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ABSTRACT

The Lotka — Volterra systems arise in questions of biology, population genetics, epidemiology,
ecology, economics as well as in some branches of theoretical physics, in particular, in solid
state physics. Some important questions of ecology (for example, biogens cycles) can be studied
using Lotka — Volterra mappings operating in a four-dimensional simplex with homogeneous
tournaments. In this regard, the work is devoted to the construction and study of cards of
fixed points of Lotka — Volterra mappings operating in a four-dimensional simplex in the
case of homogeneous tournaments (for arbitrary coefficients of a skew-symmetric matrix). The
card of fixed points gives us a more detailed understanding of the asymptotic behavior of the
trajectories of discrete dynamical Lotka — Volterra systems. In the paper, we show that even
if the tournaments corresponding to the Lotka — Volterra mappings are homogeneous, among
them it is possible to distinguish a class of mappings with skew-symmetric matrices that are
not matrices in a general position. It is not possible to generalize this kind of mappings; each
of them represents a map of fixed points of a different type. This is clearly noted in the work. It
is also shown that even in the case when the tournament corresponding to the Lotka — Volterra
mapping is homogeneous, the set of fixed points is infinite and the card of fixed points consists
of a convex hull of fixed points belonging to strong faces.
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1. Introduction

One of the main problems in mathematical biology, epidemiology and ecology is the study of the
asymptotic behavior of the trajectories of dynamical systems. The works [1-4] are devoted to the study of
continuous dynamical systems and the asymptotic behavior of their trajectories. The proposed work is devoted
to the analysis of the trajectories of interior points of quadratic Lotka — Volterra mappings operating in a
four-dimensional simplex that are not in a general position. Before presenting the main results, let us start with
preliminary information and a review of the literature.
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Let

m
S" = {x €RM i x = (1, xm) 12 20, ) =1}
i=1
the standard simplex in R” and A = (a;), k,i = 1, m — is a skew-symmetric matrix with conditions |az;| < 1.
The mapping V : $"~1 — §™~1 defined by equality
m
Vx|, =xp (1+Zakix,-), k=1,m, (1.1)
i=1
is called the discrete Lotka — Volterra operator. Mappings of the form (1.1) arise in problems of population
genetics that describe the evolution of a certain population over time, and time is considered discrete [5].

Each Lotka — Volterra operator and its corresponding skew-symmetric matrix are associated with a complete
oriented tournament graph [6], [7] and a partially oriented graph [8].

A complete directed graph — tournament is constructed if the skew-symmetric matrix is in the general
position [6]. To build a tournament, let us take m points numbered 1, 2, ..., m on the plane and connect the
point with the number & to the point with the number i with an arc directed from k& to i if ax; < 0 and in the
opposite direction if ay; > 0.

So, the graph constructed in this way is called a tournament corresponding to the Lotka — Volterra operator
and we denote it by 7},.

A tournament is called strong if there is a path from any vertex to any other according to the orientation
(direction of the arc).

A tournament that does not have strong subtournaments is called a transitive.

Definition 1.1. [9] A tournament is called homogeneous if any of its sub-tournaments is either strong or
transitive.

Theorem 1.2. A is a skew-symmetric matrix, then the sets

P={xeS"':Ax>0} and Q={xeS™:Ax <0}

non-empty convex polyhedra.
Theorem 1.3. If A is a generic skew-symmetric matrix, then the set P (respectively Q) consists of a single
point.

2. The card of fixed points of the operator V

Let us recall the concept of a card of fixed points for a dynamic system (1.1) [9], [10]:

Leta c I ={1,...,5}. We represent the set of all fixed points {x € S* : Vx = x} of the operator V as points
on the plane, then for each a c I the fixed point Q, is connected by an arc to a fixed point P, directed from
P, to Q.. The resulting directed graph is called the card of fixed points of the operator V we denote it by Gy .

It is known [11], [12] that for m = 5, only the next four tournaments are homogeneous. These are the
tournaments shown in Figure 1.

In case a), the tournament is transitive. If the tournament is transitive, then any trajectory of the Lotka —
Volterra mapping converges to one of the vertices of the simplex [10]. This means that the fixed point card Gy
coincides with the tournament itself 75. In the case of transitivity, the operator has no fixed points except the
vertices of the simplex [12]. Next, we mark the vertices of the tournaments with the numbers 1, 2, 3,4, 5 from
top to bottom, and the substructure with vertices, for example, 1,2, 5, is denoted by 125.

