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In paper (1), the convective instability of plasma, i.e., instability arising as a
consequence of spatial inhomogeneity of the parameters characterizing it, was
considered on the basis of kinetic equations without taking into account colli-
sions between particles (?). Such an approach is quite satisfactory in the study
of a rarefied plasma; however, the equations obtained in this way are very com-
plicated. In the present work we shall consider the same problem as in (1),
proceeding from the simpler hydrodynamic equations. In solving the equations
we shall restrict ourselves to studying the behavior of small-scale perturbations,
without taking boundary conditions into account, which is justified in the inves-
tigation of convective instability.

Let us first consider, as an example, the simple case of an infinitely conducting
fluid described by the equations of magnetic hydrodynamics

2

ou H
'O{E + (uV)U} =-V <p+ &T) + 18,

Op

dp
o5+

— + (uV)p + pdivu =0,

By (uV)p + ypdivu = 0, (1)

68—1;1 =rot[uH] = —(uV)H — Hdivu.

Everywhere we shall assume that the fluid is homogeneous along the magnetic
field H, g 1 H (g is the acceleration due to gravity), and the magnetic field is not
curved. We shall investigate stability in the linear approximation, considering
the perturbations to be small in comparison with the stationary values of the
quantities, for example, p = p, + p’, p’ K py. If the solution of the linearized
system of equations grows without bound, the plasma is regarded as unstable.
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Consider such a stationary state in which u = 0 and, consequently,

H2
\4 (po + 872) = Po8- (2)

The equations for the perturbations, if one introduces the displacement vector
& such that u = 9¢/0t, then reduce to the equation

9% - H? H2 . . .
PoaTE =V {(EV) (po + 872) +7 (po + 47;)7> din}—g{(fV)Po + po diV€}~
(3)

We shall now assume that the length A on which the perturbations change
appreciably is much smaller than the length L on which the stationary quantities
change appreciably (A « L). Then the gradients of the stationary quantities
may be considered small, proportional to the small parameter y = \/L.

If in equation (3) the gradients of the stationary quantities are neglected (by
virtue of (2), g ~ u), we obtain an equation describing the propagation

sound waves in a direction perpendicular to the magnetic field, with velocity
Coy = \/ Y(po + HE /477y)/po- Let us now consider slow processes, assuming that
d/dt ~ p. Discarding in (3) quantities ~ y, we obtain div€ ~ p =~ 0. In the
next approximation we find

(EV)(po + H /87)

divg =— .
Y(po + Hg [4my)

Now applying the operation rot twice to both sides of equation (3), and using
the fact that the motion is approximately vortical, div& ~ pu, for the quantity
X = (g€) we shall have the equation

0 Lo

__ = 0%  12Ay — (gV)2 4
52 DX p0+Hg/87r{g x — (8V)*x}, (4)
where Q = dlnp,/0In(p, + HZ/87) — (py + HE/87)/v(py + Hi/4my). The
stationary quantities in deriving (4) we did not differentiate, since this would
correspond to taking into account terms ~ u3.

It remains to solve equation (4). We shall seek a solution in the form x =
aexp(iS + iwt), where a, w, and k = VS are slowly varying functions over the
wavelength determined by the wave vector k (Jk] ~ 1/A). If Imw < 0, the
superposition of such solutions determines, as t — oo, the evolution of an initial
small-scale perturbation x, = > a,, expiS,, + const, expanded in a complete
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orthonormal system of functions expS,,. In this case the frequency w is a pole
of the Laplace transform of the function x. From (4) we obtain

w? = ((k* — k3)/k) (pog?®/ (po + H§ /87)) Q. ()

where £k is the component of k perpendicular to g.

Thus, the condition @ > 0 is the condition of convective stability for the system
described by equations (1). We note that the stability condition does not include
the vector k, which characterizes the shape and dimensions of the perturbation.
For H, = 0 this condition becomes the usual condition for convective stability
of a gas of uncharged particles (see (%), p. 22).

It follows from (5) that convection is due to the force of gravity, since for g = 0,
w? = 0. However, cases may occur (gas discharge) when the force of gravity can
be neglected and the equilibrium condition has the form

V(p, + HZ/87) = 0, (6)

Let us consider the more complicated case of a two-component system in the
adiabatic approximation (without taking heat fluxes into account) and show, by
the same method as above, that such a system will be unstable even in the ab-
sence of the force of gravity. Under the previous assumptions for perturbations
we obtain the system of equations

Ju dv H,H’ .,
Mno(%+mnoclt:—v< + 4O7r ) +e(n, —n))E,,
Ou , n; 1

M”oa =—Vp; + sz‘onfo +eng (E + E[UHO]> ;
on’ op;
(,Z’ + (uV)ngy + nydivu =0, azj; + (uV)p;o + Yo divu = 0,
dng : dp;, .
7 + (vV)ng + nydivv =0, It + (VV)Deo + V0o divv =0, (7)

where u is the ion velocity; v is the electron velocity; p = p; + p.; Dig = Peo =
po/2; d/dt = 0/0t + (voV); vy = —(c/enyHZ)[H,Vp,] is the velocity of the
electrons in the stationary state.

