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Abstract
A reaction-diffusion equation with non-constant diffusivity,
u, ={(Dx, huy)x + Fu),

is studied for D(x, t) a continuous function. The conditions under which the equation can
be reduced to an equivalent constant diffusion equation are derived. Some exact forms for
D(x, t) are given. For D(x, t) a stochastic function, an explicit finite difference method is
used to numerically determine the effect of randomness in D(x, t) upon the speed of the
reaction wave solution to Fisher’s equation. The extension to two spatial dimensions is
considered.

1. Introduction

The patterns and waves that arise in a study of reaction-diffusion equations are be-
coming quite well-known; for example, through the monograph by Grindrod [2].
Applications are occurring in many areas, one of particular interest being the spread
of wildfires [9]. One of the basic problems in the application of reaction-diffusion
equations is to predict the features of any propagating wave that may occur, especially
in two or more spatial dimensions. While the basic results were established in 1978 by
Aronson and Weinberger [1], interest in complex patterns has continued, for example
Tyson and Keener [8].

Diffusivities which vary with time, and possibly space, have not been considered by
any of these workers. A primary reason for this is that the laboratory experiments under
consideration have reasonably constant conditions. However, when the “laboratory”
becomes a wildfire in a forest (or similar), and the diffusion process is due to turbulent
eddies of varying scales [5], variability of the diffusivity becomes of interest.
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The present paper will focus on simple waves in one and two spatial dimensions.
The effect of variable diffusivity on the speed of such waves will be considered
by analytical methods and by numerical methods. In particular, the functional de-
pendencies for diffusivity for which analytical progress is possible, will be derived.
Time-dependent diffusivity will be treated numerically, as the analytical methods we
develop do not work in this case.

2. Background

Grishin [3] was the first to attempt to describe a wildfire with a system of reaction-
diffusion-advection equations. The possibilities and limitations of using a single such
equation as a modelling tool have since been discussed [9]. In either case, the basic
idea is to begin from the conservation of energy (and mass) in order to write an equation
for the temperature of the combusting materials. While it is an oversimplification to
reduce this to a single equation of the form

U, + w,‘a,'u = 8,-D,-j8ju + F(u), (1)

many realistic features are retained. In this equation, u represents a (scaled) temper-
ature, w; is the i"* component of the wind vector, D;; is the ij-th component of the
diffusivity tensor, and F(u) is the reaction function. As the strength of any wind is
known to vary with time (both the mean speed and direction, and fluctuations about
these), we anticipate that w; and D;; will be functions of time. This is what we shall
consider in the next section.

To illustrate the type of behaviour described by (1), we now summarise some of the
findings when w; and D;; are assumed constant [1, 9]. If w; is constant a translation
in x; will remove the advection term from (1). (Any w;(¢) can be removed by a
translation. In the rest of this paper it will be assumed that such a translation has been
carried out, and advection will not be considered further.) Rescaling of x; will remove
D;; , providing it is constant and diagonal. Then (1) is simplified to

u, = Viu+ F(u). 2

For suitable F(u), (2) admits travelling wave solutions, or “fronts". Necessary re-
strictions on F(u) arethat F(0) = F(1) =0, F'(0) > 0and F(u) > Ofor0 < u < 1.
An example would be

Fu)=u(l —u), 3)

much studied by others. The fronts can be planar, circular, or obey more general rules
[2, 8].
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Planar fronts are found by assuming
u=u(z) with z=x-n-—ct, )

where the unit vector n = (cos#@, sin8), 6 is a parameter and c is a constant to be
found. Substituting this into (2) yields

W+cu' + Fu) =0, 5)

where ' = d/dz, the solution of which determines ¢, provided appropriate boundary
conditions are used.
For example, for the Fisher-Kolmogorov equation (where (3) is used in (5)), an

exact solution is )

[1 + exp (x/\/g - 5t/6)]2

with a speed ¢ = 5/+4/6 = 2.04. In fact for this particular problem, any ¢ > 2
is a solution of the eigenvalue problem (5), but not all of them yield an explicit
representation for u(x, t).

