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Abstrakt

Tato prace studuje heterogenni verze semidiskrétni Nagumovy rovnice s nekonstantni kapacitou.
Tento systém je uvazovan na diskrétnich prostorovych strukturach - grafu a nekone¢né mfiiZce.
Zatimco v homogennich systémech vzdy existuji netrividlni staciondrni feSeni, pro heterogenni
systémy muZe nastat odli$na situace. Pro heterogenni semidiskrétni systém na grafu ukazeme, Ze
miiZe existovat pouze jediné stacionarni feSeni - nulové feseni. Podobné je tomu i u heterogenni

rovnice na nekone¢né miizce, kde ukazujeme existenci jednozna¢ného omezeného feseni. Déle je
dokézana existence a studovany vlastnosti nekone¢né mnoha neomezenych feseni.

Kli¢ova slova: Semidiskrétni systém, Nagumova rovnice, graf, m¥izka, jednoznacné stacionarni
feSeni.






Abstract

This thesis investigates heterogeneous versions of semi-discrete Nagumo equation with non-
constant capacity. This system is assumed on discrete spatial structures - graph and infinite
lattice. While there always exist non-trivial stationary solutions for homogeneous systems, het-
erogeneous systems may behave differently. We show that heterogeneous semi-discrete Nagumo
equation on a graph may have a unique stationary solution - the trivial one. Similarly, we show
that unique bounded stationary solution may exists for heterogeneous lattice Nagumo equation
while there are infinitely many unbounded stationary solutions.

Keywords: Semi-discrete system, Nagumo equation, graph, lattice, unique stationary solution.
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Introduction

In this work, we study two modified versions of Nagumo equation

] 02
a—?:Da—;vL)\u(l—u)(u—a), XER, t>0, (1.1)
which is the focus of many studies, since it is one of the simplest model where solutions in a
special form can occur, e.g., traveling waves [9]. It is used as a model for the spread of genetic
traits [2] and for the propagation of nerve pulses in a nerve axon [10, 21].
Our work is focused on two periodic semi-discrete Nagumo equation with different capacities
on lattice

d.X" . . .

T =D -2+ xa)+Ax (1- ) (F-a), i=2%kez, 12
dx; - j ; '
Titl =D (xj_1 — 2x; + xj41) + Aox; (1—,’{‘—;) (%—a), i=2k-1,keZ

and semi-discrete Nagumo equation with capacities on a complete bipartite graph G = (V; U
V5, E), where |V1| = Ny and |V;| = N,

dxl. N1+N,

’n :Dj:%+l (x]-—xl-)—i—/\lxi (1—;{%) (;{%—ﬂ), i=1,2..Ny,
dxl-

" L | (13)
5 = Dj)::1 (x; — %) + Aax; (1— #) (g—a), i=N;+1, Ny +2, ..N; + Ny.

2

In particular, a significant part of Chapter 2 is dedicated to the model (1.3) in a special case where
Vil = Vo] =1, 1.,

dxy
2
dt

which can be interpreted as a two patch Nagumo equation.

In the systems (1.2), (1.3) and (1.4), D > 0 represent the strength of diffusion, a € (0,1) is
a viability parameter, A1, A, > 0 stand for reaction functions and ki, k, > 0 are capacities of
territories.

Semi-discrete Nagumo equation on lattice is often assumed in a form

dxl-

=D(x—x)+hx (1- 1) (f# —a), (1.4)
:D(xl—X2)+/\2x2(1_I%) (’%_a)' |

T D(xi1—2xj+xi41) +Axi (1= x;) (xi —a), i€Z, (1.5)
and discrete Nagumo equation on graph G = (V,E), where |V| = N in a form
dx:
ZioD Y (x—x)+Ax(l—x)(x—a), i=12 N, (1.6)
dt .
JEN (vi)
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Figure 1.1: Examples of four discrete structures considered in this work. The semi-discrete ver-
sion of Nagumo equation (1.1) is studied with continuous time and one of these discrete spatial
structures. Complete bipartite graphs (a)-(c) lead to the system in the form (1.3). In particular, for
the case (a) the system simplifies to (1.4). The lattice Nagumo eqation (1.2) can be interpreted as
the semi-discrete system (1.3) for a special type of (non-complete) bipartite graph - infinite path,
which is illustrated in (d).

where N (v;) stands for neighbors of vertex v;. The interpretation of parameters (except the ca-
pacities) corresponds to these of systems (1.2) and (1.3).

The system (1.5) is an example of lattice differential equation (LDE). It naturally occurs in
many scientific disciplines, e.g., biology [6], but can be also obtained by Euler discretization of
spatial derivative in (1.1). As in the case of the continuous Nagumo equation (1.1), the semi-
discrete Nagumo equation on lattice is the subject of many studies focusing on traveling waves,
e.g., in scalar [14, 24] and vector (higher-dimensional) [7] cases.

In a case, where the number of territories, neurons, etc. is finite then it is natural to use a finite
dimensional model, i.e., the system (1.6). For such a system, a number of stationary solutions
based analytic properties and graph characteristics has been studies in [26].

1.1 Deriving models

In this section, we derive the model (1.1). For this purpose, we briefly introduce single-species
model - the bistable dynamic (sometimes called Allee effect). Then we derive the reaction-diffu-
sion equation from conservative and Fick’s laws. Further, we use the method of lines to obtain
discrete Nagumo equation (1.2). Last, we discuss how to derive the 2-periodic system (1.3).

1.1.1 Bistable dynamics

Single-species models are the cornerstone of mathematical biology and other areas of mathemat-
ical modeling. The main idea of these model is a simplicity (low number of parameters) based
on the neglecting of external influences, etc. On the other hand, these models should realistically
describe the species dynamic. Basic introduction of these models can be found in [19].

We concisely describe only one of these models, which is important for this work - the bistable
dynamic. We discuss this model from biological perspective as in [8, 19, 20]. Biology is not
the only subject which widely uses this dynamic, e.g., see [8] for ecological point of view, [1]
crystallography and [2] for genetics.
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Figure 1.2: Bistable function (1.9) correspond- Figure 1.3: Four solutions of system (1.7) for
ing to the right hand side of system (1.8). different initial conditions Ny, N7, N», Njs.

Let m = m(t) be the population of the species at time ¢, then the rate of change of this popula-
tion in time is given by bistable dynamic as follows

(1) (5 o) 0

where A > 01is a coefficient of the growth rate, 2 € (0, 1) is so called critical value and k > 0 is the
capacity of a territory.
The bistable dynamics (1.7), can be normalized to

dn
E:An(l—n) (n—a), (1.8)

by substituting n = m/k.
For a basic analysis of the normalized bistable dynamics (1.8), we assume the function

f(x)=x(1—x)(x—a). (1.9)

Graph of this function can be seen at Fig. 1.2.
The roots of (1.9) are trivially

Further, we have
f(0)=—-a<0, fl(a)=a(l—a)>0, f(1)=a—-1<0

and
f(x) <0,x€(0,a)U(a +o0), f(x)>0,x€(a 1) (1.10)

Applying these results to the original model (1.7), we obtain
1. m = 0 and m = k are asymptotically stable stationary solutions of (1.7).
2. m = ak is an unstable stationary solution of (1.7).
To be able uniquely determine the solution of (1.7) we assume an initial condition.
m(0) = my.

Four different solutions for different initial conditions can be seen at Fig. 1.3.
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1.1.2 RDE

Reaction—diffusion equations (RDE) plays very important role in many scientific fields. See, e.g.,
chemistry [22], in mathematical biology [19, 20]. To derive the reaction diffusion equation, we
start with the conservative law, which state that the rate of change of the amount of material in
volume V is equal to the rate of flow of material across the surface of V plus the material created

inV. 5
g/Vu(x,t)dvz—/S]-dSJr/Vde,

where ] is the flux and f is the source of material. In general, the source functionis f = f(t, x, u).
We apply divergence theorem [18, Theorem 15.12] on the surface integral of the flux to obtain

/V(EZLJrV]—f) AV = 0.

Since the volume integral has to be equal to zero for arbitrary volume, we have

ou
= tVI-f=0. (1.11)

Fick’s law state that the flux is proportional to the gradient of the concentration of the material.
] = —-DVu. (1.12)

Using (1.12) in the equation (1.11), we obtain

%—ZzV%DVu)#—f.

If D is spatially independent, this can be simplified to

du DAu + f. (1.13)
ot

In our case, we assume the spatially independent D > 0, one dimensional space and the
function f given by (1.9) multiplied by reaction parameter A. Thus, the equation (1.13) has a form
(1.1).

1.1.3 Spatial discretization

In this work, we are not directly interested in the equation (1.1), but its spatially discrete version
(1.5) and (1.6), or more precisely systems (1.2) and (1.3). The discrete Nagumo equation can be
obtained by application of semi-discrete numerical scheme - method of lines. This numerical
scheme is based on replacing the spatial derivatives with algebraic approximation. This way, the
original partial differential equation is transformed to a system of ordinary differential equations.
For an introduction to this method see [12].

The equation (1.1) contains only the second spatial partial derivation for which we use the
central second difference approximation. More precisely, the second spatial derivative in a point
x; € R is approximated by

%u(x;, t) ou(xiog, ) = 2u(x;, t) +u(xigq, t)

e 2 + 0(Ax?), (1.14)

where x;11 = x; £ Ax.
Substituting (1.14) to (1.1), we obtain

ou(x;, t) _ Du(xl-,l, t) —2u(x;, t) +u(xjpq, t)

ot Ax2 +/\u(xi, t) (1 — u(xi, t)) (M(Xl', f) _ LZ) ]
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We can denote D = D/Ax? and omit the bar or (since we have no interest in returning to the
original RDE equation) we can set Ax = 1 to obtain a system

ou(x;, t)

T D(u(xj_1, t) —2u(x;, t) +u(xipq, £) + Au(xg, t) (1 —u(x;, t) (u(x;, t) —a), i€Z.

(1.15)

By denoting x; = x;(t) = u(x;, t), (1.15) reduces to the system (1.5).

The spatial variable in lattice differential equation (1.5) can be viewed as the vertices of an
infinite path, i.e., a graph. Each equation in LDE then represents the rate of change of population
on a single vertex (territory) given by population growth rate, i.e., reaction term and diffusion
to its neighbors. The diffusion in (1.15) can be split to obtain the diffusion along an edge. The
diffusion rate between vertices i and i + 1 is given by D(x;1 — x;) for vertex i and D(x; — x;11)
for vertex i + 1. There is no reason to limit ourselves to the infinite path (lattice).

We assume a graph G = (V, E), where V represent the set of vertices and E the set of edges.
Analogous system to (1.5) on G then has a form (1.6).

We derived the LDE system (1.5), same as the RDE system (1.6), for the function f given by
(1.9). In this work, our main focus is on modified versions of these systems, where the reaction
function is given by right hand side of (1.7) such that the capacities of different territories are not
all the same. More specifically, we assume a two periodical LDE system (1.5) and bipartite graphs
for the system (1.6), such that odd and even territories in LDE or the sets of vertices from bipartite
graphs carry the same capacity, not equal to the territories from the other set, i.e., systems (1.2)
and (1.3).

1.2 Preliminaries

In this section, we state some basic properties of systems (1.2) and (1.3). A separate subsection is
devoted to each of these models. For the finite-dimensional system (1.3), we use the well known
Picard-Lindel6f theorem for existence and uniqueness of solution, then we show that the solution
with initial condition located in a N—dimensional cube does not leave it. For lattice differen-
tial equations (infinite dimensional system of ODE) the Picard-Lindelsf theorem does not hold.
Thus, for the infinite-dimensional system (1.2) another theory has to be used. Invariant of the
oco—dimensional cube for solution for an initial condition within it is proven analogically to the
finite system. First of all, we present different points of view for the heterogeneous systems (1.2)
and (1.3).

1.2.1 Comparison of homogeneous and heterogeneous systems

Lattice Nagumo equation (1.5) comes directly from spatial discretization of the continuous Nagu-
mo equation (1.1) as shown in Section 1.1.3. Clearly, the heterogeneous lattice Nagumo equation
(1.2) can be obtained by spatial discretization of continuous model (1.1) with periodical reaction
function. Here we want to present a different point of view, where a interpretation of the bistable
dynamic from Section 1.1.1 plays main role.

Assume the normalized bistable dynamics 1.8. It is clear, that function n = n(t) in here,
represents a concentration of population, chemical, etc. This dynamic was obtain by substitution
n = m/k into the system (1.7), where k is a capacity of territory. There are two ways how to
present the function m = m(t) from original system.

1. Function m represents a concentration of population, chemical, etc. for which the upper
bound (capacity) of positive reaction given by (1.7) is less or equal to one, i.e., k < 1.

2. Function m represents an absolute frequency of population. In such case, the capacity of
positive reaction, i.e., the parameter k, may have relatively large value, e.g., one thousand.

Assuming the second case from previous paragraph, we can interpret the difference of the
homogeneous system (1.5) and heterogeneous system (1.2) as follows. While the diffusion in ho-
mogeneous system take place based on the difference of concentrations, in heterogeneous system
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it be held based on differences of absolute frequencies of populations. The same way we can
interpret the difference between the discrete Nagumo equations on a graph (1.3) and (1.6).

