (18) and (19) is expressed

— — |:<—

J ,,» components. Moreover, Fey ~ |j
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through drift current explicit values, not through rotH, which is within the framework
of general conception of this chapter: consideration of current corpuscular structure.

4. Dissipative system of equations in the approximation of two adiabatic
invariants of Chu, Goldberger, Low in the drift approximation.

In order to obtain a complete system of hydrodynamic equations in the drift
approximation, it is necessary to add Maxwell’s equations to the equation of motion
(19), and to close the system, add two equations of state for the parallel p;; and
perpendicular p, components of the pressure tensor, as is done in the approximation
of two adiabatic invariants of the ChGL [14]. If one equation for is a consequence of
the applicability of the drift approximation and corresponds to the constancy of the
first adiabatic invariant (du/dt) = 0, then the second equation can be obtained on the
basis of the energy conservation law in the drift approximation [17]

%ze(g-ﬁd,)—i—,u%, (20)

where e = g + &, = (mvf;/2) + (m1? /2) is particle mean energy, Uy, is drift
velocity. From (20) we obtain

%:€<E-Edr)+ﬂ%_%:€<i'ﬁdr)_Iu(ﬁdV'§>H‘ (21)

Since

d(ngH) = €& ‘ﬁ + n @

dt dt dt

and p;; = 2ney, p, =ne; andn = —ndiyﬁdr are valid, than from (20,21) and the
latest expression we obtain

% = 2ne (E ~ ﬁﬂ) - ZZ—l <ﬁdr : §>H _Plldi”EdV

or

% —i—pHdiyfl'dr = 2ne (E - Ed7> - 2}% (5011’ : §)H (22)

Relation (22) is a substantial balance equation in the drift approximation for the
pressure tensor component p; with a nonzero right-hand side (the presence of a
source). We multiply the left-hand side of (22) by H?/p? and, taking into account that

pdiyf]dr = —(dp/dt), we obtain after transformations
H (dpy _pydp\ _Hdpy pyH* d (1\ _Hdpy  d (H\ d (p,H
pd\dt pdt) p dt P2 dt\p) p3 dt P g p3) dt\ p3 )’
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Now, after multiplying the right part (22) by (H?/p?), we equate this product to
the latest equation. Finally, we obtain

6% (1”1;?2> IZZ [2ne<E Uar) - 2% (Uar - %)H} (23)

The condition

d(p\ _
400 o

equivalent to the condition of the first adiabatic invariant conservation, (since
v} ~p, /p, where v, is a perpendicular component of particle mean velocity), together
with (23) are two condition equations for the parallel p;,; and p, perpendicular
components of pressure tensor, which close the dissipative system of equations in
drift approximation.

Now, the first part of (23) is under analysis. Since we consider plasma systems in axial-
symmetrical magnetic fields with potential electric field equal to zero, than in the station-

ary case E = 0, (f]d, . %)H ~ U,(0H/0p) = 0 and the right part (23) identically vanish.

In variable fields, in our case (E Udr> =E,U,, since for electric field E, = — % % and

- -~ OH _UgH _ UgH
(U‘” )H ~UrGR = R, R k,

where k is a coefficient of proportionality between field line curvature radius R,,
and guiding center radius-vector R [18, 19], Ur = ¢(E/H) is electric drift velocity. In
the result, for the right part of (23) we obtain

H? e u-k
2—n-U,- -n — .
pan U, UR<Cn R-Uq,>

According to the results of the papers [18, 19], we have

(pJ_ PH)

RU, ¢ IJH B
ke ca)L enH

and, finally, for (23)) we may write

d (p,H* p H?\ 21U,
—< ) = — - L. eE,, (25)
ar \ p P Py TPy

The total equation system of two adiabatic invariant approximations, considering

f 4 in the approximation of ideal conductivity E,, ~ {V, H } , is written as follows:

= —%(n‘?), 6% (%) =0,

— — — 1 —
—rot|V,H|,E, =V, H],
c

E:—%DZVP_‘_FEXZ’—‘I_fdm(F’])’

