-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by University of Strathclyde Institutional Repository

I._‘.
Unlversltyﬂ@

Strathclyde
Glasgow

Strathprints Institutional Repository

Mulholland, A.J. (2008) Bounds on the hausdorff dimension of a renormalisation map arising from
an excitable reaction-diffusion system on a fractal lattice. Chaos, Solitons and Fractals, 35 (2). pp.
274-284. ISSN 0960-0779

Strathprints is designed to allow users to access the research output of the University of Strathclyde.
Copyright © and Moral Rights for the papers on this site are retained by the individual authors
and/or other copyright owners. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url (http://
strathprints.strath.ac.uk/) and the content of this paper for research or study, educational, or
not-for-profit purposes without prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
mailto:strathprints@strath.ac.uk

http://strathprints.strath.ac.uk/


https://core.ac.uk/display/9023207?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://strathprints.strath.ac.uk/
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/

Bounds on the Hausdorff Dimension of a
Renormalisation Map arising from an
Excitable Reaction-Diffusion System on a

Fractal Lattice
Anthony J. Mulholland*

Department of Mathematics, University of Strathclyde, Glasgow, U.K.

Abstract

A renormalisation approach to investigate travelling wave solutions of an excitable reaction-
diffusion system on a deterministic fractal structure has recently been derived. The dynamics
of a particular class of solutions which are governed by a two dimensional subspace of these
renormalisation recursion relationships are discussed in this paper. The bifurcations of this
mapping are discussed with reference to the discontinuities which arise at the singularities. The
map is chaotic for a bounded region in parameter space and bounds on the Hausdorff dimension

of the associated invariant hyperbolic set are calculated.

1. Introduction

There have been a number of mathematical approaches which describe wave prop-
agation in fractal media [1-8]. In particular, a series of papers have been devoted to
transport equations with first order reaction schemes in a class of deterministic fractal

media [9-19]. In this paper an input/output renormalisation scheme is used to model
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excitable reaction-diffusion waves in a fractal lattice. The input/output renormalisation
approach is restricted to the study of linear field equations [9] and so investigating the
dynamics of (nonlinear) excitable reaction-diffusion systems would not normally be possi-
ble. However, a piecewise linear model exists for the study of nonlinear reaction-diffusion
waves in a Euclidean domain [20]. The behaviour of this model is qualitatively the same
as the nonlinear case; both models support travelling waves, are excitable, and exhibit
threshold behaviour and wave annihilation. One difference arises in the relationship be-
tween the wave speed and the kinetic parameter a. For the cubic nonlinearity the wave
speed is finite as @ — 0%, whereas in the piecewise linear case the wave speed becomes un-
bounded as a — 0. Numerical studies have shown that the Sierpinski gasket pre-fractal
lattices can support travelling waves for this system [21,22]. The waves are step-like in
nature with a steep front connecting the excited and quiescent states. The linear field
equations are solved in each of the two regions on either side of the transition layer and
then interface conditions are imposed to connect these two solutions. Section 2 provides a
brief derivation of the renormalisation scheme which has been used to study the existence
and stability of travelling waves on a fractal lattice [21,22]. In Section 3 a two dimen-
sional subspace of the renormalisation recursion relationships is examined. The phase
space trajectories of these coupled maps form a family of hyperbolae. By an appropri-
ate parameterisation, this leads to transformations which decouple the maps and provide
analytic expressions for their evolution. The maps are chaotic and bounds on the fractal

dimension of the associated invariant set are calculated.

2. Renormalisation of an Excitable Reaction-Diffusion System in a Fractal

Lattice.