1.2.2 Discrete Nagumo equation on a graph

The system (1.3) is a finite dimensional system of first order ordinary differential equations. For
such a system, the existence and uniqueness of solution is given by Picard-Lindel6f theorem. In
general, this theorem does not give a good estimate of interval on which the solution exists, but it
can be extended by following theorems. Here we mention just the brief summary of this theory,
which is used to prove the existence of unique solution of (1.3) for any t > 0. For a complete
theory of existence and uniqueness of solutions of finite dimensional system see [16].

As mentioned above, the local existence of unique solution of (1.3) follows from the Picard-
Lindelof theorem [16, Theorem 8.13].

THEOREM 1.1 (Picard-Lindel6f theorem). Assume that f : R x RN — RN is continuous vector
function on rectangle
Q:={(t,x): tg <t<ty+a, ||x—xpl| <b}

and assume that f(t, x) satisfies a uniform Lipschitz condition with respect to x on Q. Let

M :=max {[|f(t, x)|| : (£ x) € Q}

®:=min< a E
= SV

dx

T (t, x),

x(0) = xq

and

Then the initial value problem

has a unique solution x on [ty, to + a.]
Futhermore,
[Ix(t) = xol| < b,

for t € [to, to + «]

Since the right hand side of (1.3) contains the polynomials of x the uniform Lipschitz condition
is satisfied for arbitrary rectangle Q, defined in this theorem. It gives us only local existence of
solution of x(t) for ¢t from some interval I C R. We say that a solution y(f) is an extension of
x(t) provided ] D I and y(t) = x(t) for t € I. We say that | is a maximal interval of existence
for x provided there does not exist the extension of x(t), see [16, Definitions 8.29 and 8.31]. The
following theorem gives us a sufficient condition for the maximal interval of existence.

THEOREM 1.2 (Extension theorem). Assume D is an open subset of R x RN, f : D — RN is
continuous and x is a solution of

dx
2 — f(t
X ()
on (a, B), —00 < a < B < Ho00. Then x can be extended to a maximal interval of existence (w1, wy),

—o0 < wy < wy < Ho0.
Futhermore, x(t) — 0D as t — wy— and t — wy+, where D is a boundary of D.

COROLLARY 1.3. Assume that f : R x RN — RN is continuous and bounded. Then every solution

of
dx
T f(t, x)

has the maximal interval of existence (—oco, +00).
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The polynomial right hand side of (1.3), is not a bounded vector function of x. Instead of direct
application of the last corollary, we have to show that (1.3) with appropriate initial condition leads
to bounded solution, i.e., the right hand side stays a bounded function.

LEMMA 1.4. Assume that x is a solution to the system (1.3) with initial condition x(0) = xo such
that x; € [0, max{ky, kp}] for i =1, 2, ... N on interval of existence («, B), then the solution x satisfy
x;(t) € [0, max{ky, ko }] forall t € (a, B).

Proof. We prove this lemma only for the forward time, i.e. t € [0, B). The opposite side of interval
can be proven analogically. This is done by indirect proof. Denote

t* := min {t €0, B):Jied{l, 2 ..N}, x;(t) = max{ky, ko }, %(t) > 0} , (1.16)

ie., t* is the very first moment when some function x;, which is a solution of (1.3), is about to
leave the interval [0, max{ky, k»}]-
For x;, where index i is given by (1.16), we have

X X
; - — — — < = .
X; (1 kl) (kl a) <0, [I=1,2

% <D Y (x—k), (117)

jl‘()jEVk

Thus

where Vj denotes one of the sets V] and V;, such that v; ¢ Vi and k = ki ifi € {1, 2, ..., Ny} or
k=kyifie {N1+1, Ny+2, .., Ny + Np}.
Moreover, from (1.16) we have dx;/dt > 0. With (1.17), it is necessary that there exists index
j such that v; € Vi and x; > k. Since x; is continuous function on [0, t*] by intermediate value
theorem [18, Theorem 1.13] there exists f € [0, +*] which satisfy (1.16). A contradiction.
Analogously we define

tye i= min{t €0B):Jie{1,2, ..N}, xi(t) =0, %(t) < O}. (1.18)
For x; = 0 we have
Xi Xi
X - — ——a) =0, [1=1,2,
l( kl) (kl )
which leads to

dxi _ D Y x (1.19)
ar / ’

jf'lJ]'GVk

where V} denote one of the sets V; and V;, such that v; ¢ Vi and k = k1 ifi € {1, 2, ..., Ny} or
k=kyifie {N1+1, Ny+2,..,N; + Ny }.

Equation (1.19) with (1.18) we get x; < 0 for all j such that v; € V}. Same argument is used
here to derive a contradiction. O

Based on Lemma 1.4, we can modify Corollary 1.3 to obtain the unique solution for ¢ > 0.
COROLLARY 1.5. For the system (1.3) with initial condition
x(0) = xq € [0, max{ky, k}]",

there exists a unique solution with the interval of existence (—oo, 400).
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1.2.3 Lattice Nagumo equation

Here, we want to show that the lattice differential equations (1.2) with an initial condition have a
solutions. For lattice differential equations, i.e., infinite system of ordinary differential equations,
the classical existence theory does not hold. Many authors omit the discussion of existence of
solution for differential equations on lattice in works which are mainly focused on another study
of these systems. On the other hand, many authors study only the existence. In [25] complete
well-posedness of the lattice Nagumo equation 1.5 and its generalisations is proven by a weak
maximum principle. In [23] the existence is shown by assumption that right hand sides of lattice
differential equations are given by strongly continuous functions. There are several results, based
on the so called measures of noncompactness, see [4, 5]. The last mentioned results depends
strongly on the choice of sequence spaces.

We apply the results, which are based on the so called degree of nondensifiability [11, Defi-
nitions 2.2 and 2.3] and is independent of a chosen Banach space. In particular, we do not use
directly the degree of nondensifiability. Instead, we use the remark which follows the existence
theorem in that work, which state that a condition based on this property is less restrictive than
the Lipschitz one. Thus, the existence of solution of (1.2) is a consequence of the following theo-
rem [11, Theorem 4.4].

THEOREM 1.6. Let (X, || -||) be a Banach space. Assume that following conditions hold
1. Themap f := (..., f-1, fo, f1, ) : I x X — X is continuous and the initial condition x € X.

2. Thereis h: I x Ry — Ry such that ||f(t, ..., x_1, x0, X1, ...)|| < h(t, R) for almost everywhere
t € ILand x € C(I, X), whenever ||x||« < R. Also, there are Ry > 0 and K > 0 such that

h(t, Ro) <K (1.20)
Ro

for almost everywhere t € 1.

3. The functions of f satisfy the Lipschitz condition, i.e., ||f;i(t,x) — fi(t,y)|| < L||x — x|| for some
L>0.

Then for p € (0 min{1,1/K}), where K defined in (1.20), the system

dx;
7; = fi(t/ we, X_1, X0, X1, )
with initial condition x(0) = Xg has a solution x(t) € C([0, p], B(xo, Ro)).

Before we verify assumptions of Theorem (1.6) for the system (1.2), we have to choose suitable
Banach space. Simple observation shows, that there is not a very wide possible choices. Assume
the system (1.5), i.e., the system (1.2) with k; = k» = 1. This system has a stationary solution
(..., 1,1, 1, ...) which is not an element of any sequence space (¥ (Z), except {*°(Z). Thus, for the
system (1.2) we assume space

t2(2) := {{xi}tiez : sup |xi| < +oo}.

Other approach can be found in [13], where the space of weighted sequences is used.

Based on our choice of Banach space, the assumptions of Theorem 1.6 are easy to verify, since
the functions in the right hand sides of (1.2) are polynomial. Moreover, we will see that the
function h(t, R) := max{ky, kp} is sufficient for an initial condition in [0, max{ky, k» }]%. Thus by
(1.20) we have K = 1. Therefore, we have existence of solution on interval [0, p], where p € (0, 1).

Finally, we show that a solution (1.2) with initial condition x € [0, max{k, k,}]# stays in this
oco—dimensional cube.

LEMMA 1.7. Assume that a solution of (1.2) exists for t > 0. Let the initial conditions for this system
x(0) = xo € (*(Z) satisfy x;(0) € [0, max{ky, ko}| for all j € Z. Then the solution x(t) satisfy
xi(t) € [0, max{ky, ko}] forallt > Oand j € Z.



1.2. PRELIMINARIES 9

Proof. Proof of this lemma is the same as for the finite dimensional system, i.e., the proof of
Lemma 1.4. The statement is proven by indirect proof. We define

dx:
t* := min {t € R":3j € Z, xj(t) = max{ky, k2 }, %(t) > 0} , (1.21)

i.e., t* is the very first moment such that any function x; is about to leave [0, max{k1, k2 }].
For both, even and odd, variant of the index j in (1.21) we have
dx j

0<— (") <D (xj-1(t") — 2max{ky, ko} +xj11(t7)) -

This leads to the inequality

xj-1(F) + x40 (1)

5 > max{ky, k2 },

which can be satisfied only if x; 1 (¢*) > max{ky, ka} or x;j1(t*) > max{k, kz}. Since x;(t) is the
first function which is about to leave interval [0, max{ky, k»}], a contradiction.
The same approach is used for

dx;
te ::min{telRJr :Jje€Z,xi(t) =0 & d—t](t) <0}.

This leads to the inequality
xj—1 (k) + xj11(8) <0,

i.e., one of its neighbor had to leave the interval before. O






RDE in heterogeneous
graphs

Both, the finite semi-discrete Nagumo equation (1.6) and its modified version with capacities (1.3),
contain various combinations of stationary solutions. While for sufficiently weak diffusion, both
of these systems have 3N stationary solutions, where N is the number of territories, for increasing
diffusion their behavior (complicated bifurcations) may be very different. The homogeneity of
the system (1.6) guarantee that, except the origin, there always exist at least two more stationary
solutions. We show, that this may not be the case for the system (1.3).

The first part of this chapter is devoted to the semi-discrete Nagumo equation (1.3) on the
graph G = Kj, that is the system (1.4). For this system, we derive the most important results,
which are further used for heterogeneous lattice Nagumo equation (1.2) in Chapter 3. As an
intermediate step between the two dimensional system (1.4) and the infinite dimensional system
(1.2), we apply these results for complete bipartite graphs, i.e., the system (1.3).

2.1 Model description G = K;

We start with the simplest form of graph assumed for (1.3), that is G = K. Moreover, we start
with even simpler form of (1.4), where the viability parameter is fixed a = 1/2. The general form
with viability parameter a € (0, 1) is discussed in Section 2.1.2. We assume a system

dxl _ X1 X1 1
éiT —D(x2—xl)+)\1xl( —E) (H_j)/ 2.1)
B ot s (1-7) (8-3).
where A1, A > 0 and kq, ko > 0 stand for the population growth rates and the capacities of
territory, while D > 0 is the diffusion coefficient.
First of all we shortly discuss the system (2.1) without diffusion, i.e., we assume D = 0. That

is

da ( _a) (ﬂ_l)

c{] t 141 kl 1 217

X2 X x 1

& =hn(1-8)(B-1).
This system contain two independent differential equation (1.7). Thus, it can be analyzed sepa-
rately. We obtain 9 stationary solutions, given by combinations of 3 stationary solutions for each
bistable dynamic, see Section 1.1.1. One may ask if these solutions do exist for D > 0. We show

that this hypothesis is true at least for D very small. We can rewrite the system (2.1) to a vector
form

G(d,v) := DAv + F(v), (2.2)

11



12

CHAPTER 2. RDE IN HETEROGENEOUS GRAPHS

y<1/2

y> 172

y<lI
Vg
s BN
y=1

y<l y>2
e \ /
Vi
y > y <2
" w A AN B
1
0 kif2 ki

Figure 2.1: Change of position of the stationary solutions of (2.1) for small D > 0 based on the
value of 7y given by (2.5).

where

S LR P A Iy

where the function fi(x) has a form

(-9 (i-1)

This can be used to prove the following theorem.

THEOREM 2.1. For system (2.2) with sufficiently small D > 0, there exist nine stationary solutions.
Moreover, they belong to the first quadrant of xy plane.

Proof. Stationary solutions vgs of (2.2) satisfy G(D, vss) = 0. For D = 0, there are nine stationary
solutions and they have the form v; = [x}, x3], where x} € {0, k1/2, k1}, x5 € {0, k2/2, kp} for
i€l,2 .9

Elements of F(v) from (2.2) are polynomial functions which are infinitely many times differ-
entiable and so is the expression D Av, therefore G(D,v) € C*(IR%, R?).

We can express

G, B
%—F(U)-i—DA—

A fy, (x1) 0

0 /\zfliz (x2) 1

-1 1
+D[ o } . (2.3)

We are looking for the behaviour around zero value of diffusion (parameter D). In the case of D =
0, the expression (2.3) reduces just to the matrix with diagonal entries A1 f (x1) and Az f} (x2).
These functions represent the bistable model (1.7). Thus, we know that the derivatives are non-
zero in stationary solutions and therefore, the matrix is invertible.