(26)
i <P11H2> _ <PHH2) ~ 2nU, . ¢E

3 )= 3 >
dt\ p p Py tPn

ST,

11
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where - (P),,, =pyexen +p, (5kn - ?k?n>afext =i {—PiﬂH + (Pu _pJ_)%J-H}’
o = 2 [y (V1 [RiH]) —py (it -9.11)]
Let us multiply the first equation in the system (26) scalarly by V

(7:40) - 2 -+ (7-2) (770 5)

nm

Since we are interested in the influence of the dissipative term on the character of

motion of a plasma element with macroscopic velocity V, let us assume for simplicity
that the scalar product of the first two terms is early to zero, then, given the explicit

form f ;. , we obtain

= 2 [ (S [R.H]) —py(ori 511

The last expression shows that in the case of fluctuations, azimuthal inhomogene-
ity may appear and, as a consequence, to the coincidence of the direction of the

components F,, and 7’6, and ;m (see (19) and explanations to it), then, depending on
the sign of the term in square brackets, the energy of the plasma element will increase
or change.

5. Conclusions

The right parts of the functions F.,; and f ,, are expressed through drift current
explicit values separating the components of pressure tensor p, and p,;. In the system

—  —

(26) the unknown values are p |, p;;, H, E,, n and V.

Obtaining theoretical models describing the motion of continuous systems is an
important branch of continuum mechanics. The construction of these models is based
both on the use of experimental data and on the application of the well-known
principles of mechanics, thermodynamics, physics, and they are based on the search
for additional relationships between the parameters describing the state of the con-
sidered continuous medium. It is known that the basic equations of mechanics, elec-
trodynamics, hydrodynamics, and so on are derived on the basis of the variational
Lagrange equation. The corresponding analysis shows that with the help of variational
principles it is possible to construct any physical models describing both reversible
and non-reversible processes. Therefore, the application of the principles of Prigogine
and Onsager, combined by Gyarmati, to obtain the equation of motion of a magne-
tized plasma at the hydrodynamic level of description seems to be quite promising.
And here the following should be noted.

In the hydrodynamic approximation, fluctuations are not taken into account, since
in continuum mechanics it is assumed to be continuous. The Navier-Stokes equation,
in contrast to the Euler equation, already takes into account dissipative phenomena,
but does not contain fluctuation interactions (without additional assumptions about
the form of the stress tensor that takes into account the molecular structure), which
describe Brownian motion. Relying on the concept of continuity, as already noted, it is

12
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impossible in the mechanics of continuous media to take into account the fluctuations
of the hydrodynamic functions formed due to the molecular structure of the medium.
At this level of description, taking into account the atomic-molecular structure leads
to the Langevin equation, in which the parameters of the medium are described by

random sources. These sources are responsible for fluctuations p, V,T and being
unavoidable properties of the medium, cannot be excluded. Therefore, postulating
Langevin sources in hydrodynamics brings the corresponding equations as close as
possible to describing the behavior of a real medium.

In turn, the possibility of taking into account the structure of a physically infini-
tesimal plasma element in this work was achieved, on the one hand, by using the
variational methods of Prigogine and Onsager, combined by Gyarmati, and making it
possible to obtain a completely self-consistent equation with the accuracy of the
chosen drift approximation. On the other hand, this approximation, being single-
particle, initially takes into account the discreteness of the considered ionized medium
(“atomic-molecular” structure). In addition, it admits small perturbations within the
limits of its accuracy, that is, within the limits of the constancy of the first adiabatic
invariant p.

1.The application of the methods of nonequilibrium thermodynamics based on the
combined principles of Prigogine and Onsager for the description in the linear
approximation of transport processes in a collisionless plasma and taking into
account the structure of a physically infinitesimal element of the medium
(¢ ~ Ap ) makes it possible to obtain the equation of motion of an electron-ion
plasma in the drift approximation. This equation takes into account fluctuation-
dissipative processes, which are determined by the interaction of local drift
currents and forces. The expediency of an approach in which the influence of
local currents is taken into account in describing the behavior of a
nonequilibrium plasma was noted in [20]. The resulting fluctuations lead to the
formation of spatial inhomogeneities in the distribution of the field and plasma
and to the coincidence of the components of the current and forces and “turn on”
the dissipative source, which determines the further development of possible
instabilities.