Definition 2.1.[11] A skew-symmetric matrix A = (ay;) is called a general position matrix if all major
minors of even order are nonzero.

ujmces.tstu.uz 26


http://ujmcs.tstu.uz

D. Eshmamatova, A. Alimov & M. Tadzhieva

b
. &
L ] [}
. ® °
®
a) b) c) d)

Figure 1. Homogeneous tournament.

If the skew-symmetric matrix of general position, then the corresponding Lotka — Volterra mapping V with
coeficients ay; is also a general position operator. The task assigned to us is to study quadratic Lotka — Volterra
mappings operating in a four-dimensional simplex that are not in a general position. That is, we show that
even if the tournament corresponding to the skew-symmetric matrix is homogeneous, but the matrix itself and,
accordingly, the operator may not be in the general position. Since the skew-symmetric matrix of the system
is not a matrix of general position, i.e. all major minors of the fourth order (there are only five of them in
this case) are zero. Fixed point cards have been constructed and studied for such mappings, since the structure
of fixed point cards gives a detailed idea of the asymptotic behavior of the trajectories of interior points of
discrete Lotka — Volterra dynamical systems.

In [12], [13] it is proved that skew-symmetric matrices of general position form an open and everywhere
dense subset in the set of all skew-symmetric matrices.

For example, the mapping of Lotka-Volterra V : $ — §2 has the form:

x; = x1(1 + a1ox2 — ai3x3 + aiaxa),
x, = x2(1 = a1ox1 + azxs — azxa),
x5 = x3(1 + a13x1 — axsxy + azaxa),

’

x, = x4(1 = aygx1 + angxz — azyexs),

where ay; € [-1;1], k,i = 1,_4 L
This operator is a general position operator if and only if the coefficients a;; € [-1;1], k,i = 1,4 satisfy
the following conditions:

ar; # 0, k,i =1,4 and aqpazs — a1zazs + agars # 0.

Fixed point cards for the Lotka — Volterra operators were first introduced in [5] and it also introduced the
concept of a homogeneous card for Lotka — Volterra mappings. Many other useful properties of the fixed point
card are given in [12], [13]. But these papers do not consider in detail the cases when the skew-symmetric
matrix corresponding to the Lotka — Volterra mapping is not in the general position. Our goal is to consider
these cases in more detail, since these mappings can serve as a discrete model of the biogen cycle in an
ecosystem. In [14], the Lotka — Volterra mapping is investigated, acting in a four-dimensional simplex as a
discrete model of the phosphorus and carbon cycle, depending on the nature of the card of fixed points of this
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mapping. Here we show that among those operators there can also be those that are not in general position and
the set of their fixed points is an infinite set. Let us go over each case in detail.
3. Main results

a) Consider the Lotka — Volterra operator acting in

5
$* = {x = (x1,x2,%3,X4,%5) € R, x; 2 0, ) x; =1},
i=1

with the corresponding transitive tournament 75.

Figure 2. Transitive tournament.

The skew-symmetric matrix corresponding to this operator has the form:

0 -apn -ai3 —-as -ais

az 0 —ax3 —ax -—axs
A=| a3 anx 0 —az4 —ass

aly ax  as 0 -—ags

ais ax Az ags 0

where |ag;| < 1.
It is easy to see from the classical algebra course that there are only five major minors of the fourth order for
this matrix.

0 -—ax -—axu -axs

Al as 0  —az; -—ass
n-
ars az4 0 -—ags
a)s aszs 445 0

[\
o]
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The determinant of the skew-symmetric matrix A%l is equal to the following expression:

0 —az3  —dz4  —as
ans 0 —a3zq —ass
11 2
Al = = (axzass — axaszs + axsazs)”.
any as4 0 -ass
ans ass ass 0

Similarly, we can calculate the values of the remaining fourth-order minors:
22 2
Ay = (a15a34 — a1aass + a1zass)”,

A;’S = (a15a24 —apars + 012a45)2,
AZM = (aisa3 — a1zazs + a12@35)2,
Ag5 = (a1aaz3 — aizags + a12a34)2.
Now we can select the elements of the skew-symmetric matrix so that the values of these minors are zero,

1
a2 = adi3 = a4 =4ais = az3 =daz4 = 445 = :__39 azq = azs = 53 ax =1

1e.
11 2 2
Ay = (axays — axass +axaz) = (1-4+3)°=0

AS? = (a15a34 — a1sass + arzass)® = (1 -2+ 1)* =0,
AP = (ar5a24 — arsass + anpass)® = (2 -3 +1)? =0,
ALt = (a15a23 — arzazs + apazs)? = (1 -3 +2)* =0,
A2 = (a1aaz3 — arzan + apaz)® = (1-2+1)* = 0.