We have verified assumptions of the Implicit function theorem [17, Theorem 1.3.3] and there-
fore we know there exist a neighborhood of v; and a function v;(D) which satisfies G(D, v;(D)), i =
1, 2, ...,9. This function can be expressed as

1
/\1f;£1 (x7)

) 0 11 [«
Ui(D) =-D 0 1 [ 1 -1 :| |: XX ] . (24)
M fi, (%3) 2
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From the coordinates of stationary solutions we get the sign of vg(D), i=1,2,..9, 1ie., the
direction of position change of a given stationary solution. Thus, we show that they all stay in the
first quadrant.

Except the trivial solution, which stays at the same position, there are eight more stationary
solutions whose change of positions we would like to know. For the stationary solutions that are
originally located on the axes we obtain

w0 =| 3 | o= 1] wo-[ 8] a0 =[],

1 0 1
w@ =[5 [ =[1], wo=| Q| suo=| 4|
The change of position of four stationary solutions originally located inside the first quadrant
depends on a ratio of capacities k1 and k. For this purpose we define

NT O o

v = kz/kl. (25)

The change of position of such a stationary solutions is then given as follows

b sgn(1 k segn(y — 2
o= § | emiior=[ 207 ], o= [ - [ 2273 ]
2 2
0) = 4 ' (D sgn(1—27) v9(0) = k1 sgnvg(D) = sgn(y —1)
vg(0) = by | sgnovg(D) = sgn(1—29) |’ ? ko |7 ? sgn(l—7) |-
Even that in these cases the change of position depends on 7 it does not cause any problem. They
all are located far away from axes and thus cannot leave it with little change of d. O

We can see indicated change of stationary solutions’ positions from previous proof in Fig. 2.1.
The stationary solutions originally located on axes move inside of the first quadrant and the pos-
sible changes of others stationary solution depend on the value of parameter y given by (2.5).

For the future analysis we would like to simplify the system (2.1). The number of parameters
in this system can be reduced. Substituting

x=x1/k1, y=x2/ky, T=Dt (2.6)

leads to a system

— =w-xtax(l-x) (x—%),

(2.7)
Z% = Lx—y+py(-y) (y-1)
where 0 < &« = A;/D and 0 < B = Ap/D stand for ratios of the growth rate of each population
and the diffusion, while 0 < v = ky/k; is ratio of capacities.

From now on we will only focus on model (2.7) where the diffusion coefficient is included in
parameters & and f. Let us discuss the crucial difference between the heterogeneous model (2.7)
and the homogeneous special case with v = 1 i.e., the system (1.6) for G = (V, E) with |V| = 2.
If territories have the same capacity, there are always at least three stationary solutions (spatially
homogeneous), see [26]. If the capacities are not equal we come to a different conclusion. There
exist parameter values for which the trivial solution is the unique stationary solution of (2.7).

2.1.1 Non-existence of non-trivial stationary solutions

To prove our main claim that there may not exist any stationary solutions of (2.7) but the trivial
one, we prove few auxiliary lemmas. First of all, we prove a lemma that estimates for what -y
we can not expect such state. Then we show that if a non-trivial stationary solution does exist,
it has to be located in one of a specific regions of the first quadrant. In the following lemmas we
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estimate conditions for each region under which any stationary solutions cannot be located there.
In conclusion of these lemmas we formulate Theorem 2.10. This theorem gives us sufficient con-
ditions for existence of the unique stationary solution for system (2.7). To conclude, we compare
the statement of the theorem with numerical results.

REMARK 2.2. Without loss of generality, the system (2.7) can be assumed with v € (0,1]. In the
opposite case we can define y = 1/ and rewrite x =y, y — x, &« — fand p — «a.

LEMMA 2.3. For v € (1/2, 1] the system (2.7) has at least three stationary solutions while for v =
1/2 this system has at least two stationary solutions.

Proof. The case v = 1 is analysed in [26]. Thus, we know that there are at least three stationary
solutions x; = [0, 0], x = [1/2, 1/2] and x3 = [1, 1].

For the case v = 1/2 we can observe that except x; = [0, 0] there also exists stationary solution
x; = [1/2,1].

Finally, the statement of this lemma for the case y € (1/2, 1) is based on a simple observation.
A stationary solutions of system (2.7) are intersections of its nullclines. These nullclines are given

by

x—ax(1—x) (x—3
Ny = (X,y)EIRS'Z:y: ( 2) ,

7 (2.8)
Ny={(x,y)elRSz:x=v<y—ﬁy(1—y) (y—;»}

Ny does intersect the line y = x /- in points 0 = (0, 0), A = (1/2,1/(2y)) and B = (1, 1/7).
N, intersect the same line in points 0 = (0, 0), C = (7/2,1/2)and D = (v, 1). If y € (1/2, 1),
then the points lay on the line in order C— A — D — B.

For x € (0,1/2), the nullcline Ny is located above the line y = x/+. The nullcline Ny is
also located above this line for y € (1/2, 1). Since the nullclines are continuous curves and Ny
intersects the line in point A that is located between the points C and D, where Ny does intersect
this line, the intersection of these curves has to be situated there. Thus, the stationary solution
satisfies x € (0,1/2),y € (1/2, 1) and y > x/7.

The nullcline Ny, is located below the line y = x/+ for y € (1, 4+-c0) and for x € (1/2, 1) the
nullcline Ny is also located there. In this case, the curve representing Ny intersects the line in point
D which is located between points A and B. Thus, a stationary solution has to be located there.
Moreover, since we discuss the case y < xv, stationary solution has to satisfies x € (7, 1), y e
(1, 1/y)andy < x/7.

O

REMARK 2.4. The statement of Lemma 2.3 can be more specific if we assume «, p € (0, 4). Under
this assumption, there exists exactly three stationary solutions of (2.7) with -y € (1/2, 1] and exactly two
stationary solutions for v = 1/2.. Since this is not the case we are primarily interested here, we leave it
here without a proof.

Based on Remark 2.2 and Lemma 2.3 we can focus only on the case v € (0, 1/2). As indicated,
we are going to show that if a non-trivial stationary solution exists then it has to be located in one
of a specific regions of the first quadrant.

LEMMA 2.5. Let x = [x*,y*] be a non-trivial stationary solution of (2.7) with the capacity rate
v € (0, 1/2), then it is located in one of the following regions
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Figure 2.2: Regions of possible location of
stationary solution of equation (2.7) given by
Lemma 2.5.
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2:{(35,}/)6][{2:366(
ﬁg—{(x,y)€R2:x€<

Proof. The stationary solution of (2.7) satisfies

y =3
x =7

where the function f is defined as
£(s) = s(1

i.e., the function (1.9) with a = 1/2. All the

1:{(x,y)€]R2:x€(0

15

y
A
Ly
Q,
2y b A
T s S
Q
12 ‘
0 y/2 ¥ 1/2 1 =X

Figure 2.3: Reduced regions of possible lo-
cation of stationary solution of equation (2.7)
given by Lemma 2.6.

X
> =
v

1
/')’)/ye(Z/l)/ }/
€

|

31).ve(03)} 29)
)b 2)v<3)

i
—s) <s — ;) , (2.11)

parameters «, 8,7y are positive. Since yy — x

—v(x/7v —y), both equations in (2.10) cannot be satisfied if sgn(f(x)) = sgn(f(y)). This leads to

two possible cases.
In the first case we have

sgn(f(x))=-1 = x€(0,1/2)U(1,+w),
sgn(f(y)) =1 = ye(1/2,1).
and
Ty —x>0. (2.12)

Sincey € (1/2, 1) and 7 € (0, 1/2), the inequality (2.12) can not be satisfied for x € (1, +o0).
On the contrary, it could be satisfied for some x € (0, 1/2). Since y € (1/2, 1) we have

v—x>

Yy —x>0,
x <.
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Together, this define the region ﬁl from (2.9).
In the second case we have

sgn(f(x)) =1 = x€(1/2,1),
sgn(f(y))=-1 = ye(0,1/2)U(1,+o).
Obviously the opposite inequality than (2.12) has to be satisfied. That is
7y —x <0. (2.13)

For y € (0, 1/2) the inequality (2.13) holds without any extra limitations. On the contrary, the
case y € (1, +00) has to be reduced. Since x € (1/2, 1), we have

y—1<yy—x<0,

-1
y<

Thus, we have derived the second and the third region in the statement of this lemma, i.e., 0y, O
in (2.9). O

To visualize the possible location of a non-trivial stationary solutions of system (2.7) with
v € (0, 1/2) determined by Lemma 2.5 see Fig. 2.2.

We are going to determine conditions for each of the region given by (2.9) that will guarantee
that any stationary solution can not belong in here. First of all, we determine conditions which
eliminate Q) and greatly reduce Oy and Q.

LEMMA 2.6. Let x = [x, y] be a non-trivial stationary solution of (2.7) with v € (0,1/2) and
«, B < 4, then it satisfies x € (21 U )y, where

Q1—{(x,y)€lR2:x€(7,fy),y€ (1,1),y>x},
2 2 07
) L (2.14)
_ 2. L -2 X
Qz—{(x,y)elR .x€(2,1>,y€ <27, ,Y),y<7}.
Proof. We define a function
gs5(s) :==s—05f(s), (2.15)

where the function f is given by (2.11). The function g; corresponds to multiples of right hand
sides of equations in (2.10). The function g, is a monotone function for § € (0, 4).
Since the function f defined by (2.11) is concave on (1/2, 1) it satisfies

£(s) =s(1—s) (s—;) <3 (s—é), s (; 1). (2.16)

For a, B < 4 are the functions given by each equation of the system (2.10) monotone. Thus, we
can use the concavity to obtain

W[ R
~/
=
|
NI—=
—
=
—~
—_
|
SN—
@R

y_ Emaf) | *T _x(1-%
Y o Y Y

x—fr(y—ﬁf(y))>'r(y—§(y—;>) —'r(y(l—i)Jrg)‘

Since &, B < 4, the terms (1 — «/4) and (1 — B/4) are positive and we can take infimum over
interval (1/2, 1) to continue in inequalities

> 0D+ Fa-prg 1
- Y Y 2y

(-9 (04 ) 3
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Since we have used the concavity of the first function of (2.10) in x = 1/2 to obtainy > 1/27,
we have eliminated (), and reduced ()3 from (2.9) to (), from (2.14). The second equation of (2.10)
is restricted in y = 1/2, thus it reduces )1 to (). O

The reduced regions (2.14), where the non-trivial stationary solution of (2.7) may be located
while the conditions given by Lemma 2.6 are satisfied are shown at Fig. 2.3. Here, the green
regions (possible location of a stationary solution) are just the two triangles. For each of these tri-
angular regions we introduce conditions that eliminate the possibility that any stationary solution
is located there.

LEMMA 2.7. Assume that the conditions from Lemma 2.6 are satisfied. Let

2v3 V3
a > max , , (2.17)
{9@—1) -2 @y - 1) (7—1)’3}
then the system (2.7) has no stationary solution located in the region )y given by (2.14).
Proof. For the function f defined by (2.11) we have
max f(s) = 1 (2.18)
s€(0,1) 123 '
We use the maximum (2.18) for the second equation of (2.10) to obtain
1 P
X = - By(1— =)= -—— .
'r(y By( y)<y 2))7( 12%)
Assume the border line
F (2.19)

= —X + —_—
ATV
and let us find the value this function attains in x; = /2 and x; = 7, i.e., on border of the region
Q) given by (2.14). The values are y} = 1/2 + 8/(12v/3) and y3 = 1+ B/ (12V/3).
Now we can find the values the function given by the first equation in (2.10) attains for the
same x; and xp. Substituting x; and x, into

y— % (xocx(lx) (x ;)) (2.20)

wegety? = (4+a(y—2)(y—1))/8andy3 = 1+a(1/2—37y/2+ 7).

If the assumption (2.17) holds, then y} < y3 and y} < y3. Assume by contradiction that there
exists the stationary solution of (2.7) which is located in (27 given by (2.14). The stationary so-
lution has to be located above the line given by points [x1, y5] and [x2, ¥3] and below the line
given by (2.19). But under the assumption (2.17) this situation can not occur at the same time, a
contradiction. O

REMARK 2.8. Two expressions in (2.17) are equal for v = 2/7. In this case the parameter a has
to be greater than 49B/(90+/3). For v € (0,2/7), the first expression is greater and so active. While
v € (2/7,1/2), the second expression is active.

LEMMA 2.9. Assume that the conditions from Lemma 2.6 are satisfied. Let

L B2r=1)(r-1)
21/3792 ’

then the system (2.7) has no stationary solution located in the region (), given by (2.14).

.21)
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Proof. This time, we use the maximum (2.18) for the first equation of (2.10) to obtain

y‘i<x_“x(1_x) (x_;» Zi(’c_lzf/i)'

Since we have a € (0, 4), this partly reduces the region (), given by (2.14). We want to prove
that the function given by the second equation in (2.10) is located in the removed part of (). The
boundary line of this removed part has form

1 o
=3 (x - 12\@) 22

and it intersects the line y = 1/(27) (the bottom boundary of the region ()) in x; = 1/2 +
a/12+/3 and its slopeis 1/.
The function given by the second equation of (2.10) intersects the line y = 1/(2) for

()

and by concavity (2.16) of the function f given by (2.11) we obtain

=7 (v-pyi-w) (y—;)>27<y+ﬁ(2724_7§y+3) <y_217)> 2l

Thus the second border line has a form

y— 4y x+,3(2’yz—67+3)
4y2 + B (272 —67+3)) 872

. (2.23)

Clearly, for B > 0 and v € (0, 1/2) is the slope of (2.22) greater then slope of (2.23). If the
assumption (2.21) holds, then the x; is greater than x;.

