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1 Simple one-dimensional dynamical systems
— birth /death and migration processes, lo-
gistic equation.

Generally, in our course we will talk about two main types of dynamical
systems: continuous and discrete. Our study will be based on the well known
biological models. We start from a very simple example — modelling of a
birth process.

1.1 Linear models of birth/death and migration pro-
cesses.

Let N(t) denotes the density of some population at time t. We want to

construct as simple as possible mathematical model that can predict the

density N(t+ At), where At > 0 is a length of time interval we are interested
in. Assume that

e an environment is very favourable for our species, i.e. there is enough
food and place for every individual,

e all individuals are the same, we are not able to distinguish between
them,

e a birth process is uniform and there is no death in the interval [¢, t+At),



e cach individual divides (has children) every o time units, the number of
children per each individual and each birth moment is the same (equal

to A).
Then
N(t + At) = number of parents + number of children,
ie.,
At
N(t+ At) = N(t) + A—N(t),
o

where the term % describes the number of birth moments for every individual
in the interval [t,t + At).
Finally, we obtain the equation

N(t+ At) = (1 + A%) N(b). (1)

Now, using Eq.(1) we build two dynamical systems — discrete and contin-
uous. The discrete one is almost ready. Assume that the time interval has
the length of one unit. Then At = 1. Using the notation of sequence theory

we get
A

Niy1 = 1r¢Ny, with Ny = N(t) and rg =1+ p (2)
We obtain so-called recurrent formula defining the sequence (/V;) (recurrence
means that we calculate the next term of the sequence knowing the previous
term). This sequence describes the birth process with constant birth rate ry
in the language of discrete dynamical systems. ”Discrete” means that the
time is measured in discrete time moments, namely, ¢ is a natural number
(t € N). We are not interested in other time moments between ¢ and ¢ + 1.
On the other hand, we can build the continuous model. Let rewrite Eq.(1)

in the following way

N(t+At)—N(t) A
At =5V

Now, we should remind that, for every function f with real values, the ratio
St + At) — f(2)
At

is called the difference quotient and if there exists a limit of this ratio as an
increment At tends to 0, then it is called the derivative of f at the point




t. The derivative describes instantaneous (local) changes of the function.
We write % or f to underline that it is the derivative with respect to time
(normally, f’(x) is used, for the function of real variable x).

Hence, for At — 0, we obtain

N(t) = r.N(t), with r,= g. (3)

It is so-called ordinary differential equation (ODE) that tells us about the
changes of population at every time t. If we know the solution, we also know
the behaviour of population at every time. Therefore, such a model is called
”continuous” because the time is continuous in it.

We compare these two models. The discrete version, i.e. Eq.(2) is the
geometric sequence (this is a sequence with a constant ratio x”—:l, for every
n € N) with common ratio

Nt
N

=rgy > 1.

Therefore, such a sequence is always increasing (the next term is greater
than the previous one). It is easy to see that if Ny = 0, then N; = 0, for
every t. If there are no parents, there are no children. Assume that Ny > 0.
The sequence is unbounded in such a case. If not, then it is increasing and
bounded and therefore, it has a limit. Let N denotes this limit. We have

N = lim N, = lim Ny,
t——+o00 t——+o00
because (IV;) and (Nyyq) are the same sequences except of the first term —
(Ny) starts from Ny while (V1) starts from Nj. Therefore, from Eq.(2) we
obtain N = ryN. This means that either N = 0 or r4 = 1. Our sequence is
increasing. Thus, N > Ny > 0 and 74 > 1, from the definition. It contradicts
the assumption that the sequence is bounded and we have already proved
that
lim N, = +o0.

t——+o0

On the other hand, knowing the recurrent formula we are sometimes able
to calculate so-called general term of the sequence. At the beginning we try
to calculate several terms of the sequence starting from arbitrary Ny. We see
that

N1 =rqyNy, Ny =ry;Ni = 7‘3]\70, N3 = 7’3]\70,
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and so on. Hence, we postulate that N; = 74Ny, for every ¢ € N. This
formula should be proved using the principle of mathematical induction. We
have three steps of this method.
1. We check the formula for £ = 0.
Checking: For ¢ = 0 we obtain Ny = 79N, that is true.
2. We assume this formula for some ¢ = k and postulate a thesis for t = k+1.
Assumption: Nj, = r%Nj.
Thesis: Npi1 = TSHNO.
3. We prove Thesis.
Proof: From the recurrent formula we have Ny, = ryNi. Next, using
Assumption we obtain Ny, = rgN, = ra(rkNy) = 7’5“]\70 which proves
Thesis.
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An example of solution to Eq.(2).

Now, we focus on the continuous model, i.e. Eq.(3). We want to find
a function N(¢) with the derivative proportional to itself. We see that the
function identical to 0 (N (¢) = 0) satisfies the equation. If N(¢) > 0, we can
rewrite Eq.(3) in the form
N

Now, we make a substitution

I N(t) = f(1),

for some differentiable function f. Calculating derivatives of both sides with
respect to t we obtain



Therefore, f(t) = r. and the function f has constant derivative. This means
that this function is linear, i.e.

f(t) =rd+e¢, where ¢ = const.
Hence, In N(t) = r.t + ¢ and finally,
N(t) = Ce™", C=e">0,

where e is the Fuler number.

x=ty=2exp(1/5t)
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An example of solution to Eq.(3).

We see that the solution to our model Eq.(3) is exponential with positive
exponent r.t, for t > 0 and therefore, it growths to infinity with increasing .

Summing up — for the birth process there is no qualitative difference
between the behaviour of solutions to continuous and discrete models. The
only difference (quantitative, obviously) is the birth rate. For the continuous
model this rate r. is simply positive, while for the discrete one it should be
greater than 1 to describe this process. If we fix r. > 0, then we can find
rq > 1 such that both solutions to discrete and continuous models are the
same at t € N. Namely, 4 = e™. Due to identity e"* = (e")" we obtain
et =i for every ¢ and this means that the solutions with the same initial
value Ny are the same, for ¢t € N.



Similarly, we can model parallel processes of birth and death to obtain
equations of the form

Niyy = (rqg — sq)Ny or N = (re — sc)N,

where s; and s, are death rates.

In the discrete case we have s; < 1 because the number of dead individuals
cannot be greater than the number of all individuals. Therefore, the net
growth rate of population ag = r4 — sq4 > 0 and the number of individuals
increases for oy > 1, it is constant for ay = 1 and decreases for ag < 1. In the
last case we have common ratio oy € (0,1) and then the geometric sequence
is decreasing to 0.

In the continuous case the net growth rate a, € R. If it is positive, the
number of individuals grows, if it is equal to 0, the number is constant, for
. < 0 this number decreases to 0.

In the same way we study processes of migrations. In the easiest case we
assume that the number of migrating individuals is constant in time. Then
we obtain .

Nijyr = agNy + 8 or N =a.N + 3,

with # € R describing constant migration.

For such a models the behaviour of solutions is also similar in both cases.
The reason of this similarity lies in the linearity of these models. In the
examples above we have used two equations

Nipp = F(N;) or N(t) = F(N(t)),

where the right-hand side of equations (i.e. F) is linear. For non-linear
models the differences can be large.

1.2 Logistic equation.

As an example of non-linear model we study the famous logistic (Verhulst)
equation. We start with the continuous version because it is much simpler.
How to construct this model? In the previous considered case we have as-
sumed that the birth rate does not depend on external conditions and it is
constant independently on the number of individuals. In the logistic model
it is assumed that individuals compete for environmental resources such as
food, place and so on. Therefore, if the number of individuals is large, they



are not able to spend the same amount of energy for reproduction as in the
case of small population. Consider the ratio % which describes the local (in
time) changes of population per one individual. In the birth process it is
constant. In the logistic equation it depends on the number of individuals
and it is a decreasing function of this number. The simplest form of such a
function is linear. Therefore,

N
N:T—bN,

where the coefficient b > 0 describes the magnitude of competition. Rewrit-
ing this equation in the form

N:rN(1—§N)
T

and defining K" = 7 we obtain
- N
N=rN|1-— 4
(-3 o

the well know logistic equation.

To study the behaviour of solutions of one ODE (as the logistic equation
Eq.(4)) we can either find its solutions (if it is possible) or study its phase
portrait. We use both methods to compare results.

Consider ODE of the form

T = F(x)

with F': R — R continuously differentiable (this assumption guaranties the
existence and uniqueness of solutions and we will talk about it later).
Finding solutions. At the beginning we assume that F'(z) # 0, for
every x € R. We "technically” treat the derivative & = fl—f as the ratio of two
separate terms dx and dt and write our equation in the following integral

form
/ Fd@ B / ot

If we are able to find a function G such that % = —L+ (as we have found for

Eq.(3)), then we have
[dc = [ a
7




and therefore, G(z(t)) = t+C, with some constant C'. Next, if G is invertible,
then z(t) = G (t+C). This method is called the separation of variables and
can be used also for ODEs of the form & = Fj(x)F(t), for which we obtain
the integral equation [ Ffa) = [ Fy(t)dt.

If the function F' has some number of zeros, e.g. let xq,...,x, be zeros
of F', then for each x;, i = 1,...,n, we have F(z;) = 0 independently on ¢
and therefore, x(t) = x; are constant (stationary) solutions to our equation.
Zeros of I are often called critical points or steady (stationary) states of the
system.