2.The transition from an arbitrary to an axially symmetric magnetic system greatly
simplifies the equation of motion, but retains the basis associated with taking
into account the structure of a physically infinitesimal element. This is
fundamental in comparison with the usual nondissipative Euler equation, which
is used in a one-fluid hydrodynamic system of equations and in the system of
equations of two adiabatic invariants of Chu, Goldberger, and Low.

3.The possibility of kinetic foundation of the postulated in the paper random
source in pressure nonequilibrium part appears, when small scale initial
correlations, which are superimposed for derivation of Landau and Vlasov
equations, partially decreasing.

4.The obtained equation of motion can be used when taking into account the
scattering of charged particles by electromagnetic fluctuations. This determines an
additional mechanism for the regularization of particle motion in a magnetized
plasma, which automatically implies a revision of the scale associated with the path
length determined by the Coulomb collision, since it may turn out to be much

13
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larger than the distance between collisions on fluctuations. For example, in the
problem of plasma flow around the solar wind of the Earth’s magnetosphere, the
characteristic size of the latter is much less than the mean free path corresponding
to Coulomb collisions. This, proceeding from rigorous considerations, indicates the
inadmissibility of using the hydrodynamic approximation to describe the
processes in this problem. However, the experimental data are in good agreement
with the results that follow for this problem from the solution of hydrodynamic
equations, which indicates the presence of an effective particle scattering
mechanism, which leads to a significant decrease in the mean free path in
comparison with Coulomb collisions [12].

Abbreviations

SEIRIVSIEE AN oS
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the period of Larmor’s rotation

scale, characterizing a physically small “point” of a solid medium
plasma parameter

particle concentration

Debye radius

magnetic field strength

macroscopic average plasma velocity

pressure tensor
current density

Larmor’s ion radius
Larmor’s electron radius
lagrangian

frequency

Larmor frequency of the ion
plasma ion frequency
characteristic time

number of particles in volumelje

thermal velocity of the particle

entropy production function

fluxes corresponding to the observed transfer processes
thermodynamic forces

scattering potentials

scattering potentials

Onsager’s reciprocity coefficient

inverse Onsager reciprocity coefficient

volume

nonequilibrium part of the pressure tensor

equilibrium part of the pressure tensor of the ionic and electron com-
ponents

nonequilibrium part of the pressure tensor of the ion and electron
components

total pressure for the electron and ion component
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mass of an ion or electron
unit tensor

macroscopic velocity of the ion and electron components

parallel and perpendicular pressure components
unit vectors

unit vectors

a unit vector pointing along the field

density of the ion and electron components of the plasma
external force acting on electrons and ions

temperature of the ion and electron plasma components
average velocity of the ionic and electronic components

perpendicular and parallel components of the particle velocity
magnetizing current

gradient drift current

radius-vector of the particle
magnetic force

centripetal force

centripetal current

parallel current

magnetic moment magnetic moment
polarizing current

particle energy

drift velocity

azimuthal component of the electric field

azimuthal drift velocity

coefficient of proportionality between the radius of curvature of the
force line and the radius vector

radius of curvature of the force line

radial drift velocity

dissipative force

order of smallness
azimuthal component of the vector potential

Let us calculate the divergences from each of the fluxes J, — J;, whose explicit form
is represented by expressions (10a)-(10g) (div/; = 0). In the preconversion process
we will take into account the invariance of #/H and the first adiabatic invariant
/mu = (mv? /2H), as well as the corresponding preconversion of the divergence from
the vector product div[A, B] = (B - rotA)(A - rotB).

15
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For the flow divergence J, we obtain

di1172 =div | nc [E’H}

o | = o[£ H) + [B, Hdin (25) =~ 25 (5o -
(BT E) =2 (E7,) - e[ n] = 2 (55, - .2 (B5,.),
(27)
where
=~ ot jy, = " [, 9]

Let’s calculate the divergence from the J; flow.