Now, assume by contradiction that a stationary solution of (2.7) is located in () given by (2.14).
The stationary solution has to be located above the line (2.22) and under the line (2.23). But under
the assumption of (2.21), both of these can not be satisfied in the same time, a contradiction. [

Finally we can prove the main result of this section, non-existence of non-trivial stationary
solutions of (2.7).

THEOREM 2.10. Assume that o, B € (0, 4), v € (0, 1/2) satisfy

23 V3 9(2y-1)(r—-1)
m""‘{9<7—1><7—2)'18(27—1)(7—1>}ﬁ<"‘< 2372

B, (2.24)

then the system (2.7) has the unique stationary solution (x*, y*) = (0, 0).

Proof. Statement of this theorem comes from the previous lemmas. Lemma 2.5 gives us possible
location of a non-trivial stationary solutions of system (2.7) with y € (0, 1/2).1Ifa, B € (0, 4) then
by Lemma 2.6 the regions where stationary solution may belong are reduced to two triangular
regions (2.14).

Under the assumption of Lemma 2.7, i.e., the first inequality of (2.24), a stationary solution of
the system (2.7) can not be located in (); given by (2.14). The second inequality of (2.24) is given
by Lemma 2.9 and guarantees that stationary solution of (2.7) cannot be located neither in the
second region (), given by (2.14).

Thus, under assumptions of this theorem, non-trivial stationary solution of (2.7) cannot exist.
The existence of the trivial stationary solution is obvious. O
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0

Figure 2.4: Nullclines and the vector field for the system (2.25).

REMARK 2.11. Note that the assumption (2.24) of Theorem 2.10 gives for a fixed value of parameter
v boundaries of parameter w as two linear functions of the parameter . In fact, we could strengthen the
assumption on the parameter vy to guarantee that parameters a and 3 satisfying assumption (2.24) exist.
In this section, where we assume the system (1.4) with a fixed value of viability parameter a = 1/2, i.e.,
the system (2.1), it is possible to do so.

By the comparison of the left and right sides in (2.24) we obtain that for the certainty of existence of
parameters « and B satisfying (2.24) the ratio of capacities has to satisfy

0<7<7 (27 + /3 — \/6(14 +9V/3)) ~ 0.4279.

In the following example we illustrate the assumptions of Theorem 2.10 for the system (2.7)
with fixed parameters &, § and .
EXAMPLE 2.12. Consider the system (2.7) with parameters &« = p = 2 and v = 1/3. That is
dx 1
g—T =2 —x+2x(1—-x) (x—j),
A - ~1
g =yt (l-y) (v—1)-
Obviously, the parameters «, B, 7y satisfy the assumptions of Lemma 2.6. Since v = 1/3 > 2/7, we
have to verify if a is greater than the second expression of (2.17) only, see Remark 2.8. The inequality has

the form
V3

B -DG-1"
After substituting the values « = B = 2 and v = 1/3 we obtain

V3
2> -
Consequently the assumption of Lemma 2.9 is also satisfied since
9
%,
Thus, based on Theorem 2.10, the system (2.25) has only one stationary solution - the trivial one.
To see that there does not exist a non-trivial stationary solution of (2.25), we express a nullclines of this

system
- enns( 2 (e D))

Cy-21-y) (v-1) (2.26)
- 3

(2.25)

® >

2 <

N, = (x,y)EIRgzzx
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@ of T @

(a) y =2/5. (b)y=1/3. (c)y=1/5.

Figure 2.5: Comparison of regions given by the conditions of Theorem 2.10 (red region) and the
numerical results for fixed parameter . Orange points represent combinations of parameters a
and § for which the system (2.7) has unique stationary solution. Yellow and light blue colored
points represent values of these parameters for which the equation has five and three stationary
solutions, respectively.

and plot them with the vector field given by (2.25). It is shown at Fig. 2.4. We can see that these nullclines
intersect only in point (0, 0).

In the way to prove lemmas which form Theorem 2.10 we have made many limitations that re-
duce the possible combination of parameters «, , v under which the system (2.7) has the unique
stationary solution. To see that this can be improved, we run a simple simulation, that for a fixed
7 runs through combinations of parameters « and  and counts the number of stationary solu-
tions of the system (2.7). In Fig. 2.5 we show the results of these computations for different v with
red region representing results of Theorem 2.10.

The first observation based on Fig. 2.5, is that the assumptions of Theorem 2.10 can be greatly
improved for a, B > 4. Moreover, for v = 2/5 we can see that our assumptions do not give the
best estimate for which a non-trivial stationary solutions cannot exist. On the contrary, in the
case vy = 1/5 we determined almost the same region as we found by the numeric algorithm. For
even smaller value of v we have almost determined the exactly same region as found by numeric
algorithm.

Finally, we rewrite Theorem 2.10 in the terms of the original problem (2.1).

COROLLARY 2.13. Assume that D > D480} o, &1 g4

, <2<
ky — k) (ko — 2k1)" 18 (2ka — k1) (ko — ky)

2\/?](% \/gk% A 9 (Zkz — kl) (kz — kl)
max ’
9( Az 2/313

then the system (2.1) has the unique stationary solution (xj, x3) = (0, 0).

2.1.2 Generalization

In the previous section, we derived the conditions for existence of the unique stationary solution
of (2.1). That is the system (1.4) with fixed viability parameter 2 = 1/2. Here, we discuss the
generalization of these conditions for (1.4), i.e., the system with viability parameter a € (0, 1).

In fact, we prove an analogy of the Theorem 2.14 (more precisely, its Corollary 2.13) the same
way as we did in Section 2.1.1. Instead of proving all auxiliary lemmas, we prove the following
theorem in a short way with pointing out differences in the proofs of Lemmas 2.3, 2.5, 2.6, 2.7 and
2.9 for the system (1.4).
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THEOREM 2.14. Assume that D > max{Aq, Az}”2*3“+1, ko < akq,

A
/\—; > 2max

k3 ((a+1) (a - %) (a—2)4+(1+4a(a— 1))3/2>
27a%(ky — k1) (aky — kq) '

B(@+1)(a=13)(@a=2)+(1+a(a—1)?)
27(ky — aky) (k2 — k1) 227

and
n Lk —k) ke —k) ((a+1) (a=1) (a—2) - 1 +a(a—1))*2))
Ay (a—1)k3

Then the system (1.4) has the unique stationary solution (x5, x3) = (0, 0).

(2.28)

Proof. Similarly as in the previous section for the system (2.1), we use the substitution (2.6) for
(1.4) to reduce some parameters. We obtain a system

dx
T - rraf(),

o (2.29)
g S Xy TEf)

where the parameters 0 < &« = Ay/D and 0 < B = Ay/D stand for ratios of the growth rate
of each population and the diffusion, 0 < 7 = kp/k; is the ratio of capacities, 2 € (0,1) is the
viability parameter and the function f is given by (1.9).

Remark 2.2 holds for this system too. Thus, we assume y € (0, 1]. Analogy of Lemma 2.3 for
the system (2.31) would guarantee following statements

1. For v = 1, the system (2.31) has at least three stationary solutions x, = (0, 0), x, = (4, a)
and x3 = (1, 1).

2. For 7y = g, the system (2.31) has at least two stationary solutions x; = (0, 0) and x = (a, 1).
3. For 7 € (a, 1) the system (2.31) has the trivial stationary solution and at least two more.

This implies that if we are looking for conditions for which non-trivial stationary solutions do not
exist, we have to assume 7y € (0, a).

Analogously to the proof of Lemma 2.5, we can use signs of the functions f(x) and f(y),
which are given by (1.9), thus the sign is given by (1.10), to determine possible regions where a
non-trivial stationary solution of (2.31) can be located. These regions are

0O = {(x,y) ER*>:x€(0,7),y€< (a 1),x<’ﬂ/}/
O, = {(x, y) ER?*:x¢€(a,1),yc (0, a)}, (2.30)
0y ={(x,y) ER*:x e (a 1),y (1,1/7), x> ).

Further, we wish to reduce these regions analogously as we did in Lemma 2.6.

In the proof of the Lemma 2.6, we used the concavity of the function f given by (1.9) and the
monotonicity of right hand sides of equations in (2.10) to reduce the regions (2.30). Stationary
solutions of the system (2.31) satisfy

{y =1(x—af(x)), (2.31)
x =vy—Bf(y)),

where the function f is given by (1.9). We define a function

hs(s) :==s—0df(s), (2.32)
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which corresponds to the right hand sides of the equations in this system. The monotonicity of
the function / is important for the reduction of the regions where a stationary solution may be
located. The function / is monotone for § € (0, 3/(a*> —a+1)).

Assumption of a, B € (0,3/(a? —a+1)) is sufficient to formulate an analogical lemma as
Lemma 2.6, since the other condition we have to satisfy while applying the concavity is «, €
(0, 1/(a(1 — a))) which is implied by the previous assumption. Thus, we can reduce the regions
(2.30). The reduced regions are given as follows

01:{(x,y)€1[{2:x€(afy,'y),ye (a, 1),x<'yy},

(2.33)
0, = {(x, y)ER?:xe(a,1),y< (a/y,1/7), x > 'yy}.
Further, we want an analogy of assumptions from Lemmas 2.7 and 2.9 to eliminate the pos-
sibility that a stationary solution will be located )y or (), given by (2.33). Here comes a first
complication with parameter a in the system (2.31). In the proofs of Lemmas 2.7 and 2.9 we have
used the maximum of function f given by (1.9) with fixed a = 1/2, that is 1/(121/3). For the
general viability parameter a € (0, 1) the function (1.9) has a more complicated maximum value.
More precisely,

max f(x)zzl—7<1—2a+\/a2—a+l) (2—a—\/a2—a+1> (1+a—|—\/a2—a+l). (2.34)

x€(a,1)

Following the proof of Lemma 2.7, we obtain values
yi=a+p max f(x), y;=1+p max f(x),
xe(a, 1) xe(a,1)

where max f(x) is given by (2.34). These values correspond to the values of upper boundary
linear function which bound the first function of (2.31) for x; = a7y and x, = v, i.e., the boundary
of region () given by (2.33). The second equation of (2.31) intersect the lines x; = a4y and x, =
for

yi=a+ad*(y—a)(ay—1), yi=1—a(y(y+1)+a(l-7y)).

If
(a+1) (a=1) (@=2)+ (1 +a(a—1))*?
« > 2B Ty 1) , (2.35)
then y} < y? and if
(a+1) (a—%) (a-2)+(1+a(a—1))>?
@ > 2B (2.36)

27(y —a)(y—1) ’

then y} < y3.

Assumptions (2.35) and (2.36) together, eliminate that possibility that any stationary solution
of (2.31) is located in Q% given by (2.33). See the proof of Lemma 2.7.

For elimination of the region Q3 given by (2.33) also, we proceed the same way, as we did in
the proof of Lemma 2.9. That is, we limit the function f, given by (1.9), in the first equation of
(2.31) by the maximum (2.34). Further, we use concavity of the function f given by (1.9) for the
second equation of (2.31). This way, we obtain two boundary lines - linear functions.

Clearly, a slope of the first function, which is defined by the maximum of the function f, is
1/. The slope of the second boundary line have more complicated form. But it can be shown
that it satisfies

14
7 +ay(y=2) +a*(3-27)

1
<*/
v
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a 1/8 1/4 3/8 1/2 5/8 3/4 7/8
Yup || 0.0368 | 0.1613 | 0.2961 | 0.4279 | 0.5648 | 0.7060 | 0.8510

Table 2.1: Values of 7, obtained by numerical computation for some fixed values of the viability
parameter a, which guarantee that for ratio of capacities k»/k; = v € (0, ’yup) the assumptions
(2.27) and (2.28) of Theorem 2.14 do not contradict each other (rounded to four decimal digits).

i.e, we have the same ordering of the slopes as in the proof of Lemma 2.9. Now we find for which
value of x the first boundary line intersect the line y = 4/ which define a bottom boundary of
Q3 given by (2.33). We obtain

x1:a+b(a—a2—’y(1+a7)),

where max f(x) is given by (2.34). To obtain the second intersection, we have to just substitute
the value y = a/y into the second equation of (2.31). Thus

Xy =a+a max f(x).
x€(a,1)

If

(a1 =1 (a+1) (a-1) (@a=2) = A +ala—1))*?))
(a—1)72 '

then x; < x,. Together with the ordering of slopes, these lines have no intersection in O3 given

by (2.33).

To summarize it, assumption ¢ € (0, a) is necessary, since otherwise a non-trivial stationary
solutions of (2.31) always exist. a, B € (0, 3/(a®> —a+ 1)) guarantee that if any non-trivial sta-
tionary solution of (2.31) does exist, it has to be located in one of the regions (); and (), given by
(2.33). Assumptions (2.35) and (2.36) eliminate possibility that a non-trivial stationary solution is
located in (3. Last, assumption (2.37) eliminate the region (3.