Practically, in the case of Eq.(4) we obtain

dN
—— = [ dt
N(r —bN)
under the assumption that N # 0 and N # K. We can decompose the ratio
m into so-called simple quotients (simple quotient is such a quotient
that cannot be decomposed into simplest quotients with denominators pos-
sessing real zeros), i.e. we find constants A and B such that

1 A B

Nor—bN) N =N

Taking the right-hand side into the common denominator we get

1 Ar— AbN + BN

N(r —bN) N(r —bN)

and comparing numerators we find that Ar = 1 and B — Ab = 0. Hence,
A= % and B = % Finally, the integral form reads as

/%‘/%:/d‘

Normally, we want to find a solution N (¢) for some initial value N(0) = Ny >
0. In such a case we calculate definite integrals from 0 to ¢ with respect to
time and from Ny to N(t) with respect to N. Therefore, we have

N ™ Jn, r(N-K) o



The primitive function for 15 is equal to In|N — D, for a constant D €
R. Hence,

NOgN 1 1. |N(@)
— =~ (In|N@#)| —In|Ng|) = = In | =~
LOTN ~ (In|N(#)] = In|No|) = —In %'
and similarly,
N®O-dN 1 1. [Nt - K
— = - (In|N@t) = K|-In|Ny — K|) = =In | ——"——|.
/NO (N — K) ; InIN() = Kl =In|No = K]) = ZIn NO—K‘

In our case N = 0 and N = K are constant solutions to Eq.(4) and all
solutions are unique. Therefore, the solution with Ny > 0 is positive (it
cannot cross N = 0) and the solution with Ny > K stays in the same region
N > K. This means that we can neglect both absolute values to obtain

L N0 | NO-KY _
( )=

r N, Ny — K

and next

NN~ K)
No(N(t) — K)
Taking the exponent we get

=rt.

NHNo - K)
No(N(t) — K)

and finally, calculating N(t) we find that
K

1+ (N£0 — 1) et

This is the explicit formula for every solution with positive Ny. We see that
N(t) — K ast — +oo. We have just obtained a surprising result — Formula
(5) is true not only for non-constant solutions but also for the solution N = K
(we've assumed N # K!). Moreover, if we rewrite it in the form N(t) =
W, then it is true, for every solution with Ny > 0. It occurs
that this situation is rather usual for the separation of variables’ method —

obtained formulae give us more information than we’'ve expected.

N(t) ()



X =ty = 710/(7/10+3/10 exp(-3 1))
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Solutions to Eq.(4) for different initial values.

Studying the phase portrait. In this method we draw the graph of
F(x) that describes the right-hand side of equation. This graph shows the
dependence between = and © = F'(z). The co-ordinates are x and & on this
graph.

Let 1 < ... < x, be zeros of F. We know that each of x;, i = 1,...,n,
is a constant solution to our equation. Every solution is unique. Therefore,
if xg € (z;,x;41), then the solution for this initial value stays in the same
region (z;, Tiy1)-

In every interval (z;,x;.1) the function F is either positive or negative.
Assume that it is positive. This means that # > 0 in this region and the
solution x(t) is increasing. Therefore, z(t) is increasing and bounded that
means it has a finite limit. Consequently, F'(x(t)) also has a finite limit. But
F(x) = 2 and hence, & has the same limit. It is obvious that & must tend to
0 (if not, then the growth of x(¢) is linear and x(¢) crosses x;;1). This means
that F'(z(t)) — 0 and finally, x(t) — x;1;. Similarly, if F'(x) is negative in
(x;,xi41), then z(t) is decreasing and z(t) — x;.

If zp < x; and F(x) is negative in this region, then z(¢) decreases but it
has no limit, because there is no point for which F'(x) — 0 there. Hence, z(t)
decreases to —oo. If F' is positive, then x(¢) increases to x1. On the opposite
side, for zg > x,, if F' is positive, then z(t) increases to 400, if it is negative,
then x(t) decreases to .

At the end we complete the graph with the arrows situated in the z-
axis directed from the left to the right-hand side in the regions where F' is
positive and in opposite direction where F'is negative. Such a graph with the
arrows we call the phase portrait (for one dimensional continuous dynamical
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system).
X=ty=14/5t(1-t)
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Phase portrait for Eq.(4).

For the logistic equation Eq.(4) we have F(z) = rz (1 — <) and we are
interested in the domain [0, 4+00). F' is a parabola with zeros at = 0 and
xr = K and the vertex at x = % Hence, x = 0 and x = K are constant
solutions. F(z) > 0 for z € (0, K) and F(z) < 0 for x > K. This means that
the solution with zy € (0, K) is increasing and tends to K with ¢ — +o0,
while for xq > K the solution decreases to K. Therefore, for every zy > 0
the solution tends to K and this result is the same as obtained previously.
We complete our analysis finding regions of convexity /concavity and possible
points of inflection. We start from the calculation of the second derivative
i(t). We know that & = rz (1 — £) and hence,

. . Obri .(1 21‘>
T=rr—20xx=rx|1—-2—).
K

We are looking for such a point that & = 0. Therefore, z = % ort =0
(i.e.  =0or z = K). The only interesting point is z = £ because z = 0
and x = K are constant solutions so, they are not the points of inflection.
If x € (0, %), then & > 0 and the solution is convex, if z € (%,K), then
Z < 0 and this implies concavity of solutions. This means that if there exists
a point ¢ such that z(f) = £, then this is the point of inflection for z(t).
Because solutions increase in the region (0, K'), then such a point exists only

if g < % Hence, for zo € (0, %) the solution has well-know S-shape, it is
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convex at the beginning and changes its behaviour when reaches the value
r = % (it increases very fast — almost exponentially — at the beginning
and much slower for large ). This type of S-shape curve is also called the
logistic curve. If g € [%, K ) , then the solution increases but it is concave
and its growth is slow. If 2y > K, then the solution is decreasing and convex.

All the properties above we can also study using the explicit form of
solution but it seems that the method of phase portrait is simpler and it
is more general because it can be used even if we are not able to calculate

solutions explicitly.

Now, we turn to the discrete case. How to obtain discrete version of
Eq.(4)? We use the inverse method to those for the birth process — instead
of the derivative N we write the difference quotient for N(t) and then the
approximation has the form

N(t+ At) — N(t) N()
At :”V“)( —7)-

Taking At = 1 and writing N(t) = N; we obtain

r

Nt+1 = th(]_ — BNt), with 7 =r + 1, and B: m

Substituting z; = bN; we get
Tir1 = f.’ﬁt<1 — .’I't)

which means that it is one-parameter model. We write r instead 7, for
simplicity. Therefore, we study the sequence

Tpt1 =1, (1 —xy) (6)

which is the well-known discrete logistic equation. Our sequence is the iter-
ation of the function F(z) = raz(l — z). From the biological point of view
we want to have x,, > 0 for every n. It is obvious that if xo = 0 or o = 1,
then x, = 0 for every n > 1. Let x € [0, 1] and we are looking for parameter
values such that F(z) € [0,1]. F(x) is a parabola with zeros at z = 0 and
r = 1 and maximum at z = % The maximal value is F(%) = 4. Hence, if
0 <r <4, then F(z) <1 for z € [0,1]. On the other hand, the parameter
r should describe the birth process, as in the continuous case. This implies
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r > 1. From the mathematical point of view it is not necessary. Finally, the
domain for the model is [0, 1] and the parameter r € [0, 4]. It is an example
of the unit interval iteration.

For r € [0,1], Eq.(6) describes the death process combined with the
competition process so, we expect the extinction of the population. We
prove it using known methods.

Analysis of the model we start from finding constant solutions. Hence,
Tpt1 = Ty, 1.e. x = F(x) (in the discrete case the constant solution is the
constant point of the right-hand side of equation). For the logistic equation
we have 2 = ra(1 — ). This implies =0 or 1 =7(1 —x), i.e. z ==L The
solution 7 is interesting for us when > 0 (it is always less than 1) which
implies r > 1.

Therefore, for r € [0, 1] we have only one constant solution x = 0. For
r € (1, 4] we have two constant solutions — x = 0 and 7 = 1.

Other interesting solutions are periodic solutions (or cycles). The solution
(x,) is periodic with the period m > 1 (we assume that constant solution
is periodic with the period equal to 1) if x4, = x, for every n € N and
Tnir 7 Ty for k < m. Such a periodic solution we can express as the set S =
{zo, ..., xm_1}. If the cycle S attracts solutions from some neighbourhood of
it, then we call it attractive or stable cycle. S is called repulsive (or unstable)
if in any neighbourhood we can find a solution that is far from our cycle. The
precise definition we will write later.

In the case of differentiable function F' there is an easy method of checking
stability of the cycle S. We calculate so-called multiplicator of the cycle S,
ie.,

p(S) = F'wo) -+ F'(wm-1),

that is the product of derivatives at all the points x; € S.

If |u(S)| < 1, then the cycle is stable, if |u(S)| > 1, then the cycle is un-
stable. The case |u(S5)| = 1 must be studied for every model separately. If S
is a constant solution, i.e. S = {x}, then p(z) is simply the derivative of F
at this point. If S is a cycle of a period m, then each of the points from S is a
constant solution for F™, ie. F™(x;) = 4,1 =0,...,m—1. Studying stabil-
. The

iterations of F are defined recurrently, i.e. F™(z) = F (F™=V(z)). Caleu
lating the derivative we obtain - (F™(z)) = F' (F™ ™V (z)) L (F("D(z)) .

ity of X, as a constant solution of F'™ we check the derivative %F ™ (z)
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Finally,

d m m— m—

- (F"(2)) = F' (F" (@) - F (F" 2 (2)) -+ F/(F(x)) - F' ().

For our cycle we have F(z;) = z;41, F(vi41) = @40 = F%(2;) and so on.
Therefore, the multiplicator of S is equal to the product of the derivatives
at each of the points from S.

Now, we calculate the derivative F'(z) = r(1 — 2x). For our constant
solutions we have F'(0) = r and F'(*2) =2 —r.

Hence,
F’(0) € [0,1) for r € [0,1), i.e. the constant solution 0 is attractive,
F'(0) > 1 for r > 1 and then 0 is repulsive,
F'(z) > 1 for r € [0,1) and then Z is repulsive,
F'(z) € (1,—1) for r € (1,3) and then 7z is attractive,
F'(z) < —1 for r > 3 and then Z is repulsive.

0.4

x=ty=t
T
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Phase portraits for Eq.(6) and different values of parameter r:
r < 1 at the top, r € (1,2) at the left and r € (2,3) at the right.

Now, we know local stability of existing constant solutions (except the
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points where |F’| = 1). The next step of analysis is to study global stabil-
ity. The differences between local and global stability (attractivity) is the
following — "local” attractivity concerns some neighbourhood of attractive
solution while ”global” attractivity concerns all solutions to the model, all of
them are attracted by such a solution.

