Magnetic field generation by sound waves in the solar atmosphere
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We show that sound waves which are generated in the convective zone of the Sun excite an electric
current (and a magnetic field) in the transition region from the chromosphere to the corona. The
excitation of the current is connected with the absorption of part of the momentum of the waves
by electrons as a result of the electron thermal conductivity. When sound waves propagate in the
direction of decreasing density their leading front becomes steeper. This leads to the formation of
weak shock waves and—thanks to the fast energy dissipation at the front—to a stronger magnetic

field generation.

The plasma of the solar atmosphere is continuously
subjected to the action of waves which are generated in the
convective zone. These waves make an important contribu-
tion to the energy balance of the upper chromosphere and
the corona (see, e.g., Ref. 1). In the present communication
we shall show that the absorption of waves can also play a
significant role in the excitation of currents and in the gener-
ation of magnetic fields in the plasma.

The fact that the absorption of waves can be accompa-
nied by the excitation of a current is well known in the phys-
ics of high-temperature plasmas and is used to maintain the
current in toroidal thermonuclear devices (see, e.g., Ref. 2).
However, the calculations which are carried out in that con-
nection are aimed at a situation where the collision frequen-
cy of the particles in the plasma is very low and where the
absorption of the waves is caused by “collisionless” reso-
nance effects (such as Landau damping). On the other hand,
in the case of the solar atmosphere, in which we are interest-
ed, the collision frequency is many orders higher than the
frequency of the oscillations generated in the convective
zone, and the absorption of these oscillations is caused by the
classical dissipation mechanisms of thermal conductivity,
viscosity, and electric conductivity which lead to a number
of peculiar features in the current excitation mechanism.

In the present paper we restrict ourselves to effects
caused by ordinary sound waves (we assume the external
magnetic field to be small and we consider waves moving
along the direction of the field). We note that the problem of
the generation of a current by such waves in a plasma with
frequent collisions can be of interest not only for a study of
astrophysical objects, but also in connection with problems
of studying a laboratory a gas-discharge plasma where the
corresponding effects can be applied for diagnostic pur-
poses. We also note that an effect related to the one consid-
ered by us is known in solid-state physics where it is called
the “acousto-electric” effect.® A new feature in our problem
is the fact that when sound waves propagate in a gas (in
particular, when they propagate in the direction of decreas-
ing density) they can easily “break’ and be transformed into
a sequence of shock waves—just in that strongly non-linear
stage where there is an extremely efficient current genera-
tion (see below).

We give numerical estimates pertaining to a character-
istic point in the transition region between the chromos-
phere and the corona. We set the plasma density #» and tem-
perature 7, respectively, equal to 10'° cm ™2 and 10 eV.
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Following Ref. 4 we then find that the mean free path / of the
plasma particles is equal to 300 m. We take the magnitude of
the characteristic wavelength 7 of the sound waves to be
equal to 10° m (i.e., A=277 = 600 km)" We see that the
mean free path / satisfies with a large margin not only the

l<7\(me/mi) Il‘v ( 1 )

where m; and m, are the ion and electron masses. One easily
checks that inequality (1) automatically guarantees that the
time needed to equalize the electron and ion temperatures is
small compared to the period of the sound wave. In other
words, the perturbations of the electron and ion tempera-
tures are the same under the conditions (1), i.e., the sound
speed s can be evaluated using the standard formula for a
monatomic gas:

s=(5p/3p) ", (2)

where p = 2nT is the pressure and p = m;n the mass density
of the plasma.

The absorption of long-wavelength sound is caused by
viscosity and thermal conductivity processes. The damping
rate of linear oscillations which is given by the formula

I'=—d1n W/dt, (3)

where W is the energy density of the oscillations is, for in-
stance, evaluated in Ref. 5%:

-2 ]

where 7 and ¢ are the hydrodynamic viscosity coefficients
and »x is the thermal conductivity coefficient. In our case the
viscosity is determined by the ions and the thermal conduc-
tivity by the electrons; the corresponding estimates are

N~L~minlvr, %=%e~nlvre.