Rewriting all the assumptions to original parameters from the system (1.4), we obtain the
statement of this theorem. O

x < 2B

(2.37)

Similarly as the assumption (2.24) in Theorem 2.10 gave boundaries for the parameter a as two
linear functions of the parameter §, assumptions (2.27) and (2.28) of Theorem 2.14 give interval
where the ratio of A1 and A; has to belong. We would like to have similar result as stated in
Remark 2.11. That is the answer on a question for which values of 2 and 1 is this interval non-
empty. Here, it is not so simple to answer this question. Instead, we bring some numerical results
for few fixed values of the viability parameter a which give us the maximal value 7, such that for
all ratios of capacities ko /k; = 7 € (0, yup) the interval for ratio of reactions parameters A1 /A, is
non-empty, see Table 2.1.

For the fixed value of diffusion parameter D = 1 and various values of parameters a and
7 satisfying statement of the previous paragraph, we run the same numerical simulation as in
Section 2.1.1, which determine how many stationary solutions of the system (1.4) exist for a pair
(A1, A2) € R2. Based on the number of stationary solution we assign a color to this point. The
choice of parameters D, a and 7y guarantee that the assumptions of Theorem 2.14 does not con-
tradict each other. Thus the region of parameters A; and A, satisfying the assumptions (2.27) and
(2.28) is non-empty and can be plot over the results of the numerical simulation.

Results of the numerical simulation and the region given by assumptions of Theorem (2.14)
can be viewed in Fig. 2.6. There, orange, yellow and blue points represent pairs (A1, A2) € R%
such that the system (1.4) has one, three and five stationary solutions, respectively. The red region
is given by assumptions of Theorem (2.14), i.e., the region for which we have analytically proved
the existence of a unique stationary solution. By the comparison of the numerical and the ana-
lytical results we see that assumptions of Theorem 2.14 can be greatly improved. Especially, the
assumption D < max{Ay, A;}(a? —a+1)/3, which guarantee the monotonicity of the function &
given by (2.32) corresponding to the separated equations of (2.31) is too strong.
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Ay Ay Ay

Ao A A

o
@@)a=1/8, v =1/100. (b)a=1/8, vy =1/50. ()a=1/8,v=1/33.
A A Ay

=l

A pt

=1

A

(d)a=1/4,y=1/20. (e)a=1/4, v =1/10. fla=1/4,v=3/20.
A X A

A 1;
! , i 1
0 ’ e 0 !

(g)a=5/8v=1/4 (hya=5/8, y=1/3. (i)a=5/8, y=1/2.

Figure 2.6: Comparison of regions given by conditions of Theorem 2.14 (red region) and the
numerical results for the fixed diffusion parameter D = 1 and different values of parameters
a, 7y = ko /k satisfying condition given by Tab. 2.1. A; and A, are the greatest values of A1 and A,
satisfying the first assumption of this theorem (D < max{A;, A;}(a? — a + 1)/3). Orange points
represent combinations of parameters A; and A, for which the system (1.4) has unique stationary
solution. Yellow and light blue colored points represent values of these parameters for which the
equation has five and three stationary solutions, respectively.

2.2 4-cycle

In this section we present a simple example of a graph, for which the statement of Theorem 2.14
can be used. That means, we are deriving the same result for (1.3) as we did for the system (1.4).

The simplest graph for which the results of Section (2.1.2) can be used is a cycle with four
vertices, i.e., C4. We assume a special case of this graph, where the capacities and growth rates of
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non-adjacent vertices are the same. In this case, the system (1.3) has a form

dxy _ EECAWE-

= = D(xq —2x1 + x2) + A1x1 (1 k1> (kl a) ,

% = D(x1 —2x3 + x3) + Agxp (1— f) (?—a) ,

. 2 2 (2.38)
x x x

7: = D(x2 — 2x3 + x4) + Aqx3 (1— ki) (ki—a> ,

dx X X

{T;L = D(x3 —2x4 +x1) + A2x4 (1— kj) <k;1_a> ,

where D > 0 is the diffusion coefficient, A; > 0 and k; > 0, i = 1, 2, stand for the population
growth rates and the capacities of territories and a € (0, 1) is the viability parameter.

For D close to zero, the system (2.38) has 3* solutions. We are interested in the opposite case,
i.e., existence of the unique stationary solution. For this purpose, we use one auxiliary lemma,
which will guarantee, that the results derived for the system (1.4) can be used. We start with an
analogical substitution as (2.6), which has been used for the systems (1.4) and (2.1). That is

X1 - X3 X2 X4
-1 =2 == ==, = 2Dt.
1= K X2 i n k) Y2 i T

We omit the bars over ¥; and X;. This leads to a system

X

dx; vity) x
e —’Y(Z x1+§f(x1),
d 1 /x1+x
% =7 <122) N +§f(y1),

v (2.39)
A _ _(nity « '
it ! ( 2 X2+ 5 f(x),

dy _ 1 (atx)
dt v

where v = ky/k1 > 01is ratio of the capacities, x = A1/D > 0and = A,/D > 0 are ratios of the
growth rates and the diffusion. The function f(s) is defined as the bistable cubic (1.9).

Now we derive conditions under which the system of algebraic equations for the stationary
solutions of the system (2.39) is equivalent with the system for a stationary solutions of the system
(2.7).

LEMMA 2.15. Leta € (0, 1), v € (0, 1] and

6
S +1’
then all stationary solutions of the system (2.39) have a form (x*, y*,x*, y*) and satisfy
* * a *
0=1y" —x"+ S f(x7),
0—;9‘ v+ )

Proof. Stationary solutions of (2.39) have to satisfy the following system of algebraic equations

+
0—7(]/12‘%) —x1+%f(x1),

0=1 (x1+x2> -1 +éf(]/1),
7 f 2 (2.41)
0=~ (1/1 : }/z) —x2+§f(x2),
_ 1 /xa+x B
07( > )—y2+2f(}/2)/
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where the terms s — §/2f(s) can be written as the function h;(s) given by (2.32).
Since the first and the third equations in (2.41), same as the second and fourth, contain the
same term, it follows that

hg( 1) = hs(x2),
, , (2.42)

For 6 € (0,3/(a? —a+ 1)) the function hs(s) has a positive derivative for all s € R. This
means that the function is injective (strictly monotone). Thus, for a, 8 € (0, 6/(a> —a + 1)) the
equations (2.42) are satisfied if and only if x; = xp and y; = y».

It follows, that for &, 8 € (0, 6/(a> —a + 1)) the system (2.41) contain the same equations.
Thus, it can be reduced to the system (2.40). O

The system (2.40) was analyzed in Section 2.1.1 and 2.1.2. The only differences here are the
halves of reaction coefficients & and B (ratios of growth rates and diffusion). Clearly, simple
substitution @ = a/2 and B = B/2 solves this problem. We obtain the following theorem.

COROLLARY 2.16. Let D > max{Aq, Az}(”z_%l), ky < aky and assume that (2.27) and (2.28)
hold. Then the system (2.38) has the unique stationary solution (x5, x5, x3, x;) = (0,0, 0, 0).

2.3 Complete bipartite graph

The same approach as in Section 2.2 can be applied for a complete bipartite graphs to obtain
similar results. A complete bipartite graph is a graph with two disjoint sets of vertices, where
every vertex from the first set is connected to all vertices from the other set but to non from the
same set. Complete bipartite graph with sets of size m and # is denoted by Kj;; . Note that C, is a
special case of complete bipartite graph, i.e. C4 = Ky .

Assume a complete bipartite graph Ky, ,, where the capacities and the growth rates of territo-
ries represented by a vertex from the same set are equal. Then the system (1.3) has a form

dx; min ) ) ( xl> (xl ) .
=t =D Yo x| —nxi | +Ax; g, i=1,..m,
d ((j—m+1 : l ANCVANS

~~

(2.43)
@*D ix» —mx; |+ Ay (1— ﬁ—a i=m+1,.,m+n
ar =1 i 2% k) \ky - '
After substituting
Y=xi/k, i=1,..,m, yi=xim/ky, i=1,.,n, T=dt,
and omitting the bar over x; we obtain system
dxi o + ) =1
E_yzy] nx; +af(x i=1,..,m
(2.44)

dy; 1 4 , NI
E—;];x] my; + Bf(y;), i=1,..,n,

where the function f is given by (1.9) and « = A1/d, B = A2/d, v = ka/k (all positive) stand for
ratio of the growth rates with the diffusion and ratio of the capacities.
Stationary solutions of the system (2.44) have to satisfy
"oy
=Y he(x;), i=1,..,m

n

_ 1L
- 14

_hﬁ(]/z)/ izl,...,n,
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where the function #; is given by (2.32).
Again, we have m and n equations with the same term. Thus, we obtain a chain of equalities

ha/n(xl) = htx/n(xZ) = .= h“/n(xm),

(2.45)
hgsm(Yms1) = hgmYms2) = o = hgm(Ymtn)-

Since hs(s) is injective function for § < 3/(a? — a + 1), the equations (2.45) with & < 31/ (a? —
a+1)and B < 3m/(a> —a+ 1) are satisfied if and only if
X|=X)= . =Xm, Y1=1Y2= . =1Yn

Thus, stationary solutions of the system (2.44) has form

* * * * * *
(x*, x*, o, x5y, v, L, YT

m n

and satisfy
* * o *
0=1y" —x"+ _f(x7),

SR

Again, we can use Theorem 2.14 to obtain the following result.
COROLLARY 2.17. Let D > max {%, %} “Z_T“H, ky < akqy and assume that inequalities (2.27)

and (2.28) hold. Then the system (2.43) has the unique stationary solution

(x7, x5, ooy Xppy) = (0,0, ..., 0).






RDE in heterogeneous
lattices

It has been shown, that the lattice Nagumo equation (1.5) can exhibit rich behavior. Unlike for
continuous Nagumo equation (1.1), a traveling waves in the semi-discrete Nagumo equation can
be found only for sufficiently strong diffusion, see [15]. Common traveling wave is a solution
which connects two stationary solutions. Based on the homogeneity of the system (1.5), at least
three bounded stationary solutions exist for any parameter values. In this chapter, we show that
this is not the case for heterogeneous lattice equation (1.2).

The main goal of this chapter is to show that the system (1.2) may have trivial solution as a
unique non-negative bounded stationary solution. This is done in Section 3.1 by applying the re-
sults from Chapter 2 for the two-dimensional system (2.1) on difference equations corresponding
to the stationary solutions of a simplified system (1.2) with fixed viability parameter. Further, in
Section 3.3 we show that other non-negative stationary solutions of this system exist, but they are
unbounded. Finally, in Section 3.2 we discuss the generalization of these results for the system
(1.2) with a general viability parameter.

3.1 Non-existence of bounded stationary solutions

Similarly as in Chapter 2, we start with a simpler form of (1.2), where the viability parameter is
fixed a = 1/2. That is

d i H .

G =D 2t xpg) g (1-¢) (g-3), i=2kkeZ, o)
dx; : ‘ , }
% =D (x; 1 —2x;+ x;11) + Aox; 1—;{% %—% , i=2k—-1,keZ,

where D > 0 is the diffusion coefficient, A;, A > 0 are the coefficients of the growth rates and
k1, kp > 0 are the capacities of territories.
Following the ideas of Section 2.3, we show that adjusted conditions from Theorem 2.10 guar-
antee that the system (3.1) has no other bounded stationary solution besides the trivial one.
We start with a similar substitution for (3.1) as in Section 2.3
Xi

%=t i=0kkeZ yia=-i=0k-1keZ t=dt (3.2)
2 kl 2 kz

For simplicity, we omit the bar in ¥; in the following. This leads to a system

% = y(yi—1 + i) — 2x; + ax; (1 — x;) (xi—%), icZ, (33)
% :%(xi+xi+1)_2yi+,3yi(l_yi)(yi_%>/ icZ,

where v = ky/k; > 0 stands for the ratio of capacitiesand « = A1 /D, B = Ay/D > 0 are ratios of
the growth rates and the diffusion.

29
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REMARK 3.1. For the system (3.3), we assume, without loss of generality, v € (0, 1]. Otherwise, we
use analogical substitution as in Remark 2.2.

Stationary solutions of this system satisfy an infinite system of algebraic equations
0 =7i-1+yi) — 2% +ax; (1-x) (xi - %) , 1€Z,
0 =5 (xi+xi41) = 2yi + Byi (1 — i) (yi— %) 1€Z.
The system (3.4) can be viewed as an iterative scheme
Yipr =218p(Vi) —xi, 1€Z,
yir1 =28y (xip1) —yi, i€Z,

(3.4)

2=

For our needs we rewrite it in a bit different form, which we refer to as a mirror scheme. More
precisely, the following relations are called the forward mirror scheme

Yign—98s(vi) = 8s(yi) —xi, i€Z,
L2 . _ (3.5)
Vi1 — 585 (xip1) = 58s(xiv1) —yi, 1€Z,
where the function g;(s) is defined by (2.15).
Analogously we can rewrite the system (3.4) to a backward mirror scheme
yior—583(x)  =38s(xi)—yi, 1€Z, 66
Yio1 =185 (Yi-1) =18 (Y1) —xi, 1€Z, '
where the function g5(s) is defined by (2.15).
Fora, p <8, 7€ (0,1/2)and
2V/3 V3 92y -1 (y-1)
max , <a< , 3.7
{9(7—1)(7—2)5 18(27—1)(7—1#5} e b 87
a system
_1
y =38 (), 38)
x =985y),

has unique stationary [0, 0] (follows directly from Theorem 2.10). This entitles us to split the first
quadrant into three regions.