Assume that r € (0,1] (the case r = 0 is trivial). We show that our
sequence (z,) is decreasing for o € (0,1). Hence, we want to show that
Tyl < Ty, 1e. Tx,(1 — ) < ,. Due to positivity of x,, the last inequality
is equivalent to r(1 — z,,) < 1 and finally, to =, > 7"—;1 which is true because
% < 0 < x,. This implies that z = 0 is globally stable.

Similarly, we show that ¥ is globally stable, either monotone or oscillating,
for appropriate 7.

032 4 o035

o
o
, Y °%¢°o

Solutions to Eq.(6) for values of r corresponding to phase portraits above.

It occurs that the magnitude of p can tell us not only about stability
of periodic solution but also about monotonicity of other solutions that are
attracted by it. For the constant solution, if y > 0, then the convergence is
monotonic (starting from some ¢ > 0) while for 4 < 0 we have monotonic
subsequences that oscillate around attractive solution. Therefore, if r €
(1,2), then the convergence to Z is monotonic and if r € (2,3), then the
solutions oscillates around 7.

At r = 3 the solution T looses stability. Now, there appears the periodic
solution (cycle) & with the period equal to 2 which is stable. Such a type of
behaviour is called doubling period bifurcation. ”Bifurcation” always means
that there is a qualitative change of the solution’s behaviour. Here, from
the constant solution (with period 1) we obtain the periodic solution with
period 2. This bifurcation occurs due to the changes of the graph of F?(z).
For r < 3 this graph intersects the line y = = (in x — y co-ordinates) in the
same points as F'(z), i.e. # =0 and x = Z. For r > 3 there appear two new
points of intersection that create the periodic solution.

15

ooooooooo




We calculate our cycle as a constant solution for F'? which is different
from z = 0 and x = . We have

F*(2) = Fra(1—2)) = r(re(1—2))1—rz(1—2)) = r*2(1—2)(1—rz+rz?).
We are looking for constant solutions and hence,
v =r’z(1 —2)(1 —rz—ra?).
We are interested in x # 0. Therefore,
Wi(x) =732 — 22> + r*(r+ Dz +1—1? = 0.

x=ty=t
1 T
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. . \ . . . .
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Phase portraits for Eq.(6) and r > 3.

We know that z = =L is the zero of W (x). Hence, we divide W (z) by
x — T to obtain
rax? —r*(r+ 1Dz +r(r+1)=0.

Now, we can easily find zeros of the quadratic equation above. We have
A=r*r+ 12 —4'r+1)=r*r+1)(r —3) =r*(r* —2r — 3)
and hence

_ 1—-vA) _ 1++VA
jlzb j‘Qzu’ WhereA1:T2_2T_3~
r

2r ’ 2
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The set T = {Z', 7%} forms our periodic orbit.
For our cycle the multiplicator is equal to

u(@) =r*(1-2z") (1-22%) =
=r?(1-2 (3" +2%) +42'2%) =4+ 2r —r°,

Hence, |p| < 1 for 7 € (3,14 V6).

In the case of periodic solution with the period 2 the magnitude of its
multiplicator implies that if g > 0, then the subsequences (F?"(z)) and
(F?"*1(x4)) are monotone starting from some n, one of them is increasing
and the second one is decreasing. We can show that p > 0 for r € (3, 14++/5).
If 4 < 0, then both of these subsequences oscillate around Z' and Z? such
that the subsequences (F*"(zy)), (F**1(xy)), (F™2(x0)) and (F4+3(z0))
are monotone.

When 7 crosses 1 + v/6, the next bifurcation appears. It is the same
type of bifurcation — instead of the cycle with period 2 we obtain the cycle
of period 4, and so on. We do not study all bifurcations in details. There
appear successively periodic orbits with periods 2%, 3-2% 5-2% ... k& N,
and finally ..., 7,5,3 (i.e. odd numbers). The last period that appears is 3.
The successive periods are connescted with the so-called Sharkovski order.
The first number in this order is 3. One of the consequences of the Sharkovski
order is that if the function f : [0,1] — [0, 1] has a point with the period 3
(i.e. f3(z) =z and f(z) # x, f*(x) # x), then it has points with all periods.

o
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Solution to Eq.(6) for r = 4.

For every discrete dynamical system with some parameter that can be
changed we can draw so-called bifurcation diagram. This is a graph of at-
tractive solutions depending on the parameter. For the logistic equation this
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bifurcation diagram has a very interesting shape. It is a fractal. The main
characteristic of fractals is a property of self-congruency. Every small piece
of this diagram is the same as the whole one. It is know as the Fingenbaum
tree.

1

1 1‘.5 é 2.‘5 3‘ 3‘.5 ‘;
Fingenbaum tree.

For r = 4 it can be shown that the behaviour of solutions to Eq.(6) is
chaotic. There are many concepts of chaos. One of the most popular is those
proposed by Devaney. He said that the function f : X — X (where X is
the metric space with the distance function d) is chaotic when it has three
properties:

1) topological transitivity (for every non-empty open sets U,V C X there
exists n € N such that f*(U)NV #0),

2) density of periodic points (for every z € X and its neighbourhood U,
there exists a periodic point of f that lies in U,),

3) sensitivity for initial data (there exists 6 > 0 such that for every z € X
and its neighbourhood U, there are y € U, and n > 0 that the inequality
d(f™(z), f"(y)) > 0 is satisfied).

This concept of chaos is called deterministic (because it is generated by
deterministic equation). It occurs that in one-dimensional case where the
domain of f is some interval (e.g. [0,1]) the only important property is the
first one. If f : [0,1] — [0, 1] is topologically transitive, then it has dense
periodic points and is sensitive for initial data. Topological transitivity (two
sets lying far one from the other initially are joined by some points after
some iterations) and sensitivity for initial data (points lying in a very small
distance initially are far away after some iterations) measure (in some sense)
irregularity of f while density of periodic solutions shows that for a large
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number of points the behaviour is regular.
Coming back to the logistic function F(z) = 4z(1 — x), we study the

iterations of
2x for z ¢ EO ?

G(x):{Q(l—:c) for x € i (7)

5.1

instead of F'. The functions F' and G are topologically conjugate, i.e. there
exists a homeomorphism (a continuous function that has a continuous in-
verse) h : [0,1] — [0,1] such that ho F = G o h, i.e. for every z € [0,1]
the identyty h(F(z)) = G(h(z)) holds. This homeomorphism is h(z) =
%arcsin Vx. Therefore, all topological properties of F' and G are the same.
Topological transitivity is a property of open sets. Every open set can be
generated by open intervals and therefore, it is enough to show it for these
intervals. The function GG has a stronger property — for every open interval
I €0, 1] there exists m > 0 such that G™(I) = [0, 1]. This property is obvi-
ous. The function G is extensive (its derivative is equal to 2 when exists, i.e.
for z # 3). If 3 ¢ I, then the length of G(I) is a double length of . If § € I,
then there exists € > 0 such that [0, €] C G(I). We have G™([0,€]) = [0, 2™¢]
for 2"e < 1 and G™([0,€]) = [0,1] for 2™e > 1. This implies topological
transitivity of the logistic function F' and this means that F' is chaotic.

1.3 Exercises

1. Consider the continuous model of birth/death with migration, i.e. the
equation
N = a.N + 8.

a) Find a solution for every Ny > 0 depending on «. and (.

b) Make an analysis of phase portraits depending on «, and f.

c) Explain the behaviour of solutions in terms of birth/death rates and
the rate of migration.
2. Consider the discrete model of birth/death with migration, i.e. the equa-
tion

Ny = agN, + 3.

a) Find a general term of this sequence for every Ny > 0 depending on
ag and [3.
b) Make an analysis of the behaviour of the sequence depending on ay4

and [.
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c) Explain the behaviour of the sequence in terms of birth/death rates
and the rate of migration.
3. Compare the behaviour of solutions to the models analysed in 1 and 2.
4. Consider the discrete logistic equation, i.e.,

Tpr1 =12, (1 — ).

a) Show that the constant solution z = 7"—;1 is globally stable (all solutions
are either monotone or oscillate around ) for r € [1, 3].

b) Find a cycle with period 2 and show that it is globally stable (the
appropriate subsequences are monotone or oscillating) for appropriate r > 3.

¢) Show that h(z) = 2 arcsin /z conjugates the logistic function F(z) =
4z(1 — z) and G(z) = 2z for = € [0,1]. Explain why G(z) = 2(1 — z) for
z € (0,1].

12

2 Analysis of two-dimensional models on the
background of the Poincare-Bendixon the-
orem.

At the beginning we study a system of two linear ODEs. It is necessary to
understood the behaviour of non-linear systems that are of our main interest.

2.1 Linear two-dimensional systems.

In this subsection we focus on the analysis of linear systems of two ODEs.
Such a system reads as
T = axr+by
{ ®)

y = cr+dy

Not every system of the form above can have biological interpretation. One
of such interpretations is the following — let x, y denote the density of
immature and mature individuals of some species, respectively. Only mature
individuals can reproduce. Therefore, the density of new born immature
individuals is proportional to the number of mature individuals with the
reproduction coefficient b > 0. Immature individuals mature with some
coefficient of maturation ¢ > 0. Individuals in both stages die. The death
coefficients for mature individuals is d < 0 and for immature ones — a+c¢ < 0.
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The coefficient a < 0 describes the whole fraction of immature population
that leaves this stage either due to maturation or due to death.

From the mathematical point of view we are interested in all cases of
Egs.(8), for every a,b,c,d € R. It occurs that in linear case the unique
solution exists for every ¢t. Looking for solutions to our system Eqgs.(8) we
should remember that the linearity of equations is transfered to solutions.
Precisely, if (z1(t),y1(t)) and (z2(t), y2(t)) are solutions, then z1 + axs, y; +
ays) is also a solution for every a € R. In fact,

Ty + iy = axy + byy + aaxy + abyy =

a(x1 + aws) + by + ays)

and similarly for the second co-ordinate of the new solution.