It is then clear from (4) that the main contribution to the
damping comes from the electron thermal conductivity, i.e.,
2(02“3

) (5)
15s°n
and the contribution from the viscosity and the thermal con-

ductivity determined by the ions is smaller by a factor
(m,/m,)"?. The dissipation caused by radiative effects is

~
=~
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negligibly small in the conditions considered.

We turn particularly to the current excitation problem.
When we consider such a problem in a collisionless plasma
the question of to which kind of particle the momentum of
the absorbed wave is transferred is answered automatically:
the answer is uniquely determined by which resonance
causes the absorption (e.g., if it is is electron resonance,
transfer is to electrons). In the case considered by us, of a
plasma with very frequent collisions, the answer to this prob-
lem is not so simple. At first sight, it seems that the momen-
tum must be transferred to the electrons, since the absorp-
tion of the wave is connected just with the electron thermal
conductivity. However, the electron mass is very small and
therefore the opposite answer is suggested, that all the mo-
mentum is absorbed by the ions (as they are very heavy). We
shall show tht the correct answer liess—somewhat paradoxi-
cally—in the middle (of course, we must realize that the
momentum which the wave transfers to the electrons is
transferred ultimately, through friction between electrons
and ions, to the ions).

We write down the equations of motion of a two-com-
ponent plasma (see Ref. 4) taking the z axis along the direc-
tion of the wave propagation:

v, o, ops
mn( AR )=——”+ E+071n-———e—n], (6)
ot 9z 9z iz o
P aT
0~—a—‘:— enE— 071n——+e—”’—, %)

where p; and p, are the ion and electron pressures, E is the
electric field, j the current density, and o the conductivity.
The third term on the right-hand side describes the thermo-
force and the last one the friction between the electrons and
theions. We neglect the ion viscosity in Eq. (6) as it contrib-
utes little to the absorption of the wave. The appearance of a
current is connected with the absorption of the wave (the
perturbation of the current in the oscillations is negligible
small by virtue of the quasi-neutrality of the plasma).

We divide Egs. (6) and (7) by n and average them over
a spatial period of the wave without linearizing:

0 1 dps j
My (D= — <——’L> +e<E>—e<’—> , (8)
ot n 0z c
1 op. j
0=—<— P >—e<E>+e <—]—> 9
n 0z o]

(we assume that there exists an average electric current in
the plasma). Adding these equations we get

m 2 wym {192 (10)
ot n 0z

where p = p, + p;. This equation expresses the fact that mo-
mentum is conserved in the system where the quantity on the
right-hand side can be treated as the momentum lost per unit
time by the sound wave (per ion). Equation (10) shows
clearly that the electron thermal conductivity leads to the
absorption of the wave momentum: the fact is that when
thermal conductivity is taken into account the pressure is no
longer a function of the density n (as would happen in the
isentropic case) and the quantity (1/n) (dp/dz) is no longer
a total derivative with respect to the coordinate. For a small-
amplitude travelling periodic sound wave (which is not nec-
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FIG. 1. Velocity profile of a shock wave after weak shock waves have been
formed.

essarily harmonic!) the momentum lost per unit volume is
equal to ( — 1/s) (dW /dt), whence we find that

19
PN <_ p 1 6W
n 0z

s
In the case of the strongly collisional case considered by us,
which is defined by condition (1), p, = p; and we easily find
the mean force on the electron gas in which we are interest-
ed. This force per electron is equal to

1 ape> _ ow

w9z —_—. (11)

F.=
2s<n> ot

As we have already noted above, half the momentum of
the wave is transferred to the ions and half to the electrons
[this follows immediately from the condition p, = p; and
Egs. (8) and (9)]. We emphasize also that in deriving Eq.
(11) we have nowhere used the fact that the perturbations
depended harmonically on the coordinate: we can apply Eq.
(11) to any traveling periodic wave, including a wave with a
profile which under the influence of non-linear effects devi-
ates from a sinusoidal one.

The fact that the momentum lost by the wave is equally
divided between the electrons and the ions can also be ex-
plained on the basis of a quantum analogy. Indeed, when
condition (1) is satisfied the electron and ion temperatures
are the same so that automatically half of the energy ab-
sorbed by the plasma goes to electrons and half to ions. How-
ever, for sound waves the energy of a quantum (#iw) is pro-
portional to its momentum (#k) so that the absorbed
momentum must be evenly divided between the plasma com-
ponents.