DEFINITION 3.2. Let conditions o, B < 8, v € (0, 1/2) and (3.7) hold. We define curves given by
the equations from (3.8)

P (x; ig;(x)) ,x€ER,

(3.9)
K (vgg v); y) Yy ER.
which divide the first quadrant into three regions
A= {(x,y) ER?>: x>0,y > rlygg(x)},
1
B= {(x, ) €1R2:x<'ygg(y),y< ,Ygg(x)}, (3.10)

C={(x,y)e]RZ:x>'ygg(y),y>0}.
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(753

0 = X

Figure 3.1: An example of curves ¢, ¢, given by (3.9) with parametersa = f = 6 and vy = 0.4
and regions A, B, C defined by (3.10) and bounded by these curves.

Example of curves (3.9) and regions (3.10) from Definition 3.2 can be seen in Figure 3.1.

REMARK 3.3. The system of equations (3.8) is closely related to the forward and backward mirror
schemes (3.5) and (3.6). In particular, it is formed by the functions which occur in these schemes. Clearly,
any solution of (3.8) can be periodically extended to satisfy (3.4).

The following auxiliary result justifies the fact that we have named the systems (3.5) and (3.6)
forward and backward mirroring schemes.

LEMMA 3.4. Assume that , B < 8 and [x;, y;| is a point in the first quadrant, i.e., x;, y; > 0, then

1. the odd steps of the forward mirror scheme given by (3.5) and even steps of the backward mirror
scheme (3.6) map [x;, y;] onto the unique point located in the opposite side of the curve ¢, given by
(3.9),

2. the even steps of the forward mirror scheme given by (3.5) and odd steps of the backward mirror
scheme (3.6) map [x;, y;| onto the unique point located in the opposite side of the curve ¢y given by
(3.9).

Moreover, the point [x;, y;] with its image given by these schemes has the same distance from the mirroring
curve ¢y or ¢y in the corresponding direction, i.e., vertical or horizontal.

Proof. The function g;s(s) given by (2.15) is injective if 6 < 4, see the proof of Lemma 2.15. Thus,
assuming &, B < 8 guarantee that the images of [x;, y;| given by the forward and backward mirror
schemes (3.5) and (3.6) are unique.

Denote ¥; a value of curve ¢, defined by (3.9) in y;, i.e.,

%i = 18p (¥i):
Then the first step of forward mirror scheme (3.5) has a form
Xit1 — X = % — Xj.

This can be interpreted as follows: the value x; 1 is in the same distance! but in opposite direction
as the value x; from the fixed value %; which is given by the curve ¢». A similar relation can be

IThe equality holds in the absolute value too. Since x;1, x;, £; € IR, the absolute value gives us an equality of the
metrics on the reals numbers.
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derived analogically from the second equation of (3.5) for values y;1, y; with a value ¥, of the
curve ¢1.

The statement for the other steps of the forward and backward mirror scheme (3.5) and (3.6)
follows from the fact, that these steps has the same structure, just different indexes. O

The main result of this section states sufficient conditions for the nonexistence of nontrivial
bounded nonnegative stationary solutions.

THEOREM 3.5. Assume that «, p < 8, v € (0, 1/2) and (3.7) hold, then the system (3.3) has the
unique non-negative stationary solution in the space (> (Z) - the trivial one.

Proof. Stationary solutions of (3.3) have to satisfy the system of algebraic equation (3.4). We have
already rewritten this system into the forward mirroring scheme (3.5) and the backward mirroring
scheme (3.6).

If assumptions of this theorem hold, then the curves (3.9) divide the first quadrant into three
disjoint sets (3.10), see Definition 3.2.

We want to show, that for any starting pair [x;, y;] # [0, 0] located in the first quadrant the
mirroring schemes lead to an unbounded sequence.

We start with a pair [x;, y;] € AUBU ¢ given by (3.9) and (3.10). By the first statement of
Lemma 3.4, the first step of the forward mirror scheme (3.5) maps this point into the region C. By
the second statement of this lemma, the second step of the forward mirror scheme maps the pair
[xi+1, ¥i] (located in C) into the region A. Moreover, for the starting pair [x;, y;] € AUBU ¢ we
have

Xi—x;>0 — Xiy1 > Xi (3.11)

and for [x;;1, y;] € C
Viri—vyi>0 = Yy > Vi (3.12)

Since the pair [x;, y;| from region A U B U ¢ given by (3.9) and (3.10) is mapped onto the pair
[Xi+1, Yis1]) located in region A C A U B U ¢y, the forward mirror scheme (3.5) can be applied
again in the same way. Specially, from (3.11) and (3.12) we have

Xigk > Xigk—1 > - > Xig1 > X, Yivk > Yivk—1 > -+~ > Vi1 > Yi, k€N (3.13)

Moreover, the distance of x;,1 and x; (or y;1 and y;) is for j > i bounded from below by
the distance of curves ¢ and ¢, in x (or y) direction. If &, B < 8, v < 1/2 and the inequalities
(3.7) hold, then there is only one solution of (3.9) - the trivial one, i.e., the distances of x;;; and
x; (or yj;1 and y;) cannot go to zero for increasing non-negative sequence. Thus, the sequence
{[xn,yn]} /% given by the forward mirror scheme (3.5) for a starting pair [x;, y;] € AUBU ¢y is
unbounded and satisfies

Jim [xy, yn] = [+00, +-c0].
Part of this sequence with starting pair [x;, y;] € A can be seen in Figure 3.2.

Now assume that the starting pair [x;, y;] is located in region C U ¢, given by (3.9) and (3.10).
Since by the Lemma 3.4, the first step of the forward mirror scheme (3.5) maps this point into the
opposite side of the curve ¢,, we must be more careful. On contrary of (3.11), this time we obtain
xi+1 < x;. The conditions under which the sequence stops being decreasing and leads to previous
case may be found. The fact that x;;; < x; also directly implies that the sequence may leave the
first quadrant during the decreasing phase, i.e., it may happen that there exists index j such that
xj < 0ory; <0 (see Figure 3.3).

Instead of complicated analysis of the forward mirror scheme (3.5) with a starting pair [x;, y;]
located in the region C U ¢, given by (3.10) and (3.9), we use the second mirror scheme we derived
from (3.4), the backward mirror scheme (3.6).
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Figure 3.2: The forward mirror scheme (3.5) for ~ Figure 3.3: The forward mirror scheme (3.5) for
a stationary solutions of (3.3) with starting pair ~ a stationary solutions of (3.3) with starting pair
[x,yi] located in region A given by (3.10). The [x;,y;] located in region C given by (3.10). The
red and blue segments have the same lengthin red and blue segments have the same length in
every step of this scheme. every step of this scheme.

By the second statement of Lemma 3.4, for any [x;, y;] € BUC U ¢, given by (3.9) and (3.10),
the first step of backward mirror scheme (3.6) maps this pair into region A. By the second state-
ment of this lemma, the image of [x;, y;] is then mapped into region C. Moreover, for the starting
pair [x;, yi| € CU ¢, we have

Vi—yi>0 = yi1>yi (3.14)
and for [xl-, yifl] eC
Xi1—x>0 - Xi_1 > Xj. (3.15)

Again, [x;_1, y;_1] is located in the subset of the starting region, i.e., C C C U ¢,. Thus (3.14)

and (3.15) hold for following steps too. That is
Yij > Yi—jt1 > - > Yiz1 > Vi, Xi—j > Xj—jy1 > ... > Xi1 > X, ] € IN.

The property of the distance of the two following pairs remains the same as for the forward
mirror scheme (3.5). Thus, considering the backward mirror scheme with a starting pair [x;, y;]
from region C U ¢, given by (3.10), we can show that the sequence {[x,, y,]}" . satisfy

lim [xp, Y] = [+00, +00].

n——oco

For a completeness, we should briefly discuss the special cases of the starting pair [x;, y;]
which we passed silently. The first case we left out is the starting pair is [x;, y;] = [0, 0]. Since
8x/2(0) = gp/2(0) = 0, this starting pair leads to the trivial stationary solution of (3.3). Now, if
only one element of [x;, ;] is equal to zero, then the sequence clearly must have a negative part.
For example, if [x;, 0], x; > 0, then by the forward mirror scheme (3.5) we get x;,1 = —x; < 0.
This completes the proof. O

Using the backward substitution for (3.2), we can state the following corollary for the original
system (3.1).

COROLLARY 3.6. Assume that D > %, ky, < %1 and
{ 2v/3 V3 } o 9(2-8) (-8
max k k ’ k k
(5 -1) (k-2) et -1) (1 1)




34 CHAPTER 3. RDE IN HETEROGENEOQOUS LATTICES

)l
. ]
[, yie1]
/ &2

Vi

[z, yil

- X

0

Figure 3.4: The backward mirror scheme (3.5) for a stationary solutions of (3.3) with starting pair
[x;, ;] located in region A given by (3.10). The red and blue segments have the same length in
every step of this scheme.

then the system (3.1) has the unique non-negative stationary solution in the space {*°(Z) - the trivial one.

Thus, the heterogeneity of capacities of territories together with the large diffusion in the sys-
tem (3.1) may lead to the full extinction of populations on all territories.

3.2 Existence of unbounded stationary solution

In the previous section, we showed that there are conditions which guarantee the unique bounded
stationary solution of system (3.1), i.e., unique non-negative stationary solution in space *(Z).
This was done by the analysis of the so called forward and backward mirror schemes (3.5) and
(3.6). Under assumptions of Theorem 3.5, sequence given by one of these mirror schemes for a
starting pair is always unbounded. But we have no exact information what is going on, with the
opposite part of this sequence. For example, the sequence that is unbounded by the backward
mirror scheme, the application of the forward mirror scheme may lead to a sequence with nega-
tive values. See Figures 3.3 and 3.4, which show the forward and backward mirror scheme for the
same starting pair.

We may ask, if there exists any starting pair for which neither the forward nor the backward
mirror schemes lead to sequence with a negative part. For this purpose we leave the space (*°(Z)
and work in the sequence spaces s(Z) and s (Z) defined by

(Z)

s (Xn)nez : xn € R},
$+(Z) x

(Xn)nez : xn > 0}.

={
={

We are able to apply the ideas of the proof of Theorem 2.10 to show the existence of an un-
bounded stationary solution in s (Z).

COROLLARY 3.7. Let the assumptions of Theorem 3.5 hold, then for any pair [x*, y*] € B\ [0, 0],
where B is given by (3.10), there exists unique non-negative unbounded stationary solution of (3.3)

(oo X200 Y20, X5, Y0, X1, Y1) ) (317)

such that x]’f = x* and y]’f = y* for some index j € Z.
Moreover,
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1. Odd and even entries of (3.17) are monotonic sequences, i.e.,

* * *
X; ijﬂ <x]-+2 <,

A (3.18)
Yi <Vjt1 <VYji2 < -y
where x; = x;j,1 if and only if [x*, y*] € ¢2 given by (3.9) and
xP<xl o <axt, <.,

R (3.19)

Yi SYja <Yjia <o
where y; = y;_1 if and only if [x*, y*] € ¢y given by (3.9).
2. Both sequences in (3.18) and (3.19) diverge to infinity, i.e.,

(3o ] = oo, o)

Proof. Assume that the assumptions of Theorem 3.5 hold. For any starting pair [x;, y;| € B given
by (3.10) both, the forward and backward mirror schemes (3.5) and (3.6), lead to strictly increasing
sequences. See the proof of Theorem 3.5.

Assume a starting pair [x;, y;] € ¢1 given by (3.9), i.e., located on one of the boundary curves
of region B given by (3.10). The forward iterative scheme leads to a strictly increasing sequence
(shown in the proof of Theorem 3.5). Since

the first step of the backward mirror scheme (3.6) have a form

Yi-1 —Yi =Yi —Yi,

i.e.,, yi—1 = y;. The second step of this mirror scheme maps pair [x;, y;_1] = [x;, y;] on the opposite
side of the curve ¢, given by (3.9). Thatis [x;_1, y;_1] € A given by (3.10). We already know from
the proof of Theorem 3.5, that the backward mirror scheme leads to strictly increasing sequence
of pairs which diverges to [+00, 40c0].

Analogously we can show that a starting pair [x;, y;] € ¢, given by (3.9), which leads by back-
ward mirror scheme (3.6) to an unbounded sequence, skips one step of forward mirror scheme
(xi11 = x;), but right after it leads to strictly increasing sequence of pairs.

Note that the form of the forward and backward mirror scheme (3.5) and (3.6) stays the same
independently on the index i. Thus we set [x;, ;] = [x*, y*] and let the unbounded stationary
solution of (3.3) attain these values at any arbitrary index j. O

We characterize the unbounded stationary solutions more precisely in the following result.

COROLLARY 3.8. For the system (3.3) with the assumptions of Theorem 3.5, we have infinitely many
unbounded non-negative stationary solution. More precisely:

1. There are countable many stationary solutions (3.17) which attain values of pair [x*, y*] € B\ [0, 0]

for some index j, i.e., x]’.‘ = x* and y]’f =y*.