Therefore, solutions form a linear space. The dimension of this space is
the same as the dimension of the system. Hence, for Eqgs.(8) this dimension is
equal to 2. To define the space of solutions we need to find two linearly inde-
pendent solutions to our system. Assume that this solutions are exponential.
Finally, we are looking for (2(t),y(t)) = (zoe™, yoe™) with two different val-
ues \; # Ag. Clearly, if A\; # Ay, then these exponential functions are linearly
independent. We check it now. Let Ae*! + Be*?' = 0. Choosing ¢ = 0 and
t =1 we get

AeM + BeM = 0

Hence, —BeM + Be*? = 0. Dividing by B # 0 we obtain eM = e*? which
contradicts the assumption. This shows that A = B = 0 and eM*, e*?! are
linearly independent.

Looking for exponential solutions to Egs.(8)we obtain

{A—l—B =0

Y

AzoeM = azgeM + bygeM
Ayoe = cxpeM + dyge

ie.,
0 = xo(a—N)+byo
0 = ca:0+y0(d—)\) '

To have a non-trivial solution to the system above in the case of non-

Z we need the degeneration of ( @ ; A b ) ,
ie. (a—A)(d—\) —bc=0.

degenerated matrix d—\
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In general case, the behaviour of solutions depends on the properties
of the so-called Jacobi matrix. Let F(z,y) denotes the right-hand side of
Eqgs.(8), i.e. F'= (Fy, Fy) with

Fl(xay) = (ax,by), FQ(xvy) = (C:L’,dy).

We calculate partial derivatives of F} and F5 and form the matrix

oF  OF
dF(!,I?, y) = % Ba}%

ox By

dF(x,y)z(Z Z)

in our linear case. The matrix dF(x,y) is called the Jacobi matrix of the
function F' (the system defined by the function F'). In the case of two or
more dimensional systems, the Jacobi matrix represents the derivative which
is a linear operator (from linear algebra we know that every linear operator
can be represented by a matrix and every matrix defines a linear operator).

In the case of non-degenerated Jacobi matrix we see that Eqs.(8) have
only one critical point (0,0). If the system is non-homogenous, i.e.,

T = ar+by+a
y = cx+dy+p"’

)

(z,y)

that is

then having another critical point (z,y) (i.e. az+by+a = 0 and cz+dy+5 =
0) we can translate the system such that (0,0) is the critical point for the
new system. Namely, substituting v = z — z and w = y — y we obtain
v=1%=ualv+7z)+bw+7y)+ o= av+ bw, and similarly for w. Hence,
the new system is homogenous and (0, 0) is the critical point. The behaviour
of the system strongly depends on the character of the critical point. The
definitions of stability and instability of constant solution are exactly the
same as in the case of solutions to discrete dynamical systems. To check it
we should calculate so-called characteristic polynomial for the system which
is equal to the following determinant

det(dF(0,0) — AL,

where I is the identity matrix. More precisely, if W () denotes the charac-
teristic polynomial, then

W(A) =N — (a+d)\+ ad — be.
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Hence, W (\) = A2 —tr dF - A\ +det dF, where det dF denotes the determinant
of Jacobi matrix at the critical point (notice that for a linear case it does not
depend on this point, the matrix is constant), and tr dF denotes its trace.
The characteristic equation W (A) = 0 has two complex zeros. This char-
acteristic polynomial W () is exactly the same as this one obtained in cal-
culation of solutions of exponential form. Zeros of this polynomial are char-
acteristic values of the Jacobi matrix dF'. Knowing the characteristic values
we can simplify our system such that the right-hand side is generated by the
matrix in so-called canonical form. This form depends on the characteris-
tic values and characteristic vectors. Let A\;, « = 1,2, denotes characteristic

values. Then a vector v; = [ 322 } is called the characteristic vector for the

i
value \;, if dF' - v; = \jv;.

From now on, we focus on the systems with the simplest right-hand side
in the canonical form.

1) Case \; € R and A\; # Ag # 0 (two real different non-zero characteristic
values). Eqgs.(8) can be reduced to

T = )\1.’13‘
. , 9
{ y = Ay )

with the solutions x(t) = cieM?, y(t) = cpe?t. It is easy to see that if both
Ai < 0, then (0,0) attracts all solutions, while for \; > 0 it is repulsive. In
this case the two linearly independent solutions that generate the space of
solutions are of the simpler form (0,e*?!) and (e*'?,0). We can compare the
behaviour of solutions for different \; in the phase portrait. It is a graph of
the dependence between = and y where the dependence on the main variable
t is implicitly described by the arrows which shows the direction of dynamics
with increasing t. The curves that describes such a dependence in (x,y) co-
ordinates are called orbits of the system. Due to uniqueness of solutions two
orbits cannot intersect.

Hence, we are interested in the curves that create orbits in R?. Calculat-
ing it we divide the first equation of Eqs.(9) by the second one and obtain

dr Mz
— = ——, for 0,
dy XAy v
that can be solve using the separation of variables. Namely,
d d
)‘2 _x:)‘l/_y7x7y7£07
)

T
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and finally,
A
y=Crh,

except the orbits for which z = 0 or y = 0. For = 0 we have the solution
(0, e*2?), that means that y-axis forms orbits, while for y = 0 we have (e*?,0)
and hence, r-axis forms orbits. The shape of other orbits depends on the
sign and magnitude of characteristic values.

a) Ay < A\; < 0. The shape of orbits is parabolic, i.e. similar to the curves
y = +2?. Every solution tends to 0 as ¢ — +oo. The origin (0, 0) is called a
stable node.

1

Stop
Phase portrait for negative characteristic values.

b) A1 < A2 < 0. The shape of orbits is similar to the curves y = +|z|z.
Every solution tends to 0 as t — 4o00. The origin (0, 0) is also a stable node.
The phase portraits is rotated of 90 deg in comparison to Case a).

¢) A2 > A; > 0. The shape of orbit is the same as in Case a) but every
solution is repelled from the origin. It is called an unstable node.

1 T

0.8

0.6

_02k

-04[

-06

_08k
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Phase portrait for positive characteristic values.

d) A1 > A2 > 0. The dependence between Cases c¢) and d) is exactly the
same as for a) and b).

e) Ay < 0 < A\y. The shape of orbits is hyperbolic, i.e. similar to the
curves y = j:%. In the = direction the solution is attracted by the origin,
while in the y direction it is repelled. The origin is called a saddle. We have
also two special orbits. If yo = 0, then y(t) = 0 for every t and z(t) = zge’.
Therefore, this orbit is the straight line y = 0 with the arrows directed into
the origin. Similarly, if g = 0, then the orbit is the straight line x = 0 with
the arrows directed outside the origin. These lines are so-called stable and
unstable manifolds, respectively (in more dimensional case we have subspaces
that are attracted or repelled from the saddle that forms these manifolds).

L L L L L
-0.2 0 0.2 0.4 0.6 0.8 1

Phase portrait for one negative and one positive characteristic values.

f) A2 < 0 < A;. The shape is the same as in Case €). The only difference
is that x and y replace its role.

2) Case \; € R and Ay = Ay # 0. If there exist two linearly independent
characteristic vectors, then Egs.(8) reduces to

T = )\1.’13‘
. ) 10
{ vy = Ay (10)

while for only one characteristic vector we have

T = )\1.1’
. . 11
{ y = x4+ Ay (11)

It is obvious that orbits for Eqgs.(10) are straight lines. If A\; < 0, then the
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origin attracts all solutions. If A\; > 0, then it is repulsive. It is called a
star-like node.

For Egs.(11) the solutions are equal to z(t) = c1e™M?t, y(t) = (cy + ¢t )eM.
Calculating orbits we obtain the following ODE

dy 1 'y
dr N
Substituting z = £ we get
dz :L‘j—z —
de a2
which yields
dz dy

x%:%—z

and therefore,

dz 1
rT— = —.
dx )\1
Hence, A1z + C = In|z| and finally, y = = (c+ /\%ln|x|> . It occurs that
these curves achieves its extremal values on the straight line y = —)\—1155. The

origin is called degenerated node and is stable for A\; < 0 and unstable for
the inverse inequality.

1 T

Phase portraits for negative identical characteristic values.

3) Case \; € C. Then \; = Ao, i.e. the characteristic values are conjugate.
Let Ay = a+1i0, where 7 is the imaginary unit and «, (3 are real and imaginary
part of the characteristic values, respectively, with 5 > 0. Egs.(8) can be
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reduced to the following one

T = axr— Py
{y _ Brtay (12)

We can solve Egs.(12) using polar co-ordinates
x=rcosf, y=rsind.
For these co-ordinates

i = rcosf—rfsind = arcosf— Brsind
y = 7rsinf+rfcosf = PBrcosf -+ arsinfd

Multiplying the above equations by cosf and sin 6, respectively we get

T = ar
{ 0 = 5"
with the solution r(t) = ree®, = 0y + Bt and orbits described by r = Ce??.
The obtained curves encircle the origin. If o # 0, then they are spirals. The
origin is called a focus in this case. It is stable for & < 0 and unstable for
a > 0. If o« =0, then r = const and orbits form circles. The origin is called
a centre. In this case the origin is neither attractive nor repulsive. It is
stable but in Lapunov sense (we will define it later). In this case the space
of solutions is generated by (roe® cos(fy + (t),0) and (0, roe® sin(fy + St)).

250 T

200

150

100

Stop Stop
Phase portraits for complex characteristic values.

4) At least one characteristic value is equal to 0 — this case is not in-
teresting from our point of view (we are not able to tell anything for such a
system in a non-linear case).

27



2.2 Non-linear models.

Our study of non-linear systems we start with the description of some ex-
amples of two-dimensional continuous dynamical systems well known in bi-
ological applications. The first model is also the oldest one. It is know as
Lotka-Volterra prey-predator model. It describes coexistence of two species
in the environment where one of them is a predator for the second one. The
same situation describes the May model. These two systems of ODE differ in
the right-hand side of equations and this implies differences in the dynamics.
Another situation is described by the system of competing species. We have
two (or more) species that compete for the same food or other environmental
resources.

