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Excitation of hydromagnetic and magnetoacoustic waves by external currents is investigated.
Damping of the waves as a result of conductivity and viscosity is taken into account. The in-
tensity of excitation by currents is compared with the intensity of excitation by mechanical

means.

].. As is well known, propagation of hydromagnetic
and magnetoacoustic waves is possible in a conduct-
ing liquid located in an external magnetic field.! In
the experiments of Lundquist,? hydromagnetic waves
were excited in liquid mercury by mechanical
means, with the use of a rotating disk equipped

with blades. Excitation of hydromagnetic waves

is also possible by means of external variable cur-
rents. It is therefore of interest to determine the
intensity of the excitation of hydromagnetic waves
by this method and to compare this intensity with
that of the excitation of hydromagnetic waves by
mechanical means. The present paper is devoted
to a consideration of this problem.
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. 2. Let us consider an ideal compressible con-
ducting liquid located in an external magnetic field
H,. The motion of the liquid in the present of ex-
ternal currents j, will be determined by the equa-
tions of hydrodynamics:

p%Lt_H)(v.v)v=__Vp+%[jxH], (1)
% | .
a—?—[—dlv(pv):O

and Maxwell’s equations

curlE = — & M

. T
o+ divH=0,curlH = —*(j + jo),

(2)

where v and p are the velocity and density of
the liquid, p is the pressure, E and H are the
electric and magnetic fields arising in the liquid,
j is the current density defined by the relation

j=c<E+‘T[vxﬂ]/,

and o and p are the conductivity and magnetic
susceptibility of the liquid.

In the case of a liquid of infinite conductivity,
which we shall consider first, it follows from the
last equation that

= — % [vxH. (3)

If the current j, is sufficiently small, then
we can linearize the set of equations (1). In such
a case, we obtain the following equation for the
determination of the velocity of the liquid v:

v

3 S%grad divv (4)

—[curl curl[vx V] x V] = T‘f-[Hox %’],
Yo

where p, is the equilibrium liquid density, S the
velocity of sound, and V, =V pu/4mpy Hy the Alfven
velocity.

The variable magnetic field h=H — H; and the
change in the density associated with the wave are
determined by the equations:

M _ curl [vx H),

) .
a7 S +podivv=0. (5)

By means of Egs. (1) and (2), we can show that
the increase in the total energy of the medium per
unit time, including the kinetic energy, the energy
of the sound waves, and the energy of the magnetic
field is determined by the following formula:

d 2 S2pe H? ,
=5 {5+ S + b do = £ (vl xjldv. (6)
The intensity of radiation of the hydromagnetic and
magnetoacoustic waves is also determined by this
equation.

3. We shall look for v in the form of a Fourier
integral

»

v(r, t)= Sv (k, ©) ekr—iot dkdoe,
Substituting this expression in (4), we get
{02 — (kV)?) v —{(S* - Vo) k — (kV) Vo) (kv)  (7)
+ k (kV,) (Vyv) = iwzé‘—o [H, x jo),

where j)(k, w) is the Fourier component of the
external current density

i, (k, ©) = (27)* gio (r, {) e—ixr+iot drdy.

Setting the determinant of (7), equal to zero, we
obtain the dispersion equation for free waves in an
ideally conducting medium in the presence of an
external magnetic field:

[0 — (kV,)?] {0? [0? — (S + V2) k2] + S%2 (kV,)? = 0.
(8)

This equation has three different solutions, cor-
responding to the three different types of waves
that can be propagated in an ideally conducting,
compressible liquid located in an external mag-
netic field. The squares of the phase velocities
of the hydromagnetic and the two magnetoacoustic
waves are respectively equal to

uy = Vicos® 9,

Uy =1 ((S*+ VD) £V (S + V2)* — 48V2cos? 9 },

where ¢ is the angle between the direction of
wave propagation and the magnetic field H,. All
three types of waves are excited in the medium in
the general case in the presence of an external
magnetic field.

Starting out with v from (7) and using Eq. (6),
we get the following general expression for the in-
tensity of radiation of the three types of waves per
element of solid angle do:

jl(%f’ 9, <P)
2

u? —S2cos® 9 | 2 §in29
e ACRDIE ‘9’
2

V2 i 2 cos? @
dl =8ndy -2 o2 { ,
y‘ cz 0 u?

12 ein2
sin? @
) T3 }do,

3

+ _a‘__j-gfj.L(‘Z_zvayq’

where j, (k, ¢, ¢ ) is the Fourier component of
the component of the current density in the plane
perpendicular to the direction of the magnetic
field Hy; ¢ is the angle between two planes, one
defined by j, and Hy, and the other by the direc-
tion of wave propagation and Hy; wy is the fre-
quency of the external current (we consider the
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external current j, to be a harmonic function of
the time) .

The first component in (9) determines the in-
tensity of excitation of hydromagnetic waves with
phase velocity uy, the second and third compo-
nents the intensities of excitation of the magneto-
acoustic waves with phase velocities u, and uj.

We note that only the excitation of hydromag-
netic waves is possible in an incompressible fluid,
wherein the intensity of radiation is equal to

21,2
_ a5, V0 | (e h
dl = 85y g |JL(\M .9, <p>( do. (10)

4. Let us now consider several special cases.
(a) Surface current. If the surface current

jo = isd (2) e—ieet, (11)

exists in a plane perpendicular to the magnetic
field H,, then only hydromagnetic waves will be
propagated. These travel along the field. The
total radiation intensity of these waves for a unit
surface current is equal to

= =V ¢ s (12)
We note that the radlatlon intensity does not depend
on the frequency of excitation of the current.