2. There are uncountable many pairs [x*, y*| € B\ [0, 0] which lead to unbounded non-negative
stationary solutions.

3. Forany € > 0, there exist uncountable many non-negative unbounded stationary solutions of (3.3),
such that there exists index j € Z for which

|- %7]

‘ <e. (3.20)
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Figure 3.5: Non-negative unbounded sequence given by forward and backward mirror scheme
(3.5) and (3.6) for a starting pair [x;, y;| located in the region B given by (3.10).

Proof. The first statement is just a rewritten version of the last paragraph of proof of Corollary 3.7.

Uncountability of the set of unbounded non-negative stationary solutions of (3.3) comes from
fact that a pair [x*, y*] can be located anywhere in the region B\ [0, 0] given by (3.10).

The last statement just emphasizes the fact that region B given by (3.10) has always non-empty
intersection with ball of arbitrary radius located in the origin. This can be supported by fact, that
under assumptions of Theorem 3.5 the boundary curves (3.9) of the region B can be interpreted
as a functions of x and satisfy

$10) = 55 > g = h(0)

Note that these curves are defined as single equations from (3.8). Derivative of a curve ¢, i.e., the
second equation of (3.8) comes from the derivative of the inverse function [18, Theorem 5.9] O

Note that the proof of Corollary 3.7 gives the construction of non-negative unbounded station-
ary solutions of (3.3). If the system satisfies assumptions of Theorem 3.5, for any pair [x;, y;] €
B\ [0, 0], where B is given by (3.10), the non-negative unbounded stationary solution of the sys-
tem (3.3) can be constructed by the mirror schemes (3.5) and (3.6). We illustrate this by an example.

EXAMPLE 3.9. Assume the system (3.3) witha« = p = 6and -y = 2/5. Sincea, p < 8, v € (0, 1/2)

and
max{25, 25} <1< %,
36v/3" 18v/3 8

the assumptions of Theorem 3.5 are satisfied. This system has been used for all illustrations in this chapter,
i.e., the regions (3.10) for this system can be seen on Figure 3.1.

We choose an arbitrary starting pair [x;, y;] located in region B given by (3.10), and apply the forward
and backward mirror schemes (3.5) and (3.6) to obtain the sequences corresponding to stationary solution
of (3.3). For a pair [x;, y;] = [0.15, 0.5] The sequence given by forward mirror scheme is

{[0.15, 0.5], [0.25, 1.45313], [2.4187, 109.398], {3.09935 x 106, 4.46584 x 1020} , }
and by the backward mirror scheme is

{ [7.62306 x 107, 317.194} , [3.25262, 1.59426] , [0.510894, 0.919375], [0.15, 0.5]}.
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Figure 3.6: Part of the non-negative unbounded stationary solution (3.21) of the system (3.3) with
« = B = 6and v = 2/5. This stationary solution is constructed in Example 3.9 to demonstrate the
construction of non-negative stationary solutions of the system (3.3), which satisfies the assump-
tions of Theorem 3.5, given by Corollary 3.7. The logarithmic scaling function for y axis is chosen
here.

Putting these together, we obtain the non-negative unbounded stationary solution of (3.3) in a form

( 7.62306 x 107, 317.194, 3.25262, 1.59426, 0.510894, 0.919375, 0.15, 0.5,

0.25, 1.45313, 2.4187, 109.398, 3.09935 x 10°, 4.46584 x 10%, ) . (3.21)

To summarize previous parts of this chapter, Theorem 3.5 gives us conditions for the unique
bounded non-negative stationary solution of the system (3.3) (or (3.1)). Corollaries 3.7 and 3.8 dis-
cuss the special subset of unbounded stationary solutions of (3.3) - the non-negative unbounded
stationary solutions which have unbounded limits as n — $oo.

Obviously, these need not be all stationary solutions in s (Z). There exist unbounded non-
negative stationary solutions which blow up to +oc in one direction and tend to zero in the other
one. Note that under assumptions of the Theorem 3.5, the only possible finite limit of stationary
solution of (3.3) is zero.

COROLLARY 3.10. Let the assumptions of Theorem 3.5 hold. There exist unbounded non-negative
stationary solutions (3.17) of (3.3) which satisfy

Jim [xn, yn] = [+oeo, +oo],  Hm [xn, yu] = [0, 0],
or
nEIEloo[xn’ yi’l] = [O/ 0]/ ngrfloo[xn, yn] - [+ool —I—OO]

Proof. Let the assumptions Theorem 3.5 hold. From Corollary 3.7 we know that for any [x;, y;] €
B\ [0, 0], where B is given by (3.10), both, the forward and backward mirror schemes (3.5) and
(3.6) lead to strictly increasing sequences with limit 4-cc. Moreover, from the proof of Theorem 3.5,
we have the existence of an unbounded strictly increasing sequence by forward mirror scheme for
any [x;, y;] € A, given by (3.10). Similarly for [x;, y;] € C, given by (3.10) we have the existence
of an unbounded strictly increasing sequence by backward mirror scheme.

Clearly, we have to analyze sequences given by the forward mirror scheme (3.5) for the starting
pair [x;, ;] € C and sequence given by the backward mirror scheme (3.6) for the starting pair
[xi, yi] € A, where the regions A and C are given by (3.10).

The proof is split into two parts corresponding to two properties of the stationary solution
from the statement of this corollary - non-negativity and one sided finite limit. We construct
subsets of IR?, from which the pair and following sequences given by the forward and backward
mirror schemes (3.5) and (3.6) are non-negative. Then the other subsets are made, such that any
pair located in here, the sequences given by mirror schemes do not have a pair located in the
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region which guarantee unbounded both-sided limits. By properties of these sets we derive the
statement of this corollary.

We start with a non-negativity of the stationary solution (3.17). The first step of the forward
mirror scheme (3.5) maps a starting pair [x;, y;] onto [x;.1, y;] located in the opposite side of the
curve ¢, given by (3.9) preserving the distance from the curve ¢». Analogously, the first step of
the backward mirror scheme maps a pair [x;, y;] onto [x;, y;_1] located in the opposite side of the
curve ¢ given by (3.9) keeping the distance. See Lemma 3.4.

It follows that any [x;, y;] € C given by (3.10) has to be closer to the curve ¢, in x direction,
than the distance of the corresponding point on the curve from the boundary of the first quadrant
(the line x = 0) to x4 given by forward mirror scheme (3.5) be greater then zero. Analogous
statement follows for y; 1 given by backward mirror scheme for a pair [x;, ;] € A.

Rearranging the forward mirror scheme (3.5) and requiring x;;; > 0 we obtain

2 2
0<xip1 < —gp(yi) —xi = x < —gp(vi)
vz Y° 2
and analogically for the backward mirror scheme (3.6) with y;_1 > 0

0 <yi1 <2785 (xi) —yi = ¥i <2783 (xi).

Thus, we define

At = {(x, y) €R?:x >0, gg%(x) >y > 1g%(x)},
i l (3.22)

Ch= {(x, Y) EJRZ:Z'rgg(y) > x> vgg(y)fy>0}.

For any [x;, y;| located in regions (3.22), the values x;,1 and y; 1 given by the first step of the
forward mirror scheme (3.5) and the first step of the backward mirror scheme (3.6) for this pair
are positive?. The regions A* and C* given by (3.22) can be seen at Figure 3.7.

Based on the statement of Lemma 3.4, the second step of the forward mirror scheme (3.5)
works the same as the first step of the (3.6) and vice versa. Thus, we assume [x;, y;| located in the
reduced regions A* and C* (3.22). We know, that the first step of these schemes maps on a pair
with positive values, but it may end up in the regions A\ A" or C\ C*. By the construction of
the regions (3.22), we know that such pairs will be mapped in the next step outside the interior of
the first quadrant. Thus, [x;, y;] € C™ is not sufficient to x;,,,, yi1, > 0 for any n € Z.

Obviously we have to reduce the regions (3.22) further. Assume &, § < 8, then we can define
the inverse functions

8

Nl=

v=>2g3t0) — r=g' (%),
X

(y) = y=g§1 ()

X =278 ¥

NI

since the function gs(s) given by (2.15) is bijective for § < 4, s € R, see the proof of Lemma 2.15.
Let us consider the second steps of the forward mirror scheme (3.5) and the backward mirror
scheme (3.6). We then have

—1  Xit1 A N
gg ( 2,)/ ) <Vit1 = ,ng(xﬂrl) Yi,

o (%) <Xj1= 2%’% (Vi-1) — xi,

2

2We could define regions (3.22), such that these values would be non-negative, but from the last paragraph of the
proof of Theorem 3.5 we know, that any pair located on the axis (except the origin) is mapped onto a pair with a negative
value.
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Figure 3.7: Reduced regions (3.22) which guar-
antee that for any pair [x;, y;] from these re-
gions the first step of forward and backward
mirror scheme (3.5) and (3.6) returns a positive
value. The red regions represent the reduction
from original regions (3.10).
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Figure 3.8: Reduced regions (3.24) which guar-
antee that for any pair [x;, y;] from these re-
gions the first two steps of forward and back-
ward mirror scheme (3.5) and (3.6) returns a
positive value. The red regions represent the
reduction from regions (3.22).

i.e., the schemes do not map pairs into regions A \ A" and C \ C*. Thus

2 -1 [ Xit1
yi < ;gg(xiﬂ) —8& <l> ,

2y (3.23)

X <28y (i) — g5 (F5).

We define regions

2 X
A**z{x, E]Rzzx>0,ax—1()> >
(x, y) L85 =8y (5 ) >

Ccrt = {(x, y) € R*: 2985(y) — g

5 (7) >x>78§(1/)/y>0}.

1
T},
(3.24)

Yy

Any [x;, ;] located in regions AT" and C*™ satisfy that the first two steps of the forward mirror
scheme (3.5) and the backward mirror scheme (3.6) map onto pairs [x;11, ¥i11] and [x;_1, yi_1]
with positive values. These regions can be seen at Figure 3.8.

Clearly we reduce the regions At and C** for next steps of mirror schemes, i.e.,, A3 :=
ATHH, 3 .= CT++, .. The analytical expression of these regions may be very complicated.
Instead of this, we apply simple observation. We know

1. There exists [x;, y;] € AU C such that the sequences given by the forward and backward
mirror schemes are non-negative, see Corollary 3.7 (it is sufficient for any other pair of these
sequences to be located in region B given by (3.10), then the rest of the sequence is located

in AU C), i.e., these sets are non-empty.

2. Forany n € N regions A" and C"* are open sets by definitions of A" and C" in (3.22).

3. For any n € N we have embedding A""*1+ < A"+ and C(*tD+ c Ct,

Thus the sequences A" and B"" converge to non-empty limits sets. We denote these limit sets

as A®T and B®™, which can be defined as

Aoo+: ﬂ An-&-,

nelN

cet = (N c
nelN



40 CHAPTER 3. RDE IN HETEROGENEOQOUS LATTICES

and by the properties of A"+ and C"* are half-closed sets (boundary curves which separate these
sets from the region B given by (3.10), that is the curves ¢; and ¢, given by (3.9), do not belong
into these sets).

Together, the set of pairs [x;, y;] which lead to a non-negative stationary solution by both
mirror schemes is the set A" U ¢ UB U ¢ UC™®", where B, ¢ and ¢, are given by (3.9) and
(3.10). Moreover, the union of this set with the origin [0, 0] or in IR? is a closed set.

Let us move to the second part of the proof. We want to determine cases for which the se-
quence of stationary solution of (3.3) given by the forward and backward mirror schemes (3.5)
and (3.6) has both limits unbounded and tending to +co. From the proof of Corollary 3.7 we
know that a sequence (stationary solution (3.17)) has both limits unbounded if and only if there
exist index j € Z such that [x;, y;] € B\ [0, 0]. Thus, we determine fist starting pairs [x;, y;] which
map onto points in B\ [0, 0]. Clearly, the pairs [y;, x;] € B\ [0, 0] are determined immediately.

We start with inverse functions

1 -1
y=283(x) = x=gg (W),
x = — =g ()

185 (¥) =8 (5

which define the boundaries of the region B given by (3.10). Note that inverse functions exist since
a, B < 8and the function g;(s) is s bijection for § < 4. Assume a starting pair [x;, y;] € C, where C
is given by (3.10), then the forward mirror scheme (3.5) maps this pair into B \ [0, 0] if the distance
of this pair and curve ¢, given by (3.9) is less or equal then the distance of ¢, and ¢; (distances
here are meant in the x-direction). Analogously the backward mirror scheme (3.6) maps a pair
[xi, y;] € A, where A is given by (3.10), into region B\ [0, 0] if the distance in y-direction of this
pair and the curve ¢; is less or equal than the distance of ¢; and ¢,. Thus, for this not to occur the
first step of these schemes must satisfy

gy (1) > xiva = 2185 (vi) — %,
1 (% 2
gg <,)/) > Yi-1 = ;g% (xi) —Yi

ie.,

2 1 [ x;
yi> =ga(xi) — g5 () :
2

We define regions

2 x
A" ={(x,y) €R*: x>0, >ax_1()},
{( y) y>28500 -8 |

(3.25)
= {(x, y) R x> 2985 (y) gy (W), y > 0}-

Any pair [x;, y;] € C~ is not mapped by the first step of the forward mirror scheme (3.5), same
as a pair [x;, y;] € A~ by the first step of the backward mirror scheme (3.6), into region B\ [0, 0],
where B is given by (3.10). The regions (3.25) can be seen at Figure 3.9.