1. Lotka-Volterra model. Let V(t), P(t) denote the density of prey
and predator species, respectively. In the absence of predators, the envi-
ronment is favourable for preys and this species is governed by the birth
process, i.e. V(t) = rV(t), with the reproduction coefficient » > 0. Con-
versely, if there are no preys, then predators have no food and hence, they
die which is described by the death process P(t) = —sP(t), with the death
coefficient s > 0. When a predator meets a prey, then it may hunt and have
a food which gives energy for life and reproduction. The number of prey-
predator encounters is proportional to V' (¢)P(t) (because it is assumed that
these meetings are random). Hence, the model reads as

V(1)

{ P(t)

where a > 0 is the coefficient of hunting effectiveness and b > 0 is the
conversion coefficient (it describes how much energy one predator spend for
reproduction). From the biological point of view the inequalities a, b <
1 should be satisfied but mathematical analysis does not depend on the

magnitude of these coefficients and therefore, we do not assume additional
inequalities except of positivity of all coefficients.

rV(t) — aV(t)P(t)

—sP(t) + abV(£) P(¢) (13)

We also consider another prey-predator model where we assume that the
environment for preys is bounded and then this species is governed by the
logistic equation, i.e.,

P(t) = —sP(t)+abV(t)P(t)
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where K is the carrying capacity for preys.

2. May model. We use the same notation as in the Lotka-Volterra
model. In the May model it is assumed that the dynamics of both prey and
predator species is governed by the logistic equation with constant carrying
capacity for preys and prey-dependent carrying capacity for predators. It is
also assumed that one predator cannot hunt and eat infinitely many preys
that is described by so-called Michaelis-Menten function. Therefore,

’ _ V() V() P(t)
V(t) = 7’1V(t> 1— Tl) — a/m

. , 15
P(t) = P (1- 2245 (15)

where rq, 7y are reproduction coefficients for preys and predators, respec-

tively, K is the carrying capacity for preys, V (¢)K5 is the prey-dependent
aV (1)

1+aV (t)

Menten type (here, the hunting function is scaled such that one predator can-

not eat more then one prey due to the properties of the hunting function —
it increases from 0 to 1 as V' increases from 0 to +00). In the Lotka-Volterra
model one predator can eat infinitely many preys (the hunting function is
simply V' (¢) for that model). The May model has not typical structure. Typ-
ically, as in the Lotka-Volterra model, the same hunting function appears in
both equations.

carrying capacity for predators and is the hunting function of Michaelis-

3. Competition model. Now, we describe the situation when we have
two species competing for the same food. Both species are governed by the
same law — the logistic equation. The competition function has bilinear
form, as in the Lotka-Volterra model — two individuals compete only when
they meet and the number of meetings is random. Let N;(t) and Ny(t) denote
the density of the first and the second species, respectively. Hence, the model
takes the form

Nl@) = rN.i(t) (1- Nfl((lt) — Q12 Nf((;)

No(t) = raNs(t) (1 — 228 — gy 220

1

, (16)

where r; > 0 are net reproduction rates, K; > 0 are carrying capacities and
o are extra-specific competition coefficients, 7, j = 1,2, ¢ # j.

In the literature, it can be found that two or more dimensional models
with bilinear right-hand side which describes some number of competing

29



species coupled with prey-predator model are also called Lotka-Volterra (or
Volterra-Verhulst) models.

2.2.1 Existence and uniqueness and of solutions.

As we mentioned in the previous Section, if the right-hand side of the model
is continuously differentiable, then the solution exists and it is unique. We
know that the Jacobi matrix (which is composed with partial derivatives
of the right-hand side of ODE system) represents derivative. Therefore, if
partial derivatives are continuous, then the whole derivative is continuous.
Hence, it is enough to check continuity of partial derivatives.

1. For the Lotka-Volterra model we have the right-hand side of the form
F(V7P) = (Fl(V,P),FQ(‘/,P)),

F(V,P)=V(r—aP), Fy(V,P)= P(abV —s),

where F} and F), are binomials (moreover, the right-hand side is bilinear, i.e.
it is linear as a function of each of its both variables, separately). Hence, both
these functions are defined over the whole space R?. Due to the biological
interpretation we are interested only in the first quarter [0, +00)?.

Partial derivatives can be calculated as

OF, OF,
R
0F; OF,

22— abP, =2 =abV —
av 0 Hp TV T

and the Jacobi matrix is

dF(MP):<T_ap —aV )

abP  abV — s

These partial derivatives are linear and therefore, continuous in the whole
space, obviously. Thus, for every initial (Vp, ) € [0,+00)? there exists
unique solution to Eqgs.(13).

For the system with carrying capacity for preys, i.e. Egs.(14) the only

difference is that F;(V, P) =V (r — £ — aP). The new Fj is also a binomial

and it has linear partial derivatives, where % =r— 2% —aP and the second
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partial derivative is the same as in the previous case. Hence, we have also
existence and uniqueness of solutions.

2. In the case of the May model the situation is slightly different because
the right-hand side of the model is not defined in the whole R?. Let denote

1 VP
VP =rmV([1-2)a——
GV, P)=n ( ) “Trav

P
Kl GQ(‘/,P)IT‘QP <1— )

KyV

As the domain of G we take (0, +00) x [0, +00) (but it is defined for every
(V, P) such that V # 0 and V # —1).
The Jacobi matrix for Eqgs.(15) is equal to

" ( _ ﬂ) __aP _aVv

. K (14aV)? 1+aV
dG(V, P) = roP? , _ 2P
KoV2 2 KoV

The partial derivatives of G; and GGy are rational functions. Therefore, they
are continuous in the regions where they are defined, i.e. for (V,P) € R?
such that V' # —1 and V # 0. Hence, for every initial value (Vj, Py) such
that V5 > 0 and Py > 0 there exists unique solution to Egs.(15).

3. For the competition model the analysis is exactly the same as for the
models above. The right-hand side of the system H (N, Ny) = (Hy, Hy)(Ny, Na)
is a binomial with the linear Jacobi matrix

r1 (1—%—@2%) -« ”}(]\2[1
dH(V,P) =
( ’ ) — (o, 122 ro (1 =202 _ (20
217 2 Ko 21g,

Conclusions are also the same, obviously. For every non-negative initial data
there exists unique solution to Egs.(16).

2.2.2 Non-negativity of solutions.

In this subsection we study non-negativity of solution for non-negative initial
data. There is no universal method for studying non-negativity of solutions
but for many models it can be done in the following way — assuming that
the initial data is non-negative we check the behaviour of solutions on the
boundary of the region, i.e. for at least one of the variables equal to 0 (we will
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use this method later when we will study phase portraits for our systems).
Another method is to change the model from ODE to integral form and check
non-negativity for it.

1. If Vi = By = 0, then we obtain the constant solution V = P = 0. If
Vo =0and Py > 0, then V =0 and P(t) = Pye ' > 0 is the solution and
similarly, if Py = 0 and Vj > 0, then P = 0 and V(t) = Vpe™ > 0 is the
solution. If Vi > 0, By > 0, then we rewrite Eq.(13) in the following integral

form
e, [
| rgte= [ tr=ap©ye

V()] = Vyelo rmaP@)de,

Now, either V(t) = Voefot(r"“D(g))dé or (t) = —Voefot(r’“P(g))dg. But V(0) =V,
so, V(t) = Vpelor=aP©)d .  independently on P. Similarly,

which yields

P(t) = Pyelo@V©-9 - ¢

independently on V. Therefore, if the initial data is non-negative, then the
solution is non-negative, too. Moreover, if the initial value is positive, then
the variable with this initial value is positive.

For the model with carrying capacity for preys we obtain the same under
the assumption Vg, Py > 0 or Vj = 0 and Fy > 0. In the third case, for
Vo >0and P, =0 we have P =0 and V = rV (1 — %), i.e. the logistic
equation. We know that the solution to the logistic equation is positive for
every positive initial value. Therefore, we conclude non-negativity.

2. and 3. Asin 1 we write the models in the integral forms and conclude
that for non-negative initial data the solutions are non-negative.

2.3 Existence of solutions for every ¢ > 0.

To have the dynamical system we need that the solution exists for every
t > 0. Now, we check this property for our models with non-negative initial
data.
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1. Knowing that the solutions are non-negative we can approximate
Egs.(13) in the following way

V = rV—aVP < rv
P = —sP+abVP < abVP’

Hence, for every fixed £ > 0 we have V(t) < Vye™ := V and this implies
P < abV P. Therefore, P < Ppe®®Vt which means that both variables and its
derivatives are bounded at every fixed ¢ > 0. It occurs that if the variable
and its derivative are bounded for every fixed ¢, then the solution can be
extended forward this point and this implies existence of solutions for every
t > 0 (we will show this later).

The same approximation we have for the system with carrying capacity
but for this system we can tell something more. Instead of linear approxi-
mation we can use the logistic one, i.e.,

. \%
< 1——.
V_TV( K)

This shows that the first co-ordinate of solution is not greater than the so-
lution to the logistic equation with the same initial value V3. The solution
to the logistic equation is always bounded — either by K (if V < K) or by
Vo (if Vo > K). Hence, the solution to our equation is also bounded by the
same value as the logistic one, namely V (¢) < max{Vy, K}.

2. For the first equation of the May model we can use exactly the same
approximation as for V(¢) in the Lotka-Volterra model. For the second equa-
tion the approximation is even simpler

P=rP(1-
”( VK,

P
)STQP.

Hence, P(t) < Pye™' and farther analysis is the same as in the previous
case. Now, we can also use the logistic approximation to conclude that both
variables are bounded for the May model. We have

: V
V<nVi{il—-—
=N ( Kl) )
which implies V(t) < max{Vp, K }. Let define A := max{V;, K;}. Then

. P
P<ryP|1-—
=T9 ( AKQ)’
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which is the logistic approximation with carrying capacity AKs. Hence,
P(t) S maX{Po,AKQ}.

