larger than in the adjacent regions out-
side. Because of magnetospheric asym-
metry, the partially shielded region ex-
tends farther ahead of To than behind and
is also skewed toward Jupiter.

A similar argument can be applied to
the interpretation of the lo-associated
decametric radiation (7), whose source
region is in the jovian ionosphere near
the foot of Io’s flux tube where strong
field-aligned currents produce insta-
bilities. Models of the emission mecha-
nism have been reviewed by Smith (2/).
Decametric radiation is emitted most of-
ten when Io is at 90° and at 240° from the
Earth-Jupiter line (0° is away from
Earth). The strange asymmetry of these
preferred positions relative to Earth has
previously been accounted for by assum-
ing that the foot of the flux tube leads Io
by 15° in just the manner we have de-
scribed (22). An 8° lead is predicted by
the revised order of magnitude numbers
which we have introduced. A more sys-
tematic selection of parameters and a
treatment that properly accounts for the
tilt of the jovian dipole would be needed
to test whether the difference between 8°
and 15° presents a problem to the open
magnetosphere model.

If the Voyager or Galileo spacecraft
confirm the existence of satellite magne-
tospheres, a radically different view of
the inner jovian system will emerge.
Moreover, the properties of a magne-
tosphere immersed in a sub-Alfvénic
plasma flow would augment the devel-
oping general theory of magnetospheres
23).
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Solitons in a Reaction-Diffusion System

Abstract. Solitary waves in reaction-diffusion systems usually annihilate on colli-
sion. A nonlinear system of reaction-diffusion equations has been constructed which
has solitons: solitary waves whose interaction in a collision results in the emergence
of two solitary waves identical to the colliding waves.

Solitons may be defined as solitary
waves which asymptotically maintain
their shape and velocity after a collision
with other solitary waves (/). They were
demonstrated numerically (2) and analyt-
ically (3) for the Korteweg-de Vries equa-
tion and have been found in a number of
physical systems (/).

In this report evidence is presented
that solitons may exist in a nonlinear sys-

tem of reaction-diffusion equations. The
system has solitary waves and when two
solitary waves collide we find solitary
waves identical to the original waves
emerging from the collision. The meth-
ods employed consist of numerical in-
tegration of the reaction-diffusion equa-
tions.

Reaction-diffusion systems of equa-
tions arise in many models of biological

.3 .4

*5 6 *7

Fig. 1. Computed solutions of the reaction-diffusion equations which display solitons. At
t = 0.2 two solitary waves with peaks for u at x = 0.4 and x = 0.6 are approaching the center of
the figure. The collision takes place and the waves merge so that at r = 0.725 the « envelope has
values which are larger than those in either solitary wave. This envelope drops to that shown for

t = 0.825.
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phenomena. Examples are the Hodgkin-
Huxley (4) equations and the approxi-
mating equations of Fitzhugh (5) and Na-
gumo et al. (6) for propagation of the
nerve impulse. When the solitary waves
in these systems meet each other head
on they annihilate one another.
Evidence for the existence of solitons
was found by numerical computation in a
two-component system of coupled non-
linear reaction-diffusion equations. Let
the components be u(x,t) and v(x,1),
where x and ¢ are space and time vari-
ables. First, we consider the system

uy = Dy, + Fu,)

v, = Dyv,, + G(u,v)

where the reaction terms are

Fu,v) =

g V) — Ve)] [V() — V()] —
cfl — exp [—ey(u — up)l}

G(u,v) = c,g)[V(u) — Ve(v)] +
cs{l — exp [—co(vy — )]}

with

gu) =

(1 + tanh{c,[V(u) + V, ]DH(u — u*)

and

e
V(u)=58logm(u C*‘)

u
Vi(u) = 5810810(7)

10

v
Ve(v) = 29log, ((—:71;)
1
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These equations are based on the evolu-
tion equations for potassium ion concen-
tration, u(x,t), and calcium ion concen-
tration, v(x,?), in the extracellular space
of brain structures (7). The ¢,
i=1,...,11, and k are constants; g(u)
describes the calcium conductance of
presynaptic membrane; V(u) is the mem-
brane potential; V(u) is the potassium
equilibrium potential; V.(v) is the cal-
cium equilibrium potential; H is the
Heaviside unit step function; and D, and
D, are the diffusion coefficients for po-
tassium and calcium ions. The subscripts
x and 7 denote partial differentiation with
respect to these variables.

