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The uniqueness theorem is proved for the solutions of the hydrodynamic equations for an in-
compressible strongly conducting ideal liquid. Walen’s exact solution for the case in which
gravitational and capillary forces act on the liquid is shown to be valid. Relations for the sta-
bility conditions, penetration depth etc. are derived for potential and vortex harmonic waves.
In the case of potential motion of the liquid the current density in the surface layer is found to
be exactly zero. '

MAGNETOHYDRODYNAMIC waves are described by the system of equations
pdvjdt = —V (p+ U) +-jxB/¢;  cwlH=4xj/c, 0p/dt + div(pv) = 0; cwrlE= —06B/cdt; E 4 vxB/c=0, (1)
where U is the potential associated with the forces of non-electromagnetic origin, where
H = Hy + h. (2)

It will be assumed that the field H; is uniform and known and that the liquid is incompressible; these as-
sumptions are justified under the conditions of the present problem. Using the system of equations given
in (1) and taking

1 1 o
o= ExH; W= (cE*+pH?), Ti= - {(E*+ pH?)2u— cE:E,— pHill},

it is possible to find the non-relativistic equations for conservation of momentum and energy in a volume
T bounded by a surface S:

“dt {X (pv, _> dT} = @ (0v;0n 4 POir + Tin) mudS; (3)

W) = § (s ) ms— Fa g

If we are given the quantities:

Up == Uiy, P, Et (Or Ht) (5)
4
on the surface S and the velocity and directions of the fields are given as functions of the coordinates in-

side the volume 7 at time t = 0:
v=v(xz), E=E(xy), H=H (xs), (6)
and if the condition of incompressibility is satisfied
divv=0 (7)

the system of equations in (1) has a unique solution which satisfies the initial conditions and the boundary
conditions (5) and (6), provided u, €, and o are independent of the coordinates and time. The proof, as in
electrodynamics, is based on the fact that the differences of the solutions v/, E’, H’ and v”, E”and H”,
which satisfy Egs. (5) and (6), are also solutions of the equations in (1), where the continuity equation is
taken in the form given in Eq. (7), and the fact that the total energy cannot increase.

To calculate the effects of gravitational and capillary forces, acting on the surface of the liquid S, on
the propogation of the magnetohydrodynamic waves, we can use as boundary conditions the equations which
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describe the discontinuities in the physical quantities at the interface between two media; these relations
are derived from Maxwell’s equations, the theory of capillary action and the conservation laws

[Ed =0; [HA=0; [¢Einil =0; [pHini] =05 (8)
[(evivr + pdir + Tir) ] = — = [{(Yopv® + p)vi+ 03 0] =0, (9)

where the square brackets denote the differences in the values of the quantities associated with the second
medium and first medium (the given liquid) and

==« (1/Ry + 1/R,) (10)

is the Laplace pressure,
The surface which divides the two media will be assumed to be approximately the same as the surface

So (x1) =0, (11)

which corresponds to the equilibrium configuration of the liquid. We assume that the quantities which ap-
pear in the boundary conditions (8) and (9) are given at this surface; because of Eq. (11) these are equiv-
alent to the condition given in (5). Applying the initial conditions in the region which is filled by the lig-
uid and bounded by the surface given by (11), we have a complete formulation of the problem, which has

a unique solution.
As is well known, Walen? has given an exact solution for Eq. (1) in the case of an incompressible lig-

uid:
v==1h)p/drp; E=% h X H, )V winp; (12)

p+ou+ 4 (Ho+ h)® + ¢ (1) =0, (13)
where the vector h satisfies the equation
(HoV) h = (4wp/p)"* O/ot, (14)

and ¥ (t) is an arbitrary function of time.

We now show that there are exact Walen solutions which satisfy the boundary conditions in (8) and (9)
thus constituting a solution of the problem stated above. The only quantity assumed given is the pressure
p” in medium 2, which is assumed to be a rarefied gas or even a vacuum. In this case it is sufficient to
use only one of the relations in (9); this relation assumes the form:

[P + pv? 4 817? (E® + sz)] = —m.