3. The approximation is similar to 2, namely

. N
<r ( Kz) or 1
Hence, N;(t) < max{N;(0), K;}, i = 1,2, and therefore, the solution exists
and it is bounded for every t > 0.

2.3.1 Characteristic polynomials and local stability analysis.

In this subsection we study the existence and attractivity of constant solu-
tions. We start from finding such solutions to our models. Let F(z,y) =
(Fy, Fy)(x,y) defines the right-hand side of studied system. Then the con-
stant solutions are described by the system of equations

{Fl(x,y) = 0
Fy(z,y) = 0°

The single identity F;(z,y) =0, i = 1,2, describes some curves in the plane.
These curves are called null-clines for the ¢-th variable. Hence, constant
solutions lie on the intersection of null-clines for different variables (we will
use this terminology in the method of phase portrait).

1. For Egs.(13) we have
V(ir—aP) = 0
P(abV —s) = 0
and hence, (0,0) and (V,P) = (£,~) are constant solutions to the Lotka-
Volterra model.

(17)

For Eqs.(14) the first equation changes to

V  a
1—-———-P ) =0.
TV( 7 ) 0

Therefore, for P = 0 we have either V=0 or V = K. This implies that the
third constant solution appears. It is equal to (K, 0) which describes the situ-
ation in the absence of predators when preys are present in the environment.
The second solution changes to

VP = (Grw (0= am))
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and it is interesting from our point of view only when K > =.

2. For Egs.(15) we obtain

Kq 1+aV

nV(1-% - 15) = 0
raP (1- &) — 0

(18)

and this implies that either P = 0 or P = V K5. Therefore, either V = K;
(because V' # 0) or V' is the solution to the equation

V) aVEs
" Ki) 1+aV’

ie.,
CLT1V2 + (Tl + aK1K2 — arlKl)V — TlKl =0
which has one positive solution V' > 0. Hence, we have two constant solutions
(Kl, O) and (V, K2V)
3. Constant solutions to Eqs.(16) are described by the system of equa-

tions

r1Vq 1—%—(112% =0

19 N9 1—%—(121% = 0.
Hence, we always have three constant solutions — the trivial one (0,0) and
two semi-trivial (K3,0), (0, K3) which describe the absence of one of the

considered species. For some parameter values there exists the fourth non-
trivial solution

_ 1-— 1-—-
(N1,N2)=(K1 IEI o1 )

1 T
— (2112 — (112

This solution exists only if a;; < 1, 7,5 = 1,24 # j, i.e. both extra-specific
competition coefficients are small, or o;; > 1, 7,7 = 1,2 ¢ # 7, i.e. both of
them are large.

The next step of our analysis is to study stability of the found solutions.
Similarly to one-dimensional case, we study the derivative of the right-hand
side to check stability. We calculate the characteristic polynomial

(PR (9B oRoR
W(A)‘«ax A)(@y A) oy a:c)
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Characteristic values of W determine stability of the solution (z,y):
1) if \; for ¢ = 1,2 are real, then

a) if \; < 0, then the solution is stable (it is a stable node),

b) if one of them is positive, then the solution is unstable (it is a saddle,
if the second characteristic value is negative, or an unstable node, if both are
positive),
2) if \; are complex, then they are conjugate, i.e. A\; = R(N\;) £i()\;), where
R(N;) is the real part of \;, I();) is the imaginary part; in this case

a) if ¥(A;) < 0, then the solution is stable (it is a stable focus)

b) if R(A;) > 0, then the solution is unstable (it is an unstable focus).

Coming back to our systems, we obtain the following results.
1.

WQ):det(T_ap_A —aV )

abP abV — s — A\
and therefore, the characteristic equation has the form
W(A) =X — (r —aP +abV — s)\ + (r — aP)(abV — s) + a*bV P = 0.
For the trivial solution we have
W) = (r = \)(=s — A)

and therefore, the trivial solution is a saddle (the characteristic values are
r>0and —s <0).
For the non-trivial (V', P) we obtain

W(A\) =\ +rs.

This means that the characteristic values are purely imaginary £4/rs and
then we are not able to tell anything about stability of (V/, P) using this
method.

In the case of bounded environment

B r( —%)—aP—)\ —aV
W(/\)—det( abP abV — s — \

and therefore, the characteristic equation changes to
2V
W(A) =\ — (T (1—?) —aP+abV—s) A+
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2
+ <T <1 - ?V) - aP) (abV — s) +a*hV P = 0.

For the trivial solution we obtain exactly the same as above — it is a saddle.
For the semi-trivial (K, 0) we have the characteristic equation of the form

W) =(—r—A)(abK —s—X) =0.

Therefore, if abK — s < 0, then this solution is stable (a node), while for
abK — s > 0 it is unstable. This means that stability of semi-trivial solution
to Egs.(14) depends on the magnitude of carrying capacity K — if it is small
(i.e. K < %), then predators have not enough food and they die. If K > %,
then there exists non-trivial solution (V, P) and it occurs that it is stable.
Namely

2y SR
W) =\ +abK)\+rs(1 abK) 0.

We are looking for zeros of W under the assumption K > = (when the non-
trivial solution exists in biological sense). Therefore, the free term of W is
positive. Hence, if its zeros are real, then they have the same sign. We also
see that if the characteristic values are complex, then the real part is equal
to —5%= and it is negative that guaranties stability.

The discriminant of the equation above is equal to

2,.2
s°r s

= opre (- k)
and it is easy to see that A > 0 for small K, limg ., A < 0 and A is an
decreasing function of K. We can check that if the characteristic values are

real, then they are negative, because \; = % (—afj}( — \/Z) < 0 and both

A1 and A9 have the same sign. Hence, the non-trivial solution is stable if it
exists. This means that if K > =, then predators have enough food and

ab’
both species survive.

2. For the May model, Egs.(15) we have

|4 aP aV
W) =det | (1-24) - e = v
;(22?/22 7"2 (1 — 2_K§V> - A

For the semi-trivial solution (K7, 0) the characteristic equation is of the form

W) = (—r1 — A)(rg — A) =0
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and this implies that this solution is a saddle.
For the non-trivial solution (V, K;V')

\% aKaV aV
W()\) — det " (1 o 271) T (4aV)? T A T 14aV .
7’2K2 —T9o — A

The free term of the binomial W is equal to the determinant of Jacobi matrix

CLTQKQV (IT’QKQV o 2‘7
(1+aV)? ' 14+aV 72 '

Due to the identity

r 1_1 _CLKQV
! K1 —1+CLV

we obtain that the determinant has the form

(1+aV)?  'PK, T
In this case stability of (V, K,V') depends on the sign of the trace of Jacobi
matrix

1 9 V CLKQV

" ( Kl) (1+aV)? "

If the trace is negative, then our solution is stable. Clearly, if the discriminant
of W is positive, then there are two real negative solutions, while if it is
negative, then the real part of characteristic value is negative and in both
cases the solution is stable (either node or focus). On the other hand, if
the trace is negative, then we have inverse inequalities and the solution is
unstable.

3. In the case of competing species stability depends on the magnitude
of extra-specific competition. If both the coefficients are small, i.e., a;; < 1,
1,j = 1,2, i # j, then there is the non-trivial solution and it is stable. If
both «; are large (greater than 1), then this solution also exists but it is a
saddle. In this case the semi-trivial solutions (K7, 0) and (0, K3) are locally
stable. Survival of the species depends on the initial conditions. If one of
this coefficients is greater than 1 and the second is smaller, then this means
that the extra-specific competition has large influence on one of the species
and small influence on the other. This leads to the extinction of the weaker
species. In this case the semi-trivial solution for the stronger species is stable.
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2.3.2 Global stability analysis

In the two-dimensional case we have the Poincare-Bendixon theorem that
tells us about the behaviour of solutions. This theorem implies that if the
solution stays in some bounded region of R?, then either it tends to some
constant solution inside or on the boundary of this region or it tends to some
closed orbit in this region (except the cases when it is a critical point or
closed orbit itself). It should be noticed that if the studied solution stays
in the bounded region and there is no critical point inside this region, then
the solution tends to some critical point on the boundary because every
closed orbit encircle some critical point. A single closed orbit is called a
limit cycle. Such a limit cycle can be stable when it attracts solutions from
its neighbourhood, or unstable when it is repulsive (it can be repulsive for
solutions outside the cycle, inside it or from both sides).

Now, we focus on the non-existence of closed orbits for the system of
ODEs with the right-hand side F(z,y) = (Fi(x,y), Fo(x,y)) of class C* (i.e.
with continuous derivative). We use the Dulac-Bendixon criterion. If there
exists the function B(x,y) of class C! in the region U € R? such that the
divergence of BF, i.e.,

0BR)  O(BF)

Div (BF)(z,y) = 5 o

is not equivalent to 0 and it does not change the sign, then there is no closed
orbit in U.

Knowing this criterion and local stability of critical points we check pos-
sible existence of closed orbits for our models. Let define B(z,y) = m—ly for
z,y > 0.

1. For Egs.(13) we do not know local stability of the internal critical
point (V, P) but we can try to use the criterion. We obtain

, g [r 0 s
Div (BF)(V, P) = == <ﬁ —a) + 55 (ab— V> —0
and one of the assumptions is not satisfied. The situation is better for
Eqgs.(14). In this case

Div (BF)(V,P):%(%_;—‘;_Q) +i(ab_§> :—%«)

and this implies that there is no closed orbit in the first quarter of the plane.
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3. Exactly the same we obtain for the system of competing species,

1 1Ny r1002
_|_

Div (BH)(N, Ny) =~ (

ON; \N. KNy K,
0 N.
+- 2 o TefNo M@\ 01 T2 < 0.
ONy \ N1 K3N; K KiNy, KN

From one of the previous Subsections we know that every solution to Eqgs.(16)
is bounded that implies it stays in some bounded region in (RT)?. Therefore,
it tends to one of the constant solutions. If only one constant solution is
stable, then all other solutions tend to it. If there are two stable solutions,
then the first quarter is divided into two regions that are attracted either by
one or by the second stable solution.