The system of equations above pre-
dicts the qualitative and to some extent
the quantitative behavior of potassium
and calcium ion concentrations during
cortical spreading depression (8). A local
elevation of potassium ion concentration

as an initial condition
(X — O.S)ZJ
! ( 0.025

with u,, the resting level of potassium, at
2 mM, and the calcium at resting level

u(x,0) = u, + 8exp

v(x,0) = v,
with v, = 1 mM, gives rise, with appro-
priate values of the constants (¢; = —3,
¢, =208, ¢y =10, ¢, = 0.3, ¢; = 2.08,
ce =10, ¢, =011, ¢s=9, ¢y, = 180,
cio = 140, ¢y = 0.05, £k =0.25, V, =
45, u* = 2.2, D, = 0.005, and D, =

0.00125), to solitary waves of an in-

Fig. 2. The system has seen the modified reac-
tion terms and at + = 0.85 both u and » have
grown to achieve values sufficient to generate
solitary waves. At ¢ = 1.15 the postcollision
waves have started to form, and by ¢ = 2 they
are fully developed with the same wave forms
and speed as the incident colliding waves.

crease in «# and a decrease in v moving
outward from the applied stimulus.
When two waves propagate from remote
stimuli and collide, they annihilate one
another and « and v return to their rest-
ing values of u, and v,.

At’a fixed spatial point, x, a trajectory
in the (u,v) plane can be traced as the sol-
itary wave passes x. When two solitary -
waves collide one obtains a family of tra-
jectories in the (u,v) plane at various spa-
tial points. In particular, the collision tra-
jectories at and near the center of the
collision are quite removed from the soli-
tary wave trajectory. The solitary wave
trajectory and collision trajectories were
found for the reaction-diffusion system
above by numerical solution of the equa-
tions.

One can change F(u,v) and G(u,v) at
values of (u,v) that do not arise on the
solitary wave trajectory, and a solitary
wave will still propagate. The idea is now
to leave F(u,v) and G(u,v) the same at
(and near, because the computations are
numerical) the solitary wave trajectory
but alter the reaction terms at (u,v) val-
ues that arise only on the collision trajec-
tories. For examples, for the system
above at x = 0.5 (the collision center)
the values (u,v) = (10.7, 0.0338) arise
during the collision interaction. The val-
ues of F(10.7, 0.0338) and G(10.7,
0.0338) are such that « continues to de-
crease toward u, = 2 and v increases to-
ward v, = 1. A change in the reaction
terms in a small rectangle in the (u,v)
plane containing the point (10.7, 0.0338)
ensures that when these values of # and v
arise in the collision, instead of u de-
creasing, an increase occurs. It was
found after a few such changes were
made that the result of a collision of two
solitary waves was not a return to resting
values but the emergence of two solitary
waves of the same amplitude and veloc-
ity as the collidjng waves. The modified
system which has these apparent soliton
solutions can be written

u

= Dy, + Fu,0) + D aid,y (u,v)

0 = Dyvyy + Gluyv) + 2 bily (u,0)

where I, is the indicator function of the
set A, = {(u,0)lu € (ui',u?), ve(v',v)},
which takes the value 1 if (u,v) € A; and is
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zero otherwise. The quantities a; and b;
are constants and the little rectangles A,
do not contain points on the solitary
wave trajectory.

Results are shown in Figs. 1 and 2. So-
lutions of the reaction-diffusion systems
were computed by using Lees’ modifica-
tion of the Crank-Nicolson numerical
procedure (9). Figure 1 shows the com-
puted solitary waves of « and v traveling
toward the center of the figure and the
initial merging of the waves. In the un-
modified system these collision enve-
lopes collapse back to resting values.
Figure 2 shows further interactions and
the emergence of solitary waves after the
collision in thé modified system. To
check that the modified system still gave
solitary waves in response to an initial
stimulus of locally elevated u, solutions
of the modified equations were comput-
ed with u(x,0) and v(x,0) as given above.
The result was two solitary waves travel-
ing to the left and right, as had been the
case for the original system. It is note-
worthy that when slightly asymmetric
initial data were employed for the modi-
fied system, when two solitary waves
collided only one emerged from the colli-
sion.