We evaluate F, in two limiting cases, for a purely sinu-
soidal wave and for a wave in the final stage of non-linear
evolution (see Ref. 5) when its profile has already acquired a
“sawtooth” character (Fig. 1). In the first case dW/
dt = — I'W, where I' is given by Eq. (5) and we find for the
force F,

F m;S%e

* 151%n 5 (12)
where we have introduced the notation & = W /ps’.

In the second case the energy dissipation proceeds on
the front of weak shock waves and no longer depends on x_;
according to Ref. 5 we have

ﬂz_%ﬂg’h (13)

at nx
Using (11) we now find that

g A me (14)
T X

We understand by Win Eqgs. (13), (14) the energy density
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averaged over a wave period.

We emphasize that when & < 1 the width of the front of
the weak shock waves, which as to order of magnitude is
equal to x,/ns€ ''?, is such that within the limits of the front
equilibrium between electrons and ions (which is the condi-
tion for the applicability of the results obtained) can be es-
tablished.

To find the spatial and temporal distributions of the
currents and the magnetic fields we must take into account
the vector nature of the force F,. Using the expression

j=0(E—F./e)

and the Maxwell equations we get an equation which deter-
mines the evolution of the magnetic field (we restrict our-
selves to the case of a stationary plasma):
0B
ot

2

=—rot(c—rotB)—i-rotFe. (15)
4no e

As should be the case, current and field generation is
possible only if the force F, is not purely potential—other-
wise an electric field would arise in the plasma which would
exactly cancel the action of the force F, on the electron.
Under the conditions in the solar atmosphere the vector F,
will necessarily have a large (“of the order of unity’’) sole-
noidal component due to the spatial variations in the intensi-
ty (and direction) of the sound flux and also of the plasma
density and temperature. For illustrative purposes we show
in Fig. 2 a picture of current lines for an imaginary case when
the sound flux is generated solely on a small aea of an under-
lying surface.

A stationary state in which the current is determined by
the estimate j~ oF, /e is established after a time of the order
of the skin-effect time. When T~ 10 eV this time for scales
~300 km is very large—of the order of 30 years and is con-
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FIG. 2. Current generation by sound waves emitted from a limited area S.
The region of strong absorption connected with the production of discon-
tinuities is hatched. The dashed lines show current lines.
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siderably larger than the lifetime of the various non-station-
ary structures (such as sun spots) on the surface of the Sun.
For smaller times we must get an estimate for the magnetic
field (and the current) by dropping the first term on the
right-hand side of Eq. (15).

——=——rotF.. (16)

Bearing in mind the conditions in the transition layer
between the chromosphere and the corona, where, apparent-
ly, breaking of sound waves takes place (due to the increase
in their amplitude because of the drop in density) and the
wave profile becomes a “sawtooth”, we use Eq. (14) for an
estimate of F,. Putting the spatial scale of changes in the
force F, equal to 300 km, T~ 10 eV, and A ~ 100 km we find
from (16) for £~ 1 the rate of growth of the magnetic field
B~107°G/s, i.e., the field reaches 1 G only after a day.

To some extent related to the effect considered here is
the effect of magnetic field generation under the action of a
thermo-emf which appears when the vectors Vn and VT are
not collinear (see, e.g., Ref. 6). Our effect can, generally
speaking, act also in the case when VT'||Vn, and even in a
uniform plasma.

If the magnetic field in the plasma becomes rather large
it starts to affect both the dispersion characteristics of the
oscillations and also the dissipative processes. The problem
about current generation under such conditions becomes a
separate one and it must be considered separately.

"Motions in the convective zone excite a broad spectrum of sound oscilla-
tions with frequencies f> f,,;, = 3 X 10~* Hz. The value of A chosen by
us corresponds to a frequency f~ 10~"' Hz.

2We are dealing here with a small amplitude harmonic wave. A number of
the formulae in what follows below have a wider range of applicability.
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