The following excitable reaction-diffusion (RD) system will be studied in this paper.
It has been used extensively to provide analytical expressions for travelling waves in
Euclidean media. The reaction term is f(v) = v — H(v —a), 0 < a < 0.5 (H denotes the

Heaviside step function), g and b are reaction coefficients [20], and the model is
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subject to the boundary conditions |v|, |w| — 0 as |z| = |x+ct| — 0. The small parameter

€ < 1 is used to balance the levels of reaction and diffusion, which ultimately dictates the
propagation characteristics of the wave. It has recently been shown that a renormalisation
approach can be used to study this model on a fractal lattice [21,22] and for completeness
an overview of this methodology is presented below. The deterministic fractal supports

are defined recursively to form a family of graphs

gt — grp™], (2)

Each graph consists of v copies of itself at level n to form its equivalent at level n + 1.
The adjacency matrix H™ describes the connectivity properties of the graph with its
(i,7)" element giving the number of edges connecting site i to site j. The family of
graphs considered in this paper has a number of nodes N,, = 3" and the total number of
edges emanating from a given node is a constant, p = 3. The recursive nature of these

graphs can be expressed as

g+ — g™ +y® (3)

where ﬁ(n) is a block diagonal matrix, whose blocks are equal to H™, and V() is the
connection matrix. V(™ is a sparse matrix, containing a constant number of nonzero
elements. It represents the connection of the output nodes between the different subgraph

blocks, each of which is a copy of U™ These are connected at the nth

recursion step in
order to form W) Therefore this study is restricted to the case of a finitely ramified
fractal.

The Sierpinski Gasket lattice SG(p) is the lattice counterpart of the Sierpinski gasket
SG. The procedure starts from the SG of order 2 which consists of three solid triangles.

Nodes at the centre of each of these triangles are connected by an edge to get an equilateral



triangle which is the SG(3) lattice at generation level n = 1. This process is then repeated

for each generation of the SG (see Figure 1).

E, Es Es

Figure 1: The pre-fractals Fy, Fy and Ej5 for the SG(3) lattice.

For each node of the lattice Fick’s law is applied with regard to the nearest neighbour
nodes. Coupling this with mass conservation, and comparing with the diffusion equation,

gives the discrete Laplacian operator, for level n [10]

V2= (H™ —pI)/Ax? = A™ /N2, (4)

Note that Az = [/(2" — 1) decreases to zero as n increases since the characteristic size
of the structure [ remains constant. The co-ordination number is p at each internal node
in the structure and p — 1 at the input/ output nodes, where p = Z;V:"l H;;. A travelling
wave can be instigated on the SG(3) lattice by exciting a set of nodes on an outer edge
(opposite the bottom left corner x = 0). A numerical demonstration of the ability of the
SG(3) graph to support such waves has been reported in [21]. The wave profile is step-like
with each field variable monotonically decreasing from the excited steady-state, through
a steep transition region and into the unexcited (trivial) steady-state. Equation (1) can
be put into a travelling coordinate frame z = x + ct, where c is the velocity of the wave
front and z is the length of the shortest path on the SG(3) lattice from the (bottom left

corner) output node of the lattice. Combining the resulting equations gives
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where
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and v(™

is the level of the state variable v at node 7, at generation level n. Travelling wave
solutions of (5) will be of the form of a step-like wave with v = v~ for z — —o0, v = v+
for z — 400 and v~ < v*. The transition layer is located at v = a (v~ < a < v*) and
equation (6) details the various forms of the discretised, nonlinear reaction term at this
interface and in each of the adjacent linear regions. Each of the operators in (5) is written
in matrix form by discretising the independent variable z (see [21] for full details). Each of
these matrices is formulated at generation level n = 2 with number of nodes N,, = 3" = 9.
Three fictitious nodes are introduced; A, B and C' (see Figure 2). These correspond to
the input/output nodes which by enforcing the boundary conditions, close the system of
equations. For order n the input/output nodes are numbered 1, m and N, respectively,

where m = %

, and the value of v at each fictitious node is denoted by v4, vg and v¢.
Each of the terms in equation (5) is then expressed as a discrete operator using the same

methodology used to discretise the Laplacian [21], to give
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where e; are basis vectors. The reaction-diffusion waves are not scale invariant and have
a characteristic length scale given by the front width L. The small parameter € can be
expressed in terms of this length scale by setting ¢ = Az/L. Equation (7) can then be