Prediction of the speed at which the front moves is the primary objective. If the
speed is ¢ in dimensionless coordinates, then it will be c+/D in the original variables.
This suggests that any variability in the diffusivity will manifest itself directly in the
speed at which the front moves. In particular, a stochastic diffusivity will result in
stochastic motion of the front. In the following sections we shall examine the extent
to which this is true.

u(x,t) =

) (6)

3. Diffusivity as a function of x and ¢

In this section, let us consider a one-dimensional reaction-diffusion equation of the

form
u, = (D(x, Du), + F(u). )

If we are going to make use of the existing results for a one-dimensional version of
(2), it will be necessary to find a mapping

T:(x,t)—> (X,T), ®)
such that (7) is transformed into (2). The mapping
X = f(x,1), )

T =t, (10)
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yields two relations involving f(x, t) and D(x, t), namely

Df? =1, an

fi — (Df)x=0. 12)

From these equations, we can see there are two approaches. The first approach is to
investigate the equations

f= ] D™ dx +g(1), (13)
0= D, — iD}+ DD,,. (14)
The second approach is to investigate the equations
D =1/, (15)
fifit fix=0. (16)

3.1. The first approach

3.1.1. D(¢t) We can see that if D is a function of time only then from (14), D, = 0,
and thus D is a constant. Therefore there is no suitable transformation of the form (9)
which allows us to solve the equation analytically when D = D(¢). This case will be
considered numerically in Section 4.

3.1.2. D(x) Let D be a function of x only. From (14), this gives
- 1D+ DD,, =0, (17)
which is an ordinary differential equation for D (x).
The general solution to this is
D =c(x + ), (18)

where ¢, and ¢, are constants of integration.
By substituting this into (13) and satisfying (12), we find the transformation func-
tion, f,is
f=A/c)loglx + ¢2) + et + cs, (19)

where c; is a constant of integration.
By substituting this into (93) from Appendix A, we find that the asymptotic wave
speed is
¢~ —ci(cy — e 13D, (20)

Note here that if ¢, = 2, then the wave should stop. For ¢; > 2, the wave should
actually turn around, then slow down exponentially to zero.
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3.1.3. D(x,t) For D afunction of x and ¢, finding solutions for (14) is more difficult.
A straightforward solution can be found by assuming a travelling wave solution
exists. Thus (14) becomes

kD'(n) — ;D'(m)* + D)D" (n) =0, 21

where = x + kt and k is an arbitrary constant.
The general solution to this is

2 2 2 2
D(x,t):i (w( 1 eXp(—(x +kt)cl+4k+C2C1))+1) , (22)

(8} 2k 4k

where ¢, and ¢, are constants and w(x) is Lambert’s w-function, defined to be the
solution of w(x)e®™ = x which is analytic at x = 0. Substituting this into (13) and
satisfying (12), we find

2 1 Ax+kt)y+4k+cyct
fx, t) = _C_l In (w (_ﬁ exp (— % ))) 23)

By substituting this into (93) from Appendix A, we find that the asymptotic wave

speed is
4k 4k

CN__

Ci cpe

—k. 24)

As the general solution is rather complex, a linear function solution can be found
to be
D(x,t) =2k(x + kt) + c;. 25)

Substituting this into (13) and satisfying (12), we find
Fe0 = /R + k) + )t + (26)

where ¢, and ¢, are constants.
By substituting this into (93) from Appendix A, we find that the asymptotic wave
speed is
¢ ~ 4kt — 2kc, — k. 27

We have solved (7) numerically for D as in (25). The wave speed as a function of
time is shown in Figure 1. Note that there is an arbitrary shift in the wave speed, (27).
Therefore 4kt and the numerically computed speed need only be parallel, as is the
case in Figure 1.