2. It occurs that for the May model a stable limit cycle can exist. It
depends on the model parameters. Using the Dulac-Bendixon criterion we

see that )
T a T2

KPP (tave  KV?

and independently on P the inequality Div (BG)(V, P) < a +‘fv)2 — T I8
satisfied. Hence, Div (BG)(V,P) < ¢z — w2z and if Ky < 1, then there
is no closed orbit in the first quarter. In such a case the non-trivial internal
constant solution is locally stable and the Dulac-Bendixon criterion implies
its global stability. If this solution is unstable, then our criterion implies the
existence of at least one closed orbit and other solutions are attracted by

some closed orbit. If this orbit is only one, then it is a stable limit cycle.

Div (BG)(V, P) =

One of the more general methods of local and global stability analysis is
the method of Lapunov functions. Let (0,0) be a constant solution to ODEs
with the right-hand side F of class C* on U. The continuously differentiable
function L : @ — R, Q C U is called the Lapunov function on @ if it has
the following properties:

1) L(z,y) = 0,

2) L(z,y) =0 <= z=y=0,

3) if (z(t),y(t)) is the solution to the studied equation, then L(z(t),y(t)) is
a non-increasing function of ¢, i.e.,

d
aL(x(t)) = (grad L) - F =
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oL oL
= — — <
9% (z,y)Fi(x,y) + ay (z,y)Fo(x,y) <0

(i.e. the scalar product of the gradient of L and the function F' is non-
positive).

The derivative above is usually called the derivative of L along the so-
lution to the studied equation. One of the more useful theorems tells that
if there exists the Lapunov function defined over the whole domain U and
L(z(t),y(t)) is strictly decreasing for (z,y) # (0,0), then the constant solu-
tion (0,0) is globally attractive, i.e. it attracts all solutions. Hence, if (grad
L)-F <0 for (x,y) # (0,0), then we obtain global stability.

As an example we study Eqs.(14) in the case when non-trivial critical
point exists, i.e. K > 2. Before finding the Lapunov function we rewrite our
system in such a form that (0,0) is a critical point. Namely, let z =V —V

andy:P—P,Wh@fGVZ%andng(l_alfK)'Then

{:'c - r(x+x7)(1—%—g(y+15))
y = (y+P)(—s+ablz+V))
Let define

_ % _ P
L(x,y):A(x—VlnxJ‘;V>—l—B(y—Plny; ) (19)

with positive constants A and B in the domain {(z,y) : > —V,y > —P}.
It is easy to see that L(0,0) = 0. Calculating partial derivatives of L we
obtain

8—L:A(1— V_):A T
ox r+V z+V

and similarly,

oL

< _p-Y_

oy y+ P
Hence, L has a minimum at (0,0) and therefore, L is non-negative on the
whole domain. As the last condition we check the sign

(grad L) - F(z,y) = Arz (1 _ x;V B %(y—l—P)) + By (ab(z + V) — ).
If A= 0B, then
A
(grad L) - F(x,y) = —%xQ <0



There appears some difficulty, because (grad L) - F'(x,y) = 0 for every (x,y)
such that z = 0. It occurs that every point (0,yo) lying on the orbit of
our equation is a point of inflection for L(z(t),y(t)) and L(x,y) is strictly
decreasing. Hence, (0,0) is globally stable. More precisely, if t > 0 is such
that ((t), y(1)) = (0, (1)), y() £ 0, then £(0, y(F) = 0 and (0,y(®)) < 0
which implies that L(z(t),y(t)) is decreasing at this point and it is a point
of inflection. Finally, (V, P) is globally stable for Eqs.(14) when it exists.

Using the same Lapunov function we can show global stability of non-
trivial solution to Eqs.(16) in the case of local stability. Similar method can
be used in the May model.

2.3.3 Phase space portraits.

The phase space for our biological models is (R*)?. Drawing the phase
portrait we start from finding null-clines for both variables. These null-clines
divide the space into regions where each of the variables is monotonic. We
represent it in the graph using appropriately directed arrows. These arrows
suggest the dynamics of solutions. We complete our phase portraits by local
or/and global stability analysis.

1. The null-clines for Eqs.(13) are straight lines:

VanndP:%forV,

P:OandV:iforP.
ab

Inside the first quarter of R? both variables are positive. Hence,

V>0 < P<%, V=0 < P:%, V<0 < P>%.
This means that V' is decreasing above the null-cline and increasing under it.
At the null-cline we have Z—; = 0 and therefore, the points on the null-cline

are possible extrema for orbits treated as a function V (P).

Similarly, P is increasing for V' > 2 i.e. on the right-hand side of the
null-cline and decreasing for V' < . The function P(V) has possible extrama
on the null-cline. This suggest that solutions encircle the non-trivial solution
(V, P) but we do not know stability of it. It cannot be studied using standard
methods. As we know, the trivial solution is a saddle with the stable manifold

V = 0 and unstable one P = 0.
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It occurs that the analysis of the simplest model is not so simple. It can
be shown that all orbits inside the first quarter are closed. Calculating the
equation of orbits we obtain

abV — s r—alP
dV = dP.
/ v / P

abV —InV*®=InP" —bP + C,

Hence,

that implies the following implicit formula

6abV pPr
2 cebP, c = const > 0.
Let consider two auxiliary functions z(V) = %, y(P) = %5. We have

x = cy. Studying coupled graphs z(y), (V), y(P) and V(P)/P(V) we see
that in (V, P) co-ordinates solutions form closed orbits. Hence, (V, P) is a
centre and therefore, the solutions are periodic.

Knowing that solutions are periodic we can tell something more. Let T
denotes the period of our solution. Then V(0) = V(7T) and P(0) = P(T).
From the first equation of Eqs.(13) we obtain

V(T) T
/ v _ / (r —aP)dt
vo) V 0

and hence, fOT P(t)dt = ZT. Dividing by the length of the period T" we obtain
that the mean value of P is equal to

1 [T T
— P(t)dt = —.
T/O (t) a

Similarly, we get
1 S

T
= V(t)dt = —.
T/O ®) ab

This means that the mean value of every positive solution to Eqs.(13) is the
same and equal to the non-trivial constant solution. It is so-called mean
values’ conservation law.
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Phase portrait and solutions to Egs.(13).

The co-ordinates of solutions to Eqs.(13) behave similarly to sine and
cosine functions. They periodic and curves are translated in a phase.

For Egs.(14) we have two types of the phase portrait. If the non-trivial
constant solution exists, then it is very similar to the previous case. The only
difference is the null-cline for V. It changes to the straight line P =~ — %
Existence of the internal constant solution means that the null-clines for V'
and P intersect inside the first quarter of R2. Positive solutions encircle
(V, P) — it is a node or focus depending on parameters. As we know, all
positive solutions are attracted by this point.

If null-clines for V' and P do not intersect, then the only stable solution
(K,0) is a global attractor — from the phase portrait we see that solutions
stays in bounded region of the phase space and therefore, it tends to our

unique stable solution located on the boundary of this region.

2. For the May model the phase portrait suggests that solutions also
stay in a bounded region and if the limit cycle exists, then it is unique and
therefore, it is a stable limit cycle.

3. Similarly as in the previous cases, solutions to Eqs.(16) stay in a
bounded region and it implies global stability of constant solutions if only
one of them is stable. If (K3,0) and (0, K3) are commonly stable, then the
phase space is divided to the regions that are attracted either by (K7, 0) or by
(0, K3). The boundary of this regions is the stable manifold of the non-trivial
solution which is a saddle in this case.
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2.3.4 Hopf bifurcation.

As we said earlier, bifurcation means the change of qualitative behaviour
of solutions. One of such bifurcations is the Hopf one. It occurs when
from a constant solution bifurcates a limit cycle which encircle this constant
solution. This bifurcation is connected with the change of some parameter
of the model. Such a type of behaviour we have for the May model. In
the most popular case we have stable constant solution at the beginning. It
looses stability for some parameter value and then a cycle appears. To have a
cycle we need that this constant solution is a focus. We know that instability
is connected with positive real part of characteristic value while negativity
of this part implies stability. Hence, we conclude that the Hopf bifurcation
can appear when the real part is equal to 0. If the characteristic values cross
the imaginary axis with non-zero speed as the parameter changes, then we
have the Hopf bifurcation, i.e. a limit cycle appears.

For the May model the complex characteristic values have real part equal

to

\% aKoV
T1(1—2K—1>—m—7‘2

2
where the numerator of this quotient is the trace of Jacobi matrix. Changing
one of the parameters, e.g. r; we see that for very small r; the real part is
negative while for large values of ry it is positive. Hence, for some 7, we have
R = 0 and the characteristic values cross the imaginary axis from the left to
the right-hand side. This implies the Hopf bifurcation.

=

2.4 Exercises.

1. Prepare phase portraits for the system of linear ODEs with at least one
characteristic value equal to 0.

2. Compare the behaviour of solutions to the linear systems with the right-
hand side in canonical and non-canonical form.

3. Prepare phase portraits for the competition, May and prey-predator with
bounded environment models.

4. Check global stability for the May and competition models.
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3 Some general remarks on discrete and con-
tinuous dynamical systems.

In general case the problem is analogous to considered above — we study
either the behaviour of some sequence defined by a recurrent formula or the
behaviour of solutions to some ODEs.

3.1 Discrete dynamical systems.

Using the term ”discrete dynamical system” we mean the iteration of some
continuous function F' defined on some subset of R¥ into this subset. Namely,
let ' comes from U C R¥ into U (F : U — U) and we study the sequence

Tntl1 = F(.Z'n)

Sometimes, the domain of F' is closed, e.g. there is a very famous theory
on the iterations of the interval [0, 1]. From the biological point of view, the
interesting domain is R* that can be understood either as to the open half-
line (0, 4+00) or the left-hand closed half-line [0, +00). In higher dimensions
we use the domain (R¥)*, that is the first quarter in R?, the first octant in
R3, and so on. The domain is specified for every model separately.