L
non-dimensionalised in terms of the Peclet number Pe = &= and the Thiele modulus,

¢ = L,/%, to give [21]

Pe? Pe —Pe?  Pe
(?R(n) - EM(H) + PeK™ + ¢ 1)y = (? @ + Pe)uae,
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where for simplicity g has been set equal to b. The right hand side can be expressed in

+( — ) (vBe,, + veey ), (8)

terms of a transfer matrix G™ to give

Gy = kyae; + ka(vge,, +veey, ), (9)
— Pe? P — Pe? P
where k| = ¢—2€ — ?;2 + £Pe and ky = ¢—; + 57;. To solve this set of linear

equations in v the resolvent F™ = (G™)~! must be calculated. Inverting G directly
is computationally prohibitive and, in addition, the case n — oo is of interest since it
corresponds to the true fractal support [22]. By writing G™+Y = g™ + T™ | where
T™ is a sparse matrix, it is possible to derive the following renormalisation recursion

relationship

plnt) _ F(”) . F(”)T(N)F(n‘*‘l). (10)

This can then be used to calculate the pivotal elements of F(™ at each generation level.
The elements of T}EZ) represent the edges which connect the three copies of F™ to generate
FO+D _ Therefore it is a very sparse matrix and coupling this with the SG(3) symmetry
ensures a substantial reduction in the number of equations to be solved. To utilise the
recursive relationship (10), the SG(3) at level n = 2 is considered as an initial structure
and related to the same structure at level n = 3 (see Figure 2). The resolvent F?) is
then calculated by directly inverting G®. It transpires that the following set of fourteen
recursion relationships can be used to calculate the pivotal elements of the F' at any

level [21]

FIY = P 4 2k P RGTY (11)
Fl((T)L,Jlrl - lel 1 F(nH) + kZFl 5 Fl(ngrl ) (12>
FiEtY = BV R + R FETY (13)
FVHY = FY + k(B + RV PGV (14)
Fl(rlrl - les 1 F(nH) + k2F59 Fl(ngrl ) (15>
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n+1 n n+1 n n+1
Ff,J )= k2F1(,5)F1(0,J1r4) + k2F1(,5)F1(0,J2r7) ) (16)

n+1 n n n+1 n n+1
Fl(o,Jer:) = F1(,5) + lel(,l)FES,J ) + k2F1(,5)F1(8;7) ) (17>
Flos) = ki FVFSY + b FY R (18)
n+1 n n+1 n n+1
FéJ )= k2F5(,5)F1(o,Jf4) + k2F5(,9)F1(o,;r7) ; (19)
n+1 n n+1 n n+1
Ff8,;_7) = leES,l)Fé,; )+ k2Ff§,5)F1(8,J1r4) ; (20)
n+1 n n+1 n n+1
F5(2; ) = k2F5(,5)F1(0,J2r7) + kQFs(,g)Ffo,L) ) (21)
n+1 n n n+1 n n+1
F1(8,J1r4) = Fs(,9) + leES,l)FSS,J ) + kQFE:(,E))Fl(&;?) ) (22>
n+1 n n n+1 n n+1
F1(4,J1r4) = FES,S) + leé,l)Fé,J ) + k2F5(,9)F1(8,;7) ’ (23)
n+1 n n+1 n n+1
F1(4,J2r7) = lezs(,l)Fé,;?r ) + kQFs(,g)Fl(s,L) : (24)
B
27
19 / 23
9 18
7 8
3 6 \
1 14
A 2 4 5 10 c

Figure 2: The node labelling for the Sierpinski gasket lattice at level n = 3.