The picture is clear here, since the tournament is transitive, the card of fixed points completely coincides with
it.

The tournament shown in Figure is strong and in its expanded form looks as shown in Figure 3.

From the Figure 3 we see that 75 has three cyclic triples 125,135, 145, i.e. three strong substructures with
three vertices. Itis known [], [] that if a tournament with three vertices is strong, then the mapping corresponding
to this tournament has a fixed point inside the simplex, unlike its vertices. Below we will find the coordinates
of these points.

The skew-symmetric matrix corresponding to this strong tournament has the form:

0 -aip -aiz —ay as
ar 0 —axp -axy -—axs
A=| a3 a3 0 -—as -ass
aig  ax a0 —ags

—ais axs  azs a4 0

In [], the same operator was investigated when it is in a general position and it is proposed as a discrete
model of the carbon and phosphorus cycle in an ecosystem, depending on the type of fixed point map. But as it
turned out, for this operator, too, the elements of the skew-symmetric matrix can be selected so that all major

minors of the fourth order are equal to zero,
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Figure 3. Strong tournament.

a14 = a15 = A3 = A5 = 434 = (35 = (45 = % a;3 = ax = % app =1
A! = (agsass — axsass + azsaz)® = (1-2+1)? =0
AR = (a1sass — anzass + arsaze)’ = (1 -2+ 1)* =0,
AP = (arsazs — appass + aisan)® = (1 -3 +2)* =0,
ALt = (ar3azs — anass + aisas)® = (2 -3+ 1) =0,
AP = (anpass — azag + ayan)’ = (1-4+3)* = 0.

The mapping in this case looks like

" 2 1 1
X, = x1(1 —x2 — 5x3 — 34 + 3X5),

’ 1.2 _1
x, = x2(1 +2x1 — 3x3 — x4 — 3X5),

’ 2 1 1 1
Xy = x3(1+ 5x1 + 3x2 — 301 — 3X5), 3.1)

’

4

1

1 2 1
x, = x4(1 + 3x1 + 5x2 + 3x3 — 3X5),

o 1 1 1 1
X5 = x5(1 = 3x1 + 3x2 + 3X3 + 3X4).

and it is not in the general position, since all major minors of the fourth order are zero and the card of fixed
points for this operator has the form shown in Figure 4.

The card of fixed points has the form of an undirected graph, which means that the set of fixed points
is infinite and consists of a convex hull of three fixed points that belong to the strong faces of the simplex
I'125, M35, [145. Now, in order to investigate the characters of fixed points belonging to the convex hull of
fixed points belonging to strong faces, we first find their coordinates explicitly by solving the equation Vx = x,

according to [10]:
ujmes.tstu.uz
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125

Gvy:

145 135

Figure 4. The card of fixed point for homogeneous tournament.

11 3 1 1 1 1 11
M (5,5,0,0,5), M> (Z’O’Z’O’E)’ M3 (3,0,0,5,5)

Now let us take their convex hull:

4" 2

1 11

M| = - =
3(37070’3’3)|y

For the considered mapping, an arbitrary fixed point belonging to this shell has coordinates of the form:

11 1.1 3 1

1
37; ga/; Z'B; 57; —a/+§,8+—y), 0<a,B,vy<1

e +1ﬂ+
_a —
4 5 3

5

Leta=8=y= %, then the fixed point has the form M (1%, %5 %, %, %) .

Now we calculate the eigenvalues for this fixed point, i.e. we analyze the spectrum of the Jacobian at this
point and get the following:

11:3-@0+r%ﬁﬁ)
90

1
~ 90
Az=1, A4=1, A5=1.

1 (90——i 510)

It is easy to see that the modulo eigenvalues are greater than one. This means that the entire convex hull
consists of repulsive fixed points. The definitions describing the characters of fixed points are given in [11],
[12].

Now, let us move on to the third tournament from Figure 1 (see Figure 5).