The ramifications of the existence of
solitons in reaction-diffusion systems are
far-reaching. Models for the activity of
populations of neurons have hinted at
their existence (/0) and they may be im-
portant in particle physics. The idea of
solitons in neéuroanatomic structures
may be important in possible theories of
memory. The reaction-diffusion system
in which solitons have been found by nu-
merical computation (which can give on-
ly evidence rather than proof of their ex-
istence) has been constructed from a sys-
tem that arises in describing the
evolution of ion concentrations in corti-
cal structures. It is hoped that systems
will be found whose reaction terms arise
naturally and which give rise to soliton
solutions. The aim of this investigation
has been to obtain evidence that reac-
tion-diffusion systems can support soli-
ton solutions, which had not previously
been suspected.
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Microcracking and Healing in Granites:

New Evidence from Cathodoluminescence

Abstract. Quartz grains in granitic rocks usually have blue cathodoluminescence
(CL). Within the blue-luminescing grains, there are often red-luminescing domains
which are frequently impossible to detect without CL contrast. This finding suggests
that the red-luminescing quartz is sealing preexisting microcracks. The presence of
these now-healed microcracks has important implications with respect to the role of
pore fluid pressure and fluid transfer in metamorphism, the origin of granites, long-
period crustal deformation, earthquake mechanics, physical properties of rocks, and

deep-seated geothermal energy.

In a recent study of the cathodolumi-
nescence (CL) of quartz grains in gran-
ites and pegmatites, we have discovered
some interesting structures that have not

- been noticed before. In 84 percent of the

granites examined, most of the quartz lu-
minesces blue. In the remaining 16 per-
cent, the dominant quartz CL color is
red. Two-thirds of the rocks with blue-
luminescing quartz have red-luminescing
structures within the quartz grains. The
red luminescence is often in linear, elon-
gated domains (Fig. 1, a, d, e, and g).
These red-luminescing domains within
blue-luminescing quartz are frequently
indistinguishable under the microscope
with either ordinary or polarized light.
Linear red-luminescing domains are
sometimes recognized as bubble lines,

the intersection of inclusion planes with
the surface of the rock thin section (Fig.
1, a; b, ¢, e, and f). However, in other
cases bubble planes are not associated
with red luminescence (Fig. 1d).

Earlier studies by Sprunt et al. (/) and
Sprunt (2) indicated that blue quartz CL
is often associated with higher temper-
atures of quartz crystallization than red
CL; it was found that the CL color of
quartz in several quartzites changes sys-
tematically from red to blie with increas-
ing metamorphic grade. Moreover, detri-
tal quartz grains in sandstones often
have blue CL, whereas the secondary
quartz overgrowths and cement have red
CL. Sprunt (2) found that the major dif-
ference between red- and blue-luminesc-
ing quartz was the Ti/Fe ratio, with high

Table 1. Samples studied; N, not observed.

High- .
Rock Red veins density Calglte
red veins veins

Baring, Maine Yes Yes Yes
Barre, Vermont 1 N N N
Barre, Vermont 2 Yes N N
Milford, New Hampshire Yes N N
Chelmsford, Massachusetts | N N Yes
Chelmsford, Massachusetts 2 N N N
Quincy, Massachusetts Yes Yes N
Westerly, Rhode Island N N N
Roxbury, Corinecticut N N Yes
Norfolk, Connecticut Yes N N
Nelson County, Virginia Yes Yes Yes
Graniteville, Missouri Yes Yes N
Wausau, Wisconsin 1 N N N
Wausau, Wisconsin 2 N N N
Troy, Oklahoma Yes Yes N
Mount Ajo, Arizona Yes Yes N
Bergell granite, Switzerland 1 N N Yes
Bergell granite, Switzerland 2 Yes N N
Bergell granite, Switzerland 3 Yes N N
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