This methodology has been used to investigate the existence and stability of travelling
waves for both finite generation level (pre-fractal) and infinite generation level (fractal)
supports [21,22]. Note that the elements at level n+1 only depend on five pivotal elements

at level n, namely u = Fl(ﬁ), v = Fl(g), w = Fég),y = Fé? and T = Fég) (this notation
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is introduced to simplify the presentation). By scaling the variables F. 5(77;), Fl(ﬁ), Ff{; Jfl),
F 1(5? Jfl), and F, éﬁﬂ) by k; and the remaining variables by ks, and denoting the elements of
F' at generation n + 1 by capital letters, these fourteen equations can be reduced to the

four pivotal relationships

22— (12 —ux)’ (22 —1?) — (2uazy—o* (1- (x—y)2+2y))

el vy —ul-p @ty (Fyt @y = tug) >
_ v (22" —x+y—3ay+y}) —2® (1+u(z—y)
Y=X+y+ l+y+u(r—y) (1+y)+02 (y—2x) (26)
20+ (y—1) (e+y) tu(l—y+0* (2—2—3y))
U= Iy i) a1 @y 27)
v v? (1+z—y) (28)

Cl-y—? rty)+uly—1) (@+y)
where the isotropic condition w = v is set (the system is invariant under the interchange

of w and v).

3. A Two Dimensional Subspace of the Renormalisation Recursion Relation-

ships.

Numerical iteration of equations (25) to (28)indicate that for certain initial conditions the
pivotal elements in the resolvent tend to a subspace where v = 0, u is a constant, and
where x and y behave randomly as the generation level n increases. Setting v = 0 and
u = constant in equations (25) to (28), the remaining pivotal elements are defined by the

mapping ¢ : (z,y) — (X,Y), defined by

Y = y(1+ ), (29)

X = . (30)

This planar mapping is the same as that derived in [19] for the case of the Schrodinger

equation on a linear chain lattice.



Tn

-15

(a) =

Figure 3: (a) x,, versus the iteration number n, (b) y, versus the iteration number n.

Although the iteration of this mapping appears to be random for certain initial condi-
tions (see Figure 3), with no obvious correlation between successive terms, a phase space
plot of y versus = shows a trajectory in the shape of a hyperbola (see Figure 4). By varying
the initial conditions, a family of hyperbolic trajectories can be found; if the initial con-
ditions lie within the set shown in Figure 5. Initial conditions outside this domain iterate
to steady state solutions on the y-axis. These solutions correspond to waves propagating
on the true fractal (infinite number of generation levels) and have been discussed in [22].

Yn

57 -

Figure 4: A phase space trajectory of y,, versus x,.

This can be shown by perturbing the pivotal elements by ¢™ = (qg(gn), g™, ql(,”)),

where |q£n)| < 1 and iterating the pivotal recursions X = ((z) numerically. This shows

that u tends to a constant value, which is approximately its initial value translated by the



Yn

Figure 5: The domain of attraction for chaotic orbits in (x,,yn).

perturbation q&o). It also shows that v tends to zero whereas x and y behave chaotically.

Using a Taylor series expansion gives

Q=((x)g+

¢"(x)g” + O(¢’) (31)

N | —

Now the subspace is stable if |Q| < |g|. To order ¢, | < |qq(,n)| if ¢! is small enough

to guarantee

((1 —Yl)(_ﬁ;()}(/+)<)> <(1 _y1>(_1git6é+m>)2(qvo’)3 <1

A similar analysis shows that qffl) — qﬁo) as n — 00, as predicted by the numerical

simulation.
3.1 Bounds on the Hausdorff dimension of the Invariant Hyperbolic Set.