(b) Line current. In this case,
jo=1i.8(x)8(2) e~'e,

and the total intensity of radiation of the hydro-
magnetic waves per unit length is determined by
the expression

I = (mpey /26 ji. (13)

The radiation intensity is proportional to the fre-
quency of the current.
(c) Current loop. In this case,

.. 3(p—a) o .
= e 22 @) e,

and only the magnetoacoustic waves are excited.
In such a case the radiation intensity is equal to

2_S%cos9
sina)—”i—,—i‘)i— (14)
uj (uy — u3)

_ {Lw% 2.0 2/ aw

dlc = 8rc? Voic {Jl (u_zo—

2 2 2

2 (awy )SCOSS—u3

+J1Ku2 sin & ———us(ug_ug) }

We can find the total intensity in two limiting
special cases: if V3> S?, then
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ui =V: 4+ S*sin®9, ui = S"cos 9.

Here only the magnetoacoustic wave with phase
velocity u, is excited. The angular distribution
of the radiation is determined from the formula

dlc = 8Vc2 ch(a sm&)do

If the inequality aw,/V, < 1 is satisfied, the total
radiation intensity becomes
Ic = (pawy/ 126°V5) jé - (15)
I Vi« 82: then
ui=S*+Visin®9, u;=V5cos®9.

Here only waves with the phase velocity u; are
excited. The angular distribution of the radiation
of these waves is determined from the relation

dlc 871:0"‘V .’CJ2 ( oed tan '3) tan 9 do.

The total radiation intensity is equal to

2
By o an, awg
v, feh (F2) K (57)
If aw,/Vy <1, then
Ic = (pwg/4c'Vy) je. (16)

5. We now consider the effect of finite conduc-
tivity and the viscosity of the fluid on the excita-
tion of hydromagnetic waves. Limiting ourselves
for simplicity to the case of an incompressible
fluid, we have the following system of equations
for the velocity v and magnetic field h:

Ic=

a .
S ="V + - [curl b x Hol — & iox H,

17)
%hf = curl [v xH,] — 4 curl curl h+—curl is

where v is the viscosity of the liquid.
The radiation intensity can be found from the
formula

[ = —SE-jodv,

where the intensity of the electric field E is
equal to

E=—%[VxH0]+—4%s—curlh-—~’°-

We can show that the intensity of the radiation of the hydromagnetic waves will be determined by the

expression
& pe~202k? (v 4 ¢2 / 4mpo)
d 1 = 4 0 . 2
16 § {[m2 — (kVy)? — c?k4v [4mpc]? + mgk‘ (v + c?/ 4mpo)? I (Vo a1 (18)
@3 (kV,) (1/ 4mo) [0l — (kV,)2 — cktv | 2muc — (ck? / 4myuo)?] ]/ 4no

[0} + (c?k? [4muo)?]{[w? — (kV()2 — c®ktv [ 4npc]®+olkt (v + c2/4myuc)?}

Lo (k) P + 3o (k) ]2}k2 dk do.

co% = (c2k? | 4mpc)?
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In a viscous liquid with finite conductivity, the
harmonic current with frequency w, [in contrast
to (1)] excites hydromagnetic waves with different
frequencies w = ku;. The spectral distribution of
the hydromagnetic waves radiated is determined
from (18).

Making use of the formula

3(x) = lim — s
it is easy to show that for v — 0 and o — «,
Eq. (18) goes over into (10).

6. We now compare the intensity of the excita-
tion of hydromagnetic waves by currents with the
intensity of excitation of hydromagnetic waves by
mechanical means, in which case, for a certain
plane perpendicular to the magnetic field H, (the
plane z =0), the velocity of the liquid perpendicu-
lar to the magnetic field is given by

V = v e—iod, z2=0.

Vo L Hy,

Assuming v, h ~ exp{ —iwy(t — z/Vy)}, and
taking the liquid to be incompressible, we get, by
(3) and (5),
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E=—[vxH), h=_|/‘%9°v. (19)

The energy flow is determined primarily by the
flow of electromagnetic energy

I = Sin-Re [E x h*].

Substituting this expression in (19), we get
I =150V 2 (20)

A comparison of (20) with Eq. (12) shows that
the surface current jg is equivalent to a velocity

Uy = VQW!*/Pojs/C

from the viewpoint of the excitation of hydromag-
netic waves.
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A new formulation of nonrelativistic quantum mechanics is proposed, namely a general defini-
tion of the probability of any event. The physical content of quantum mechanics is reduced to
a single principle similar to the principle of Gibbs; this makes it possible to solve problems
without resorting to the use of wave functions and operators.

THE idea that there may exist in quantum mechan-
ics a general expression for the probability ampli-
tude of any event is due to Feynman.! These am-
plitudes are multiplied and combined like classical
probabilities; this leads to the idea of constructing
quantum mechanics according to the model of clas-
sical statistical physics. In statistical physics the
probability of finding a system to have some given
property is equal to the sum over all configurations
having this property; each configuration is used

with the weight assigned by Gibbs. In quantum me-
chanics the role of the configurations is played by
the paths of the particle; according to Feynman’s
idea the probabilities are replaced by amplitudes.
A simple and complete “atomistic” description is
obtained (see Sec. 8).

This program has not, however, been completely
carried out. According to Feynman, the amplitude
of any state must be the sum over all paths con-
sistent with the conditions of the experiment, but,