Separation of variables is also possible, as is a similarity solution of the form

D =t"d(x/th), (28)

https://doi.org/10.1017/50334270000010808 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000010808

[61 Reaction waves and non-constant diffusivities 463

Speed
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FIGURE 1. A comparison of the analytically and numerically obtained wave speeds for the diffusivity
D(x,t) = 2(x + 1), where the analytical wave speed is the solid line ( ) and the numerical wave
speed is the dotted line (--- - - - ).

where ® must satisfy
PP — 1" — Bnd' —ad =0, (29)

« is a constant and 8 = %(1 — ), and n = x/tf. Note that (29) with 8 = 0 is
the same equation one encounters in separation of variables. The case ¢ = 8 = %
is required for a source solution. Unfortunately, these methods do not lead to any
explicit solutions and are hence of little value here.

If we look for Lie symmetries of (7), we find that the transformations n, & and ¢

satisfy
=0, (30)
§=§(), (31)
£ =0, (32)
n=n(), (33)
ne = 2&,. (34)

From this we see that the similarity variable is

s=x4+c)/V2 +c,. 35)
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As (14) is time and space invariant, the similarity variable s is equivalent to
i (36)

which is a special case of (28).
Thus the Lie group analysis confirms that we have exhausted the symmetries of
(14).
Transformation techniques should also be considered. Let D = w?. Then w(x, t)
satisfies
w, + ww,, = 0. (37

Hill [4] considers this equation for normal diffusion. There one finds that the implicit
transformation

w(x,t) = 2—?(& ) (38)

results in the linear heat equation, but with negative diffusivity,
X + x5 =0. (39)

This merely revisits all solutions already found. Hence, we need not consider this
equation further.

3.2. The second approach

3.2.1. From (16), we can see thatif f isa function of ¢ only, then f can be an arbitrary
function of . However, from (15) this means that the diffusivity is undefined. The
reason for this is that as f is the transformation, if there is no x dependence then the
space dimension has been taken away from the problem.

3.2.2. Let f be a function of x only. Thus (16) simplifies to

fa = 0. 40)

The solution of this is
f=ax+a. 41)

Substituting this into (15) gives D as a constant.
3.2.3. Suppose f = f(x,t). We could assume transformations of the form
f=cloglx +c3)+c3t +cq 42)

and
f =h(x+kt). 43)

These would give us (18) and (25) respectively. So let us try two other methods.
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Our first method is to assume that there exists a similarity solution of the form
f=1hm), (44)

where n = xt°.
By substituting this into (16), we find a = 1/2 and h satisfies

1h”h + bnh” + 1" = 0. (45)

For b = —1/2, we find that
f=atn=cx. (46)

The corresponding diffusivity is a constant. This case has already been considered.
For b = 1/2, we find that (45) can be integrated once to get

hh'n — 1 = ki, @7

where k is a constant.
This gives us that

f =2/tlog(kx/1). (48)

On substituting this into (15), we find that

2
D= i‘t- log(kx+/7). (49)

By substituting f into (93) from Appendix A, we find that the wave speed is

e2t—1)

2ke3/2 50)

Note that as k increases, the diffusivity also increases, but the wave speed decreases.
Our second method is to try a Lie group analysis. We find that the transformations
n, & and ¢ satisfy

n =n(), 1)

£ =0, (52)
E=&5(f,0), (53)

& +&5=0, 54)
&+ &y =28, (55)
ne+ g = 2. (56)
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We can solve these equations to find that

n =at2+ﬂt, (57
% e 2

§_4fx+2fx 2tx+8x, (58)

{=atf + gf + et, (59)

where «, 8, § and € are constants.

Substituting these equations into (99), we should be able to find the relevant
similarity variables. In trying to solve (99), we find that the similarity variable
explicitly depends on the solution of (99).

However, we did find another similarity solution, by making the assumptions that
a=0,8=2,6=0and ¢ = 1, of the form

f = h(s), (60)

where s = xe™"/*. This similarity solution does not, in fact, come from the classical
Lie analysis described previously.
We find that h satisfies

h —4h®s = 0. (61)
The solution to this is
h = +2 arcsin (-s—) +e (62)
C
Thus
f = +2arcsin (—ﬁ—-) + (63)
Clet/4

where ¢, and ¢, are constants.
By substituting this into (15), we find

1 1
D= Zcfe'/4 - sz. (64)

Substituting f into (93) from Appendix A, we find that the wave speed is

c~ %cle’/4 [4 cos (t - %) + sin (t - %)] . (65)

Note that this says that the wave will move backwards half of the time and forwards
the other half.
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4. D(x,t) arandom function

The success of the Euler method in rapidly obtaining accurate solutions to the pure
initial-value problem for reaction-diffusion equations with compact initial data [6]
entices one to consider applying the method to random diffusivities.