Again, the fact that a pair [x;, y;] is not mapped into B\ [0, 0] in the first step of the forward
or backward mirror scheme (3.5) or (3.6) does not imply that it wont be mapped there in follow-
ing steps of these schemes, e.g., the forward mirror scheme may map a pair [x;, ;] € C~ onto
[xit1, yi] € A\ A™. Since the second step of the forward mirror scheme works the same as the
first step of backward mirror scheme (Lemma 3.4), then a pair [x;,1, y;] is mapped by this scheme
onto [xi11, Yi+1] € B\ [0, 0].
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Figure 3.9: Reduced regions (3.25) which guarantee that for any pair [x;, y;] from these regions a
pair [x;1, ;] given by the first step of the forward mirror scheme (3.5) nor [x;, y;_1] given by the
backward mirror scheme (3.6) belongs to B \ [0, 0]. The red regions represent the reduction from
original regions (3.10).

Clearly, we have to reduce the regions (3.25) further, i.e., we define regions A=~ and C~~
which guarantee that a pair [x;, y;] located in these regions wont be mapped into B\ [0, 0] in
two steps of the forward nor the backward mirror schemes (3.5) and (3.6). More reduced regions
cannot be easily expressed analytically but the same observation as for non-negative sequences
holds. Since (B\ [0, 0]) U (A\ A7) U (C\ C™) is a closed set, the regions A=~ and C~~ are open
in ]Ri.

For the sequences of sets A"~ and B"~, i.e.,, sets which guarantee that any pair [x;, y;] from
this set is not mapped in n steps of the forward nor the backward mirror scheme (3.5) and (3.6)
into the region B \ [0, 0], we know

1. These sets are non-empty, e.g., since any pair [x;, y;] € A\ A", where A is given by (3.10)
and A" by (3.22), is by the first step of the backward mirror scheme mapped outside the
interior of the first quadrant it cannot belong to A"~ for any n € IN.

2. For any n € IN these regions are open in R% 2.
3. For any 1 € IN we have the embedding A"+~ ¢ A"~ and C("*1)~ ¢ C"~.

Thus the sequences of sets A"~ and B"~ converge to limit sets, we denote them A®~ and C*~.
Again, this limit sets can be written as

—+oc0 —+o00
A® = (A", Cc* =",
n=1 n=1

i.e., as a intersection of embedded open sets. Thus, the limit sets are closed in lRi.

To complete the proof, we define the set Bt = R% \ (A®~ UC®—). Since A*~ and C®~ are
closed, the set Bt is open. Moreover, from the construction of the removed sets, it contains all
the pair [x;, y;] which are mapped into region B by some step of the forward and the backward
mirror schemes (3.5) and (3.6). Thus it is a subset of A®" U ¢ U B U ¢, U C®" which is closed. It
follows that there is a non-empty set (A®°* U ¢ UBU ¢ UC®T) \ BT, such that any pair [x;, y;]
from this set leads to non-negative stationary solution with only one unbounded limit. O

3we have no interest in the boundary of the first quadrant, i.e., lines x = 0 and y = 0.
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Figure 3.10: Part of the non-negative unbounded stationary solution of the system (3.3) with
« = B = 6 and v = 2/5. This stationary solution is constructed in Example 3.11 for a starting pair
found by numerical experiment to demonstrate the statement of Corollary 3.10. The logarithmic
scaling function for y axis is chosen here.

Similarly as in Example 3.9, where we have presented the construction of non-negative sta-
tionary solution of the system (3.1) with both sided unbounded limits, given by Corollary 3.7,
we would like to illustrate construction of stationary solution given by Corollary 3.10. This time,
we do not have explicitly given the region from which a starting pair leads to such solution by
forward and backward mirror schemes (3.5) and (3.6). Such a starting pair has to be found nu-
merically.

EXAMPLE 3.11. Assume the system (3.3) with « = B = 6 and -y = 2/5, that is the same system as in
Example 3.9. This system satisfies the assumptions of Theorem 3.5, thus we know by Corollary 3.10 that a
non-negative unbounded stationary solution with one sided finite limit exists.

Corollary 3.10 does not give explicitly the region from which a starting pair leads to such a solution by
forward and backward mirror schemes (3.5) and (3.6). But from the proof of this corollary, we can construct
the regions A" and C"" which guarantee that a solution for starting pair from here is non-negative for
n steps of mirror schemes and the regions A"~ and C"~ which guarantee that one of a sequences given by
these schemes is decreasing for n steps.

By a numerical experiment, we have found a starting pair [x;, y;] = [0.3543688466971, 0.5] which is
located in C*+ and C*~. For this starting pair the forward mirror scheme leads to sequence

{[xi, vil, [4.5631 % 1072, 2.4965 x 10*2} ) [2.0926 % 1073, 1.0941 x 10*3} )

[9.1359 % 1075, 4.7674 x 10—5} ) [3.9801 % 107, 2.0858 x 10—6} , } . (3.26)

The sequence given by backward mirror scheme for this starting pair is not interesting in here, since it leads
to increasing unbounded sequence similarly as in Example 3.9.

Part of stationary solution of (3.1) made by forward and backward mirror schemes (3.5) and (3.5) for a
starting pair [x;, y;] = [0.3543688466971, 0.5] can be found in Fig. 3.10. Note that even that the sequence
(3.26) is decreasing here, it is only located in C*~ and C**, thus we have no information if it leaves the
first quadrant, converges to zero or starts growing for following steps.

From the construction of regions A"*, A", C"* and C""~ in the proof of Corollary 3.10 and
by the x; value of starting pair in Example 3.11, we see that the region from which a starting pairs
for forward and backward mirror schemes (3.5) and (3.6) lead to a stationary solution from the
statement of Corollary 3.10 is not a very large. Even for only n = 4 we had to find a starting pair
with x; value with 13 decimal digits. This leads to question how large is this region. One of the
possibilities is that it has a zero-measure, i.e., it is made by two curves in R?, one in the region
A and the second in the region B, where A and B are given by (3.10). We leave this as an open
question, see Conjecture 2 in Chapter 4.
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3.3 Generalization

In this section, we briefly discuss the system (3.1) with general viability parameter, i.e., the system
(1.2). We describe how an analogy of Corollary 3.6 can be derived for this system. This can be
done by a simple fact, that in the proof of Theorem 3.5 we used only sufficient conditions for
the existence of unique stationary solution of the two dimensional model corresponding to the
system (3.3), i.e., the system (2.7).

In Section 2.1.2, we derived the conditions for the existence of a unique stationary solution of
the system (1.4). This system is the two dimensional case of (1.2). Same as in Section 3.1, we can
use the substitution (3.2) to simplify the system.

An infinite system of algebraic equation for a stationary solution of (1.2) after substitution
(3.2) can be rewritten into an analogy of the forward mirror scheme (3.5) and the backward mirror
scheme (3.6). Again, these schemes map a point [x;, y;] € IR? onto opposite side of curves given by
a separated equation of two dimensional system, i.e., the system (1.4). If assumptions of Corollary
2.13 hold, then these curves have a unique intersection. Moreover, these curves preserve mutual
position as the curves (3.9).

Following steps from the proof of Theorem 3.5, we can show that any starting pair from the
first region, leads by the analogy of the forward mirror scheme (3.5) or the backward mirror
scheme (3.6) to strictly increasing sequence. Since under assumptions of Corollary 2.13, the two
dimensional case has only one solution (the origin), these sequences cannot be bounded. Thus
we can state the following corollary of Theorem 3.5.

COROLLARY 3.12. Assume that D > max{A, )\2}”2_(’,”1, ko < aky and inequalities (2.27) and
(2.28) hold, then the system (1.2) has the unique non-negative bounded stationary solution in {*(Z) - the
trivial one.

Similarly, we can show the existence of infinite (uncountable) unbounded non-negative sta-
tionary solution of (1.2), i.e., analogies of Corollaries 3.7, 3.8 and 3.10.






Conclusion

In this work, we studied modified version of the lattice Nagumo equation (1.5) and semi-discrete
Nagumo equation on graph (1.6). Our main focus was on a unique stationary solution of these
systems in the case of heterogeneous capacities of discrete patches.

In Chapter 2, we analyzed semi-discrete Nagumo equation on bipartite graphs, where the
territories represented by vertices of this graph have different capacities. While the homogeneous
semi-discrete Nagumo equation on a graph has at least three stationary solutions for any strength
of the diffusion, our analysis of the heterogeneous semi-discrete Nagumo equation (1.3) shows
that for this system it is not the case. In Sections 2.1.1 and 2.1.2, we study the simplest example of
such graph with only two vertices for which the system (1.3) becomes (1.4). Even that this system
is the simplest one, the results obtained here are essential, since they are widely used for systems
on different discrete sturctures.

To derive the conditions for a unique stationary solution of (1.4), we made some restrictions,
one of which is boundedness from below of the diffusion parameter D by a function of reaction
and viability parameters (A1, A, and a), see the first assumption of 2.14. From numerical results at
the end of the Section 2.1.1, where the viability parameter a is fixed, and 2.1.2 we can see that this
assumption is too strong. On the other hand, this allowed us to formulate the further assumptions
in a relatively easy form. How to bypass the assumption on D, which guarantee monotonicity of
auxiliary functions g and h given by (2.15) and (2.32) (see proofs of Lemma 2.6 and Theorem 2.14),
is left as an open question.

QUESTION 1. Statement of Theorems 2.10 and 2.14 can be greatly improved by weakening the
assumption on the monotonicity of functions g and A, given by (2.15) and (2.32), which corre-
sponds to functions given by equations in (2.10) and (2.31), i.e., the systems for stationary solu-
tions of corresponding system.

In Sections 2.2 and 2.3, we use the results of Section 2.1.2 to prove that the modified version
of semi-discrete Nagumo equation on complete bipartite graph (1.3), may have a unique station-
ary solutions too. Naturally there arise another question about deriving conditions for a unique
stationary solution of more general graphs.

QUESTION 2. Is it possible to derive an analogous result as in Theorem 2.14 or its Corollaries
2.16 and 2.17 for more generals graphs, e.g., a general bipartite graph where territories repre-
sented by a vertices from the same set does not have exactly the same capacities but are bounded
by maximum/minimum satisfying modified assumptions of Theorem 2.14?

The heterogeneous lattice Nagumo equation (1.2) was analyzed in Chapter 3. Here, we rewrote
the system for stationary solutions into difference schemes called forward and backward mirror
schemes. These schemes create for any point of IR? an infinite sequence corresponding to station-
ary solution. It is shown that under assumptions of Corollary 3.12, for any point in R2,, one of the
sequences given by mirror schemes is always unbounded. It follows that the origin is the only
non-negative unbounded stationary solution.
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In a finite dimensional case of heterogeneous semi-discrete Nagumo equation, i.e., the system
(1.3), we can show by Hartman-Grobman theorem [3, Theorem 2.2.3] that the origin is locally
asymptotically stable stationary solution. In an infinite dimensional case, this is more compli-
cated. Since in the both cases, we have conditions for uniqueness of a stationary solution, the
question of the global stability arise.

CONJECTURE 1. Let the assumptions of Corollary 3.12 hold, then for any initial condition
x(0) =xo € £°(Z), xjp >0,i € Z
the solution x(t) of (1.2) tends to the origin, i.e.,
x(t) =0 € l®(Z), t = +oo.

On the other hand, in Section 3.2, we showed that the system (1.2) has uncountable many un-
bounded stationary solutions. First, it is proved that there are uncountable many starting points
in IR?, for which both forward and backward mirror schemes lead to unbounded sequence. Fur-
ther, we show that there are some point, for which a sequence made by one of the mirror scheme
is unbounded but the other part of the sequence given by the second mirror scheme converges
to origin. We showed that such a region of starting points does exist, but we cannot express it
explicitly.

Corollary 3.10 state that there exist a starting pairs in R% for which the sequences given by
the forward and backward mirror schemes, given by (3.5) and (3.6), lead to one sided unbounded
sequences, where the other sides converge to origin. The region of a such starting pairs is made
by iterative reduction of the first quadrant based on requirements of following sequences. By
the nature of construction and numerical experiments we believe that the final region has zero-
measure.

CONJECTURE 2. Set of a starting pairs which lead by the forward and backward mirror sche-
mes, given by (3.5) and (3.6), to the non-negative unbounded stationary solution of (3.1) satisfying
the statement of Corollary 3.10 has zero-measure. It follows, that any stationary solution from this
corollary has one of two possible profiles, i.e, if we define curves

$1(t), fa(t) € RE, t € R
then such a stationary solution (..., X; 1, Y;_1, Xi, Vi, Xj+1, Yit1, -..) satisfy

[xi, yi] € p1,i € Z, or
(xXi, yi] € o, i € Z.

Since a traveling wave is a solution which connects two stationary solutions of a system
and we have derived the conditions for unique bounded stationary solution of modified lattice
Nagumo equation, it follows that under these assumptions any traveling wave cannot exists there.
On the other hand, it can be easily shown that for similar capacities of territories at least three sta-
tionary solution exist. Thus, finding traveling waves in this system may be a subject of future
study.
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