To make the problem somewhat more concrete we also assume that both media are in a fixed gravitational
field

U =gz, (15)
where the medium fills the half space along the negative z-axis. Then, in view of Eq. (12), assuming that
S" — P’” — 1’ 8, =, P” — p, pI/vI/2 — 0'

the preceding relation can be rewritten in the form
P L —H)® 4 o {(e— 1) [EZ + Ef — <EP+ (p— D HZ + Hy — pH71} = — @ (0%2/0x* 4+ 0%2/3y*).  (16)

At z = 0 this equation must be compatible with Eq. (1). Hence the boundary condition for the solution in
the form given in (12) — (14 ) can be obtained by differentiating (16 ) and (13) with respect to time and
eliminating dp’/dt (dp”/dt is taken as zero). We find

2B —H) e — DB — (4 DEA - DI — ok A — e T

o [o%h, 92K,
iaVﬁ5<azi+5—lJ{>+<P(t)=0» (17)

where, as before, ¢ (t) is an arbitrary function of t. The Walen solution for gravitational-capillary and
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magnetohydrodynamic waves which is of interest to us can be obtained in the following manner. We have
the solution of Eq. (7) in the form:

v =curla, (18)

or
V= grad . (19 )
Then h, being determined by the first of the equations in (12), vautomatically satisfies (14). Furthermore,
h, and thus v, must be chosen to satisfy the boundary condition in (17) in the plane z = 0. The solution
in (18) and the h which corresponds to it satisfy (7) and (14) with the choice of any three functions of the
coordinates and time aj; for the condition in (17), however, we require any two functions of the three aj.

The solution for v and h in the form (19) reduces to the search for h (or v) from the Laplace equa-
tions

Ay =0, (20)
which satisfy the boundary condition in (17) when the following substitution is made:
h = grad 1. (21)

In all cases —for vortex and potential gravitational-capillary and magnetohydrodynamic waves — the ve-
locity in the direction of the fixed external magnetic field H, has the usual value

u = £ H, V/ pfdmg. (22)
It should be noted, however, that in potential waves, as defined by (19) and (21), up to and including the
dividing surface between the two media we have
j=0, (23)
this result contradicts the conclusions reached in Ref. 3, in which the boundary conditions j # 0 and even
j = « have been assumed without justification.

We now consider some simple cases: these correspond to the linear approximation and to fields which
are perpendicular and parallel to the surface of the liquid:

Hz=H,+0;, HY=H}=0; (1)

HY=H,=+0; HS=H}=0. (1)
Furthermore, for simplicity we assume

e—1=0, p—1=0. (24)

First, we consider the potential waves (19) and (21). We have

) IV, a2y
57(7(”0" 5;;) 1= Hon 0x;0x,"

On the other hand,

0\ oy 0%y

i) o, = o By

thus, (HyV)h = V(Hgh). In accordance with these relations and (14), Eq. (13) can be transformed as fol-
lows:

F) N
et (ptge)+i =0, (25)

where f(t) is an arbitrary function of the time which may be taken equal to zero. In the linear approxima-
tion, using Eqgs. (16) and (25), differentiating with respect to time and eliminating 9p’/dt, we have in the
plane z =0

0%’ do’ a 0 (3% | O%’\
W+g“a?"‘?7<7972 a_yf>‘“0' (26)
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This boundary condition is in complete agreement with the boundary condition for gravitational-capillary

waves.
We consider the solution of (7) in the form

o= ,‘?Oei(wt—kr). (27)

Substituting this expression for ¢ in (7) and (26) we find

B4 kS + k=0, (28)
o = — ik, [g + (#fp) (% + )], (29)

from which it is apparent that k, must be an imaginary number, with
iky=—k=—VE+ k, (30)

where k is a real positive number and kyx and ky are also real.
From Egs. (14) and (29), we have in cases (I) and (II):

0 = — byt = — iku, (31.1)
© = — k. (31.I1)

Thus, in case I a stable wave of the form given in (27) cannot exist. In case II such a wave is possible. It
is localized in a layer of thickness d = 1/k and has the velocity of the usual magnetohydrodynamic wave,
given by (22), in the direction of the z-axis, which is perpendicular to the surface of the liquid.