Specifically, we shall solve (7) with the explicit finite difference scheme

h
Wt =k 4 7P (ufyy — 2uf +ui_)) + hFu}), (66)

where u¥ denotes the computed value u(i8, kh), 8 is the grid spacing and / the time
step. For any D(t), (66) provides a rapid numerical algorithm. The extension to
D(x,t) is straightforward.

To get stability conditions for this scheme, we linearise the equation about an
unstable equilibrium, uy. This gives bounds on both the space and time steps

2'l)min
82 < =,
F'(uo)
82
< .
2Dmax — 82 F'(uo)

(67

h

(68)

Of primary interest is the effect of non-constant diffusivity upon the speed of the
reaction wave. Notice that for the Fisher equation (with constant diffusivity)

U, = Du +u(l —u), (69)

the minimal wave speed is

¢ =2D. (70)

Thus one is tempted to infer that any time dependence of the diffusivity will im-
mediately affect the speed of the reaction wave. However, as we are dealing with
a nonlinear system, and diffusion will act to smooth any variation (over some time
scale), we should not hastily infer anything.

In Figure 2 we present the results of numerical calculation of the speed of the
reaction wave, as it develops with time, for three cases, namely

D=1, (1)
D =1+0.1sin¢, (72)
D =1+RNG. (73)

Here RNG denotes a random number generator with mean zero, amplitude +0.1,
and following a rectangular probability distribution. Note that all diffusivities are
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FIGURE 2. Speed of the reaction wave as a function of time, using an explicit finite difference scheme

and tracking the average position of the front, where D = 1 is the circles (o), D = 1+ RNG is the dashed
). Diffusivities D = 1 and D = 1+RNG,

where RNG denotes a random noise generated number between +0.1, are indistinguishable. The speed
from D = 1 + 0.1sin¢ exhibits small amplitude oscillations about the D = 1 result. Note that all

diffusivities are perfectly correlated in space.

perfectly correlated in space. It is quite clear that the constant case (71) and the
randomly varying case (73) are very similar. The difference in speeds is shown in
Figure 3, and it is much less than one might naively infer from (70). The smoothly
varying case (72) does exhibit a smooth variation in speed with the same period, but
with a smaller amplitude than one might naively infer from (70). It would appear
that the diffusion process results in an insensitivity to changes in diffusivity below
some time scale. A theoretical analysis of the appropriate time scales would be of
considerable interest, but is beyond the scope of the present paper. Note that the
general analysis of stochastic reaction diffusion equations is proving to be a difficult
task; for example, witness the effort required to determine the changes in equilibria

by Tuckwell [7].

5. Di(x, y,t) and D,(x, y, t) continuous functions

Consider the equation in two spatial dimensions

u, = (Dvuy)c + (Dauy)y + F(u). (74)
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FIGURE 3. Difference between the speed versus time results for D = 1 and D = 1+ RNG. This
highlights just how close the results remain.

We seek a mapping
X=fxy0, (75)
Y=g(x,y,1), (76)
T =1, an

under which (74) is transformed into
ur = uxx +uyy + F(u). (78)

This requires us to solve a system of five simultaneous partial differential equations:

D\f}+ Duf] =1, (79)

D\gl + Dygl =1, (80)

D, f.g:+ D:f,8, =0, (81)

(D1 fo): + (D2fy)y — fi =0, (82)
(D18:)x + (D2gy)y — & =0. (83)

For Dy(x,t) and D,(y, t), (79)-(83) uncouple and the analytical results of Section
3 apply to each of D,(x,t) and D,(y, t) separately. In the general case, we have
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not been able to find any nontrivial solutions. The numerical method of Section 4
could easily be extended to the present case, and the results are likely to mimic the
one-spatial-dimension results already reported.