This strong tournament, unlike the previous one, has four strong sub-tournaments, with three vertices -

135,145, 235, 245. Each of these strong triples has one interior fixed point. Let us select the elements of the
skew-symmetric matrix

aip =ai4a =ax =axs =azs =ass =dss =1, ais=axn =2, a;3=3

31 ujmes.tstu.uz


http://ujmcs.tstu.uz

Analysis of the dynamics of quadratic mappings of a simplex with skew-symmetric matrices that are not in general position

1
5 2
4 3
Figure 5. The homogeneous tournament.
and then
o -1 -3 -1 2
1 1 0 -2 -1
A= 3 3 2 0 -1 -1
1 1 1 0 -1

-2 -1 1 1 0
we get the minors equal to zero, i.e.
A! = (agazs — anass + azsaz)® = (1-2+1)? =0
AP = (a1sass — apzass + arsaze)” = (1 -3 +2)* =0,
AP = (anpass — arsax + aaazs)® = (1-2+1)? =0,
A3t = (anpass — arsax + aizazs)® = (1 -4+ 3)* =0,

A = (a12ass — arzans + ansan)® = (1 -3 +2)* = 0.

Since in this case there are four interior fixed points belonging to strong faces, the card of fixed points looks

like a convex hull of them (see Figure 6).

Here, as in the previous case, we can explicitly calculate the coordinates of the vertices of the card and check

the characters of the fixed points belonging to this card.

The last — fourth tournament has five strong sub-tournaments, which means that the card has interior fixed
points belonging to the faces of the simplex I'104, 134, 135, 235 and I'245. Here, you can also select the

elements of a skew-symmetric matrix, so that all its fourth-order minors are equal to zero.

app=ai3=auu=ais =dp =daxp =az =1, ap =as5=2, aza =3
0 1 1 -1 -1
-1 0 2 1 -1
A= % -1 -2 0 3 1
1 -1 -3 0 2
1 1 -1 -2 0

ujmces.tstu.uz
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Figure 6. The card of fixed point for homogeneous tournament.

ALl = (agaazs — axass + azsazy)® = (1-4+3)* =0
AP = (ar3as5 — arsazs + ansazs)® = (1+2-3)2 =0,
AP = (argass — appass + a1az)® = (1 -2+ 1) =0,
At = (anass — arsax + arzazs)® = (1-2+1)? =0,
A = (a13a24 — anpazs + araaz)® = (1 -3 +2)% = 0.

The fixed points card of this operator has the form shown in Figure 7.

124
Gv:

43 134

[\
N

235

Figure 7. The card of fixed point for homogeneous tournament.

Inonclusion, we have constructively proved the following theorem.
Corollary 3.1. Let give a discrete Lotka — Volterra mapping of the form (1.1). If all the major minors of the

second order of the skew-symmetric matrix corresponding to this mapping are nonzero, then
— if all fourth-order minors are nonzero, then all eigenvalues of the skew-symmetric matrix are complex

numbers and the kernel is zero,
detA #0, KerA = {0},

ujmes.tstu.uz
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that is, the mapping is in the general position;

— if all the major minors of the fourth order are zero, then the core of the skew-symmetric matrix will be
nonzero, i.e. KerA # {0}. The equation Ax = 0 has a solution and the eigenvalues of the skew-symmetric
matrix are modulo greater than one, which means that the card of fixed points consists of repulsive fixed points.

4. Conclusion

The main result of this paper, in contrast to works [5], [11], [12], is the study of quadratic Lotka — Volterra
mappings that are not mappings in general position. Mappings of this nature can be proposed as a discrete
model to study the biogen cycle in the ecosystem [13]. In the paper, we analyze the cases where all the principal
minors of even order are equal to zero, the set of fixed points is infinite, and the card of fixed points consists
of the convex hull of fixed points belonging to strong faces. The main result of the work is Theorem 3, in
which the kernel of a skew-symmetric matrix and its eigenvalues are analyzed. As a result, the nature of the
fixed points of the considered mappings is determined. The cases considered in this paper can be used as a
discrete model of the nitrogen cycle. We will consider the application in the next paper. In the paper we use
elements of the graph theory in order to clearly see the dynamic picture of the considered mappings, since the
use of elements of graph theory and the construction of cards of fixed points helps to visually build a picture
in problems of ecology, epidemiology etc.
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