From Eqgs. (29), (30) and (31.I1) we obtain the equation for the damping factor

kiut = k(g + ak2p). (32)
If ky =k,
k= (pu?/20)(1 £ V1T — dag/u'p). (33)
Whence, from Eq. (22) it is also obvious that the stability condition for waves of this type is:
H§ > 64x2agp. (34)

In mercury, for example, the smallest magnetic field for which this type of magnetohydrodynamic po-
tential wave ispossibleis Hyy, = 246.2 gauss. When Hj > Hyp, the thickness of the surface layer is given
by the formula

d = ofpu?. (35)

In the long-wave case
a= uz/g. (36 )

In mercury with Hy = 104 gauss, i.e., with a field approximately 100 times larger than the minimum value
Hypp, we have d ~ 1072 ¢m from Eq. (35) and d ~ 103 ¢cm from Eq. (36).

Thus, the strongest effect on the concentration of the potential magnetohydrodynamic waves in the sur-
face layer is that due to the capillary forces. However, when these forces are present the thickness of the
surface-wave layer, in general, is smaller than for the skin effect; moreover, the current density is ex-
actly zero for the potential surface waves, in contrast to the skin effect and in contradiction with the state-
ments of Ref. 3. In the case of vortex waves (18), in the linear approximation using (I), (II), and (24)
the boundary condition in (17) assumes the form

oh, g .. a (6211; a2h;>

a t ot~ + o) (17.1)
ohy g, a (62/1; 0%h,,\

o tah— ol o) (17.01)

We consider a solution in the form

»

h

1 .
— — — 4. pi(wt—hr)
v—iVﬁ:curla_iV/;?p' a=age , (37)
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which is known to satisfy Eq. (1) and the condition given in (7). In cases (I) and (II) we have

o=i|(£+2) 05+ 8) | = —uk, (38.1)

u
ky=0; ky=ik,= k<0, m=%<g+%k2>=—ukx. (38.11)

In case I we do not obtain stable waves of the form given in (37). In case II we obtain a wave which de-
cays in the z-direction and which is characterized by a penetration depth

d=—1/k=(ou?/2a)(l & V1 —4dag/pub). (39)

Thus, the vortex magnetohydrodynamic surface waves have the same propogation and decay relations as
the potential waves with the one exception that the current density is not zero; these waves are similar to
the skin effect in this respect.
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Some problems relating to the dynamics of a quasi-neutral plasma formation situated in the

field of a plane electromagnetic wave are considered. The method of successive approxima-
tions is employed. It is shown that within the limits of the assumptions underlying the anal-
ysis a plasma bunch tends to spread out.

IN connection with the proposal of a radiation method of accelerating particles! the question has arisen of
the behavior of a quasi-neutral plasma condensation situated in the field of an electromagnetic wave and,
in particular, the question of the stability of such a condensation. A more or less rigorous solution of
this problem encounters formidable mathematical difficulties. Therefore it is not without interest to con-
sider a simplified problem which would nevertheless allow one to obtain approximate estimates of the
magnitude and the nature of the forces acting on the condensation. The present paper is devoted to the
examination of one of these simplest cases.

We consider a system of electrons and ions subjected to an incident plane electromagnetic wave with a
propagation vector k parallel to the z axis. By using the hydrodynamic description of plasma,* which is

* We shall not consider here questions concerning the permissibility of applying the hydrodynamic ap-
proximation.