2 2 — — — 2
div]; = div <n L 1, VH]| ) n"=%div|H,VH| + |H,VH| Vn % —
2 2eH 2eH

P = mert = 1

ST VHrotH ~ |H, VH|n n V= (28)
(?m§>H 2

= +

e V8] = (F)
H,VH| = F ,
eH " 2eH" mer2 "™ m

The final result in formulas (27) and (28) correspond to formulas (11) and (13)
where l?m = —,u%H.

Similarly, transform the divergences from the fluxes J, — J;, we obtain

Wi ) () e
B T T S
div] ¢ = _m:yi (7”’%}%) m:y (Igr‘_l”H)’ (31)

div77 = —% (ﬁ%m) = <<e_1§1/11) (32)

In (29)-(32) it is necessary to transform the gradient terms from and. To do this,
we use the invariance of (p, /n), (p;;/n) and vy;. Since

Then

(33)
16
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and

(7gf1” L) —_ (]*gyﬁm). (34)

In a stationary magnetic field it is true with the accuracy of the drift approximation [21]

%_%(‘E61> +?dl1)61. (35)
Assume that the first term in (35) is zero (the electric field is perpendicular to the
magnetic field). Convert the second term in (35)

2o UZ,H Vo e 1 e U (= 1/«
%dwel = %dwﬁ = %dsz — ELz (HVH) == (€1VH> = (elFm).
Given this transformation (35) will take the form

dl/H . 1/ <

In addition, for the constant magnetic field in the drift approximation it is true

dvn 01/11
dr ot

(UV) VIJH = <Z/H?1 + Ed;,_) <61/]] U (?1%1/[[) . (37)

By equating (36) and (37), we obtain

— = 1 — =

eV = — <€1Fm)- (38)
m

Let’s write the gradient from

v(t

— ) —
. ) = Vmuvy = 2muygVuy,

whence, taking into account, we have

o VL = 2(Ej . ) +2(Fnjy ) (39)
jon VL =2 (], ) +2(Funj ) (40)
je VB =2(Ej, ) +2(Fnj.), (41)
(?1§I/H> = le/H (Ea) + %, (42)

17
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By substituting the values of (33), (34), (39)-(42), into (29)-(32), we obtain the
expressions (13), (14), (15) and (16) presented in Section 3, respectively.

If a time-varying electric field acts in the plasma, the crossed E, H fields produce
an acceleration of electric drift

. . . = o
creating an inertial force Fi,,, = —m v .

In the drift approximation, the electric field E and its rate of change are limited by
(cE/H)< <V and (0E/ot < <E/Ty) (T, is the period of Larmor’s rotation).
The force (43) causes drift with speed

vp=—=E (44)

(45)

In (44) and (45) we took into account the equality to zero of the scalar product
<E . ?1). According to (45) we have

0E H? -
—_— = . 46
ot nmcsz (46)
Since
1 . <
(ne —m;) = 4—ﬂ€d1v E,
then
P 1 . 0E
&(ﬂe — 7’1,‘) = Edlvg. (47)

Substituting the values of from (46) into (47), we obtain

o A’ Jp

one—m)) 1 . [H* <
nmc? '

Calculating the divergence from the expression in square brackets of the last
expression gives

H? o H? 1 /= <
H s ____________(. 7 )_
Jp mnemc* mv3 J pEim

(48)

In the derivation of (48) the spatial derivatives of E were neglected with the

accuracy of the drift approximation. Let us now calculate the value of divj ;. To do
this, we substitute in Maxwell’s equation

18
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value of the current j , from (45) and after simple transformations we obtain

x —

VOIE =—E,
c
where 2 =1+ 4”1’3—’{’”2 [16]. From which we get

aE c
— = ZyotH. 49
prL (49)

Substituting the value of the derivative according to (49) and (45), we obtain

- nmc?

- oH. 50
Jp (H? + 47nmc?) " (50)

Let’s calculate the divergence from the right and left parts of (50), we get

div = — (o Fon): (51)

2
mu{

After substituting in (48) the value of, according to (51), we finally obtain expres-
sion (17) for the derivative of the concentration difference (n, — #;) given in Section 3,

4H? (] pF m)
H? + 4zanmc?)  emv?
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