Using a group theoretic approach it is possible to derive a transformation to decouple the
mappings (29) and (30) [6,7,18] (see Appendix). Analysis of equations (25) to (28) using
a Lie group approach [23,24] may lead to a similar decoupling and this is currently being

investigated. The transformation v : (ay,,t,) — (zn, yn) defined by

10



(1—a)t+1+a
2 2t
l+a (1—a)t

Y= T 2 v (33)

also decouples the mappings (29) and (30). The inverse transformation ¢~ : (z,,y,) —

(G, ty) is

ka2 — k2% — 1

o= n 34

a T (34)
kx, — ky, +1

t, = ——, 35
kx, + ky, + 1 (35)

and the composition ® = ¥ ~1¢th, maps (a,,t,) into (ani1,tey1) via

Uni1 = G (36)
(1 —a,)t? + (2a, +2)t, — (1 + ay,)

(an — )12 — (2a, — 2)t, + (1 +ay) (37)

tn+1

Here a sets the particular member of the hyperbola family and ¢, parameterises it. This

gives a parameterised family of functions f,(t) where

-  (1—a)t2+ (2a+2)t, — (1 +a)
tni1 = fa(tn) = (a— 12 — (2a— 2ty + (1 +a) .

Va2 —1 a2 -1
l—a  1-—a

fixed points for all cases of the parameter a can be examined using the derivative f!(t,)

The map f,(t,) has three fixed points t* = {1, —

}. The nature of these

at each point ( [25], p.24). It transpires that,

(i) t; = 1 is a repelling fixed point for all values of a (see Figure 6).

(i) t5 = —\/% and t§ = \/% are attracting fixed points for |a| > 1 (see Figures 6(b)
and (e)).

Numerical evidence suggests that for a = —1, the origin is a global attracting fixed point,
when a = 1 all orbits tend to infinity, and for |a| < 1 the map f,(t,) behaves chaotically

(see Figure 7).

11



1 1
1 1
1 1
Po7.5) !
1 1
| 51 |
1 1
1 1
1
tL i 2.5 i
1 1
-3 -2 = 1 2 3 4

| * |
| 1 |
: VIR
1 1
1 1
1 1
1 1
1 1
1 1 /
1 1

@ | |

3 6

Figure 6: The function f,(t,) versus t,, for different values of a; (a) |a| < 1, (b) a < —1

,(c)a=—1,(d) a=1and (e) a > 1. The vertical asymptotes are ty, tp = 1 F /%

1—a’
(a+1)F+/2(14a)

and f, cuts the t-axis at t4, tg = |

For a < —1 there are two attracting fixed points ¢5 and ¢3, separated by the singularity
at t; (see Figure 8(b)). These approach one another as the parameter a increases, and
then coalesce to form a globally attracting fixed point at the origin when a = —1 (see

Figure 6(c)). As a is increased further a singularity appears at 1 — , /1T2a> the attracting

12



t*

Figure 7: The bifurcation diagram of f,(¢,).

fixed point disappears and this leaves a single repelling fixed point at t; = 1 (see Figure
6(a)). It is observed that at this point a bifurcation to chaotic behaviour occurs (see Figure
7) without any period doubling cascade. Although this has the hallmarks of a saddle-
node bifurcation, ( [26], p.60) two fixed points coalescing and eventually vanishing, this
does not occur through a tangent of the graph of f,(¢,) but rather through the birth
of a singularity in the function. Also note that the fixed points satisfy |f,(¢})] # 1
and are therefore hyperbolic ( [27], p.24). Increasing a still further to @ = 1, both the
singularities disappear to leave a linear function with the sole repelling fixed point at
17 = 1 remaining. As a increases beyond 1, the two attracting fixed points ¢5 and ¢}
reappear. Denote the stable set of a periodic point p of f, by W#*(p). This is the set of all
points ¢ in the domain of f, where lim,_ f(q) = p. So for a < =1, W*(t}) = (¥5,1)
and W*(t3) = (—o00, %) U (1,00), and for a > 1, W(t5) = (—o0,1) U (%4, 00) and
We(t3) = (1,%5). For |a| < 1 the local unstable set (W} (t7)) of the repelling fixed point
ty is (tp,tr) since f.(t,) > 1, for all ¢, € (tr,tr). Also note that f(¢,) = 0 only when
t, = {t5,t5} and so f.(t,) # 0, for all ¢, if |a| < 1. A homoclinic orbit {¢;}, i =0,1,...

can be found by solving fi(q;) = t; for each i, where ¢; € W (t;) for |a| < 1. Solving