6. Conclusions

Four special forms for D(x, t) have been found. With these forms it is possible
to reduce the reaction-diffusion equation with D(x, ¢) to an equivalent constant dif-
fusivity equation, for arbitrary F(z). Although the special forms for D(x,t) for
which reduction was possible do not seem to be of intrinsic physical interest, they do
provide valuable examples for testing other analytical techniques and computational
algorithms. The same will hold in two spatial dimensions for D (x, t) and D,(y, t).
However, when D; and D, are both functions of x, y and ¢, nontrivial solutions of the
five coupled partial differential equations have eluded us.

Stochastic diffusivity was treated numerically. It appears that the mean value of
the speed of the reaction wave is unchanged by variations in diffusivity about its mean
value. The variability of the speed about the mean is much less that the variability of
the diffusivity about its mean.

Appendix A: Calculation of the wave speed

If our original system is of the form (7) and we can reduce it to an equivalent
equation
ur = uxx + F(u), (84)

then it is possible to find an asymptotic approximation to the minimal speed of the
wave front, which for the class of functions given in Section 2, the waves move from
the unstable equilibrium u# = O to the stable u = 1.

Assume there exists an unstable equilibrium point, &, of (7). Thus we require

Fw) =0, (85)
F'(uw) > 0. (86)

Now, let us expand (84) about u, using a Taylor Series for F (u) about u
Fu)~ F@) + F'(wu’, (87)

where u* = u — u.
Thus
u; = ul, + F'(wu*. (88)
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For the class of functions mentioned, z = 0.
Thus

uy =ul + F'Ou". 89)
The fundamental solution of this equation is related to the source solution. Thus

1 ,
u* = ___e—Xz/4reF(0)t. (90)

vi

As we are assuming that there exists a travelling wave front, which is well behaved,
we want u* to also be well behaved. To do this, there must be a balance between the
two exponentials (diffusion and reaction). Thus we require

X2 )

T F'(O)t, (91)
or

X ~2F'(0)t. 92)

What we want to do now is to substitute in X = f(x, ¢) for X and obtain the speed in
the original variables; namely, ‘;—’,‘. We then get an asymptotic estimate of the speed:

dx

~ —1y7
’r X7). (93)

C ~

Appendix B: Lie group analysis
Suppose we want to solve a general partial differential equation (PDE) of the form
N(xa t’ Cy cl’ cxv Cx.x) = 0’ (94)

using a Lie group analysis. We suppose a general transform of variables as one-
parameter groups of the form

=D +et(x,t,c)+ O(?), (95)
X =x+ek(x, 1, ¢) + O, (96)
t=t+en(x,t, c)+ 0. 97)

The new PDE becomes
N(Ya ;a Ey _7) —Y9 —ff) = O’ (98)

and we want this PDE to be the same as the original one.
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Once we have found the functions ¢ (x, ¢, ¢), £(x, ¢, ¢) and n{x, ¢, ¢), the similarity
variable and functional form of the solution are obtained from the first order PDE; this
is called the “invariant surface condition”:

Ecy + e, =&, (99)

Without going into any of the messy details (see for example Hill [4]), the derivatives
in the transformed variables are

Cr = ¢y + € {8 + (& — E)ee — necy — EpCl — necicy ), (100)
Trx = Cax + €{Lur + e — Ex)Cx — Nxcy
F(Goc = 2£:)CE = 2MucCiCx — EocC) — NecCiC
+ [(Ze — 26 — 3Eccx = ) Cex — 2(0e + NeCx)Cat ) (101)
Gr=c+el{&+ @ - n)e —Ece —n.ct —Ecici} (102)

Substituting (100)-(102) into (98), and reverting (94) in terms of ¢, and replacing
this for ¢,, in (98), we get a multinomial in terms of c, ¢,, ¢, and c,,, to first order in
€. By equating the various coefficients to zero, we get a set of equations involving 7,
& and ¢. These must then be satisfied to find 5, & and & which are subsequently used
in the invariant surface condition, (99), to determine the transformation under which
the PDE, (94), is invariant.
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