The fields E and H are determined by Maxwell’ s equations

H
a@—t =—crotE’, divE’ = 4mwe(n; —nl). (8)
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We shall solve the system of equations (7), (8) by the method of expansion in
the small parameter p, assuming 9/0t and d/dt ~ p. Neglecting, in equations
(7), the gradients of stationary quantities, we obtain the relations

H H 1
9)
With the aid of (8), the second of equations (9) can be written in the form

n} —n, = Ap}/dme*n, — (Hyrot u)/4mec. (10)

Let us estimate the order of the terms standing on the right-hand side of this
equation: Ap!/dwe®ng, ~ k?p;/dme®ng ~ (T k?/4me*ng)n; ~ (kd)*n;, where
d = Ty/4me?n, is the Debye length, T}, is the temperature in energy units. An
analogous estimate holds for the second term. We shall assume that the wave-
length characterizing the dimensions of the perturbation is much greater than
d (kd < 1). In this approximation the plasma may be regarded as quasineutral,
and instead of (9) we shall have

~

n, ~n; =n, p~—HH")/4m, u—v~—(c/dmeny)rot H'.  (11)

Using relations (11), and substituting E from the second equation (7) into the
first equation (8), it is not difficult to reduce equations (7)—(8) to the system

Ox  mdx _m dp daon , Q Q) _
ot = e Rga g (1-5) evin=0.(2)

where y = (uVpy), n = dp/ot + x, @ = dnpyn,” /01Inpy, and K = dryp,/HE.

The system of equations (12) describes motions of two types. Indeed, suppose,
as is often the case, that the mass of the negative ions is much less than the
mass of the positive ones (m/M <« 1). Then, dropping in the first equation the
terms ~ m/M, we obtain x =~ 0, n =~ dp/dt. The equation for the frequency
w, obtained from the second equation (12), has a solution with imaginary part
equal to zero. Thus, this root does not lead to instability.

Let us now suppose that 9/0t ~ \/m/M; then from equations (12) we shall
have n ~ 0, x ~ —9dp/dt, and

Pp m
T o = M(VOV)QP- (13)
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Solving this equation, we obtain

2= _ 2 (ky,)? 14
e LF (14
i.e., the system described by equations (7) will be unstable if only in the sta-
tionary state there is a current j, = —engvy.

Finally, let us take into account the influence of heat fluxes on processes of
the convective type. The hydrodynamic equations for a two-component plasma
were obtained in work (4). Assuming that the Larmor frequency wy = eH /mc
is much greater than the collision frequency, in the first nonvanishing approxi-

-for the heat flux q (the terms divq’ will additionally enter the equations for
p’ in (7)) we obtain from the work formula (4)

cp p
a=7— [HVE], (15)
where v = 5/3. We shall omit, where possible, the index distinguishing the
plasma components. If one starts from the Boltzmann equation without taking
collisions into account, solving it by expansion in powers of 1/H (5-7), and takes
the Maxwellian distribution as the zeroth approximation, then for q one also
obtains expression (15), in which v =2 and p — p,, where p, —the component
of the pressure tensor P perpendicular to the magnetic field—is determined by
the equation

9,

5 + (uV)p, +vp, divu+divg = 0. (16)

For the velocity u, the equation is

mn (g—ltl + (uV)u) = —divP + en, (E + %[uH]) . (17)

The off-diagonal elements of the pressure tensor will be ~ 1/H?. Discarding
terms ~ 1/H?, from (17) we shall have

u = (c/enH*)[HVp ] + (¢/H?)[EH]. (18)

Now we can linearize equations (15)—(18) and solve them by means of an expan-
sion in the small parameter u = A/L. Discarding terms ~ p, we again arrive
at relations (11) (p — p, ). Using them, instead of the second equation (12) we
shall have (the notation is the same)

00dn 1 n? 212Q
— 1 - R — 2 = 1
ot Ot + 4 5 + Y1+ ») (VoV)"n =0, (19)
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whence for the quantity w we obtain

w= 3 (evg) {—1 : \/ (/) (1= ff%)} . (20)

Thus, owing to the drift heat fluxes (15), an instability is possible that was
absent in the preceding case. The stability condition obviously has the form
(Q=1—~v+~90InT,/0lnp,)

0InT, 1 (n—1)
O0lnp, 2y

(21)

If, taking into account terms ~ 1/H?, it turns out that rotrotdivP = 0, then
the roots (14) will also be obtained, since in this case (9/dt ~ y/m/M) and
from (19) again x = —0p/0t.

A shortcoming of the approach set forth here to the investigation of stability, if
the plasma is highly rarefied, is that in obtaining relation (15) the Maxwellian
distribution was taken as the zeroth approximation in 1/H. More rigorously,
on the basis of kinetic equations without allowance for collisions, the convective
stability of a rarefied plasma was studied in work (1).

In conclusion I express my deep gratitude to N. N. Bogolyubov for his attention
to the work.
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