13



f2(qo) = 1 for qo € W (t7) gives four roots gy = {1, %, (azfla){_;k‘ﬁ, (GQ*Z);F_”GPGQ}.
However it can be shown that only gy = % N ()

For example, if a = 0.5 then gy = —0.464102 and working backwards one iteration,
that is solving f.(q1) = qo, gives ¢ = 0.228029. Continuing this process generates the
homoclinic orbit {¢;} and, since for |a| < 1 f!(g;) # 0, the orbit must be nondegenerate. It
transpires that f2 is topologically conjugate to the shift map [26]. This particular value of
a is used below to demonstrate this. Let V' = [go—0.1, go+0.05] = [-0.564102, —0.414102]
be a neighbourhood of gy where |(f2)'(t)| > ¢ > 0, forallt € V. Let j > 1, j € N, be such
that §’¢ > 1, that is j > log Take § = 1.8 and € = j = 1, so that, f2(V) = fr+i(V) =

logd~
[0.172366, 1.58337] satisfies f3(V) NV = 0. Now fr++1(V) = [~0.584037, 2.46121] = W,

say, and (7911 (1)] > 1, for all ¢ € V. Now let V' = [t — 0.11898385, ¢* + 0.06365] =
[0.881016, 1.06365] C W be a neighbourhood of ¢ such that,

1. frHti(V") = f3(V') is one-to-one on V' and f(V') = W (see Figure 8).

2. |(frr 1Y ()] > 1, for all t = V' (see Figure 8).

3. frHt(V) S V.

4. VNV =0, and fr1(V) covers V',

(£ ()] 4(t)

35 2.5¢

30 2r

. 1.5}

1,
20

0.5f
15

—/o 5 -0.25 0.25 0.5  0.75 / 1
a -0.5 -0.25 0.25 0.5 0.75 1 b -0.5}
(a) (b)

Figure 8: (a) |(f3)'(t)| versus t and (b) fi(t) versus t, where t € V UV’ and a = 0.5.

Let Ag = W/(V UV’) then since |(f2)(t)| > 1, for all ¢ € W then points in Ay iterate
out of W under f?. Similarly there exists a set A; such that f}(A;) = Ag. A; consists of
two parts, one in V and one in V', which iterate out of W under (f)2. Continuing in this
manner, the set A = W/ (U ,A,), can be shown to be a Cantor set, and is a repelling,

hyperbolic invariant set for f2 [27].
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Let the sequence S(t) = s¢s152 ... where

0 fA()eV
5j = :

1 fA)yev
be the itinerary of t. The mapping S : A — ¥, can be shown to be a homeomorphism
and it also can be shown that S o f! = o0 .S so that f} and the shift map o are
topologically conjugate. Having established this conjugacy it is now a straightforward
matter to demonstrate that the map f} has dense orbits, its periodic points are dense,
and it is sensitive to initial conditions. Denote the points of A by {t¢;,,.., i; = 0,1},
and let go : W — V and g; : W — V’ be the inverse of f2 restricted to the closed
intervals V' and V' respectively, where t;, ;, = gi,(tiyis..) and f2(t; i) = tiyis.... By
the Mean Value Theorem and, since |(f2)'(t)| > 1 for all t € W, gy are contractions
on W and in fact g{(x) € [0.0218842,0.0682758] and g} (z) € [0.0285076,0.0804466], for
all t € W. So there must be a unique non-empty compact subset A of W satisfying
A = go(A) Ugi(A) [28]. A lower bound for dimy A is then given by the solution to
0.0218842° + 0.0285076° = 1, and an upper bound by 0.0682758° + 0.0804466° = 1 which
gives 0.187939 < dimpy A < 0.266463. Tighter bounds on dimg A can be found by noting

that A is also invariant under the four contractions given by g; o g;, i,7 = 0,1, so that

0.213448 < dimpy A < 0.258045.
5 Conclusions.

The input/output renormalisation method is one approach to studying the dynamics
of wave processes in fractal graphs. However it is restricted to the study of linear field
equations. In this paper a piecewise linear caricature of a nonlinear reaction-diffusion
system is used to study the propagation of excitable waves on a Sierpinski gasket lattice.
The behaviour of the piecewise linear model is qualitatively the same as the nonlinear
case in Euclidean domains; both models support travelling waves, are excitable, and
exhibit threshold behaviour and wave annihilation. The renormalisation scheme is applied
on either side of the sharp transition layer and then interface conditions are imposed.

Previous work has reported on the existence of travelling waves using this technique.

15



In this paper the dynamics of one class of solutions to the system of renormalisation
recursion relationships is studied. When the recursion relationships are iterated they
invariably converge to an equilibrium state as the generation level increases. However,
for certain parameter regimes, the elements of the Green transfer matrix behave in a
chaotic manner from one generation level to the next. Although the recursion equations
are complicated one can find some subclasses of solutions. This paper examines in detail
one such subclass which is described by a planar coupled nonlinear map in terms of two
of the pivotal elements. It transpires that this planar mapping is identical to that derived
for the case of the Schrodinger equation on a linear chain lattice. The map undergoes a
bifurcation to chaos and this is shown analytically by finding a homeomorphism to the
shift map. There is an associated hyperbolic invariant set of Cantor type and bounds on

its Hausdorff dimension are calculated in a particular case.
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Appendix. Explicit Formulae for the Renormalisation Subspace Mappings.

The mapping ¢ : (2, Yn) — (Tni1,Yns1) defined by equations (29) and (30) has an explicit

solution given by the mapping ¢ : (an,t,) — (Tn, Yn)

ant? —t2 — 2a,t, + t, — a,
kt,
2 —ant? + a,
kt., '

Ty =

Yn =

where a,, = sin?(2"0,), 0y = sin_l(\/%) and

Jj—1 i+1
n 1o sec(2'10y)

ty, = —1

j—1 i+1
n—1 Hi:o Sec(2 90)
1+ ijo 2j+1

Proof

The inverse transformation ¢)~! is given by

k*y? — k?z? — 2kz, — 1

= 4kzx,
P kyn, — kx, +1
" kyntkx,+17

and the composition ® = ¢~ '¢t) : (an, ts) — (ant14,,,) is then

a1 = 4ap(l—ay)
2(a, — t, + anty)
(—1+2a,)(1+t,)

tn+1
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(39)

(40)

(42)

(43)



Equation (44) is the logistic equation with A = 4, which has solution, ( [28], p.195),
a, = sin’*(2"6y) with 6y = sin™'(\/ag). Now let, ( [25], p93)

Zn+1

—t, 1. (46)

Zn
Then equation (45) gives

3 — 4a, 2

e N S A7
2, —1 " T 2q, —1° (47)

Zn+2 +

Introducing the discrete operator E, where Ez, = z,.1, gives ( [29], p75)

1

(E+ S 1)(E—2)zn =0.
If v, = (E — 2)z, then v, = ;vn. Hence
1—2a,
el ~1
(E —2)z, = v g(1—2ai):rn ,  where gzl . (48)

H

The homogeneous part of (48) has solution 22 = 2"z,. Now substituting z, = 2Hv,

. . Tn .
into (48) gives (E — 2)zv, = r, and so 21 v,11 = r,. Hence v,41 = v, + 5 Since
z
n

2211 = 21| In general then,

i
L

Up, = Vg + H

<
I

o

<

and so

n—1 j—1 1
" on Vo Hz‘:o ( 1_2(12.)
Zn = Z, Up = 2720 |Vo + OIS

j=0

Since 1 —2a; = 1 —2sin*(20y) = cos(2"+16,), where vy = 21 — 229, then, by setting 2o = 1,

21 =to + 1, (46) becomes

Hg;é sec(2716,)

" 1 n—1 HZ;S SeC(QiH@o) '
T ijo 2j+1
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