The behaviour of the sequence (z,) depends not only on the function F
that defines our dynamical system but also on the first term of the sequence
xo € U. For arbitrary xg the set

orb (zo) = {F™(20), n € N}, where F"(z) = F(F" (), F°(z) =,

is called the trajectory (or orbit) of the point xy. Sometimes, instead of the
trajectory of xg we study so-called Cauchy problem

{an = F(z,)

Zo e U

Both formulas defines the same sequence, obviously. The difference is that
in the first case we treat this sequence as the set of points.

The name and notion of ”dynamical systems” is closely related with the
dynamics of points from the set U under the iterations of the function F,
where n is the iteration parameter. Therefore, we can also treat the system
as a transformation n — F™(z) for arbitrary x € U. Every term of our
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sequence is always defined and unique due to the recurrent formula that
defined the system. Our main interest is to study the asymptotic behaviour
of the sequence F"(x) for x € U.

3.2 Continuous dynamical systems.

We do not study general class of continuous dynamical systems but only the
type of it generated by ordinary differential equations of the form

i&=F(z), F:U—U, UCcR" (20)

Now, existence and uniqueness of solutions is not so obvious as in the discrete
case. We should specify some properties of F'. Let start with the case k =1,
for simplicity (definitions and theorems are similar for k£ > 1). If the function
F:U — U, where U C R is an open interval, is continuous, then for every
xg € U there exists the solution to the Cauchy problem

{i(t) = F(z(t))
z(0) = zo ’

which means that there exists an interval I and differentiable function x(t)
such that 0 € I, 2(0) = ¢ and z(t) satisfies the equation above for every t €
I. The quantity xg is called an initial condition or value. So, continuity of the
function F' is sufficient for the existence of solutions but not for uniqueness.
To obtain a unique solution we assume that the right-hand side of equation
is a Lipschitz function.

We tell that F' satisfies the Lipschitz condition if there exists some con-
stant L > 0 such that for every z, y € U the inequality

|F(z) = F(y)| < Lz —y|

holds. For & = 1 the symbol |z| means absolute value of x. In higher
dimensions it is the standard norm (for x = (z1,..., x;) we have |z| =
Vai+ .o+ ad).

More precisely, it is enough that F' is locally Lipschitz (i.e. for every
point z € U there exists a neighbourhood U, of this point where F' satisfies
the Lipschitz condition). Usually, in biological models the function F' has
continuous derivative and then the Lipschitz constant on every closed subset
of U is equal to the maximal value of |F’(x)|. Clearly, if y, z € [a,b] C U C
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R, then by one of the theorems of mean value there exists a point ¢ between
y and z such that
Fly) — F(2)

y—z
and the same is true for absolute values, obviously. The function |F’(x)| is
continuous and [a, b] is a compact set. Using the theorem about continuous

functions on compact sets we conclude that |F’(z)| achieves its upper bound
(the lower bound is 0). Therefore,

= F'(¢)

[F(y) = F(2)| < [F'(Olly — 2| < %%?\F'(x)\\y— zl.

Therefore, if F' is continuously differentiable, then the solution exists and it
is unique.

Now, we show that continuity is not sufficient for uniqueness of solutions.
The main example of such a continuous function F' for which the solution is
not unique is F(z) = z3. It is obviously continuous on R as the inverse of
x3. Consider the equation

i =23 with z(0) = 0.
It is obvious that x(tf) = 0 is the solution to this problem. On the other
hand, for z # 0 we have

Let define the auxiliary function

Then

Hence,
x 3.
- = éf = 17
T3

and we obtain that f(¢) has constant derivative equal to % Finally,

ft) = §t+c

48



and therefore,

)=+ (2c)

is a general solution to our equation. Using the initial value z(0) = 0 we

obtain ¢ = 0. So, z(t) = £ (%t)% are another solutions to our Cauchy
problem for t > 0. Moreover, if we combine x = 0 with the calculated
above general solution we obtain next solutions. How to do it? Let ¢ be an
arbitrary negative number. Then the general solution is defined for every
t > —c. Taking z(t) = 0 for t < —c and the general solution for ¢t > —c we
obtain the solution to our problem because such a function is differentiable
at t = —c (has left-hand side and right-hand side derivatives equal to 0.)

This is so called juncted function with a smooth junction at ¢t = —c.

From now on we assume that the studied ODE has a unique solution (e.g.
F has continuous derivative). To have a dynamical system we need that this
solution is defined for all £ > 0. If the right-hand side of equation is linear,
then it is easily fulfilled. If not, then the solution can blow up. Consider the
equation
i = 2% with 2(0) = 29 # 0.

We can solve this equation using the method of variables’ separation, i.e.,

dx
/ﬁ:/“

and therefore, —% =t + c¢. Hence, for the initial value xy we obtain

This solution is not defined for t = x—lo It has so-called blow-up at this point.
In general case, this means that the norm of solution tends to co with ¢
tending to such a point.

On the other hand, if F' has continuous derivative and the solution is
bounded for every arbitrary ¢ > 0, then it has also bounded derivative and
therefore, it can be extended forward the point ¢ because it has a limit
at this point and this limit can be treated as a new initial value. More
precisely, if Z = lim; .z 2(t), then (¢, %) is the new initial condition for the
studied equation and the solution for this initial condition exists for some
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time interval and fulfils the condition z(t) = Z. The solution is unique and
hence, it is the same solution defined other the longer interval. The last
problem is to show that this limit exists. If not, then there are two sequences
tn, — t~ and t,, — ¢~ such that the sequences x(t,,) and z(t,,) has different
limits limy,, oo ©(tn,) # liMy, 0o (s, ). Assume that t,, > t,, (if not, then
we can choose proper subsequences) and use the theorem of mean value on
the interval [t,,,tn,]. Then

bny) — x(tn S(EY f
.’L‘( 2> .’L'( 1) = x(tn)a ln € [tn17t"2] )
th - tn1

If n — oo, then the right-hand side of this equality is bounded. The de-
nominator of the left-hand side tends to 0 and the numerator tend either
to some non-zero number or to infinity (if some of this sequences has limit
equal to o0). Therefore, the whole quotient tends to co which contradicts
this equality.

It is obvious that if the right-hand side F' of Eq.(20) is bounded for every
x € U, then the solution and its derivative are bounded. From now on
we assume that the solution to Eq.(20) is unique for every ¢ > 0. Then
we can study either the transformation from ¢ to z(t) for arbitrary z, i.e.
the solution to the Cauchy problem or the transformation from zq to x(t)
understood as a set of points, i.e. the trajectory (or orbit) of the point
xo (exactly as in the discrete case). Sometimes, the solution is written as
x(t, xo) to underline its dependence on both variables. Hence, we define orb
(x0) = {x(t,z0), t > 0} C U. Similarly as in the discrete case, we are mainly
interested in the asymptotic behaviour of solutions depending on the initial
value xg. Methods of asymptotic analysis depends on the spatial dimension
k. There are also some methods that can be used independently on k. One of
them is the linearization method that concerns stability of constant solutions.

3.3 Stable constant solutions and linearization theo-
rem.

Now, we are ready to explain the concept of stability. Everybody knows
the physical meaning of stability. A ball situated in a valley is stable (small
deviation from the stable position does not lead out of this positions, the ball
comes back to it). A ball situated in a top of a mountain is unstable (every
deviation leads out of this position). There is also another — more general
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— notion of stability, so-called Lapunov stability. We can compare it with a
ball in a plain. After a small perturbation our ball is not far from the origin
but it not necessary comes back there.

Comparing this physical interpretation to the phase portraits for one-
dimensional systems — if the arrows from both sides of the constant solution
x; are directed to this point, then this point is stable. Otherwise, z; is
unstable.

Hence, we tell that the constant solution z is (Lapunov) stable, if the
solution with initial value from the neighbourhood of Z stays near . More
precisely, for every € > 0 there exists § > 0 such that if |xg — Z| < 4, then
|z(t) — Z| < € for every t > 0, where z(t) is the solution with initial value x.

We tell that z is asymptotically stable, if the solutions starting from the
neighbourhood of z tends to it with t — +ooc.

Other solutions (i.e. non-constant) also can be stable. We tell that the
solution Z(t) with initial value 7 is stable, if for every € > 0 there exists 6 > 0
such that if |zg — | < 0, then |x(t) — z(t)| < € for every ¢t > 0.

Similarly, we define stability of solutions for discrete dynamical systems
— the difference is that for discrete dynamical systems ¢ € N.

The more general concept is an attractor of dynamical system (both dis-
crete and continuous). Roughly speaking, the set V' C U is an attractor of
some set W C U if for every initial value o € W the solution is attracted by
the points from V. This means that the distance between the solution and V'
tends to 0 as t — 400, where dist (z,Y) = inf ey |2 — y|. It is not necessary
that attractors of dynamical systems are solutions to these systems. There
is a famous theory of so-called strange attractors connected with the theory
of fractals. One of the well-known strange attractors is the Lorenz one. We
will talk about it later.

The concept of stability and attractors is local, i.e. not every solution to
studied system must tend to stable solution or attractor. We can also tell
about global attractor and global stability. A global attractor is such a type
of attractor that attracts all points from U, i.e. every solution tends to it.
Similarly, some solution to our dynamical system is called globally stable, if
its orbit is a global attractor.

One of the main methods of (local) stability analysis is the linearization
theorem. It can be used for both discrete and continuous dynamical systems.
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At the beginning we consider one-dimensional case and study stability of the
constant solution x = 0. Let F: U — U, U C R be the right-hand side of
studied dynamical system (discrete or continuous) and F'(0) =0 (if £ # 0 is
a constant solution, then we make a substitution x — x — z). Assume that
F' can be expanded as:

F(z) = F'(0)x + R(x),

where F’(0)x is the linear part of F' and R(z) is the non-linear one. If F' has
he second derivative, then R(z) = %x{ ¢ €(0,z) (or € € (x,0) if z <0).

The main assumption of the linearization theorem concerns the derivative
F’(0). We should assume that F’(0) # 0 in the continuous case or |F'(0)| # 1
in the discrete one. Why should we assume it? In the linear continuous case
the solution is exponential with the exponent F(0)t and therefore, if F'(0) =
0, then every small perturbation (a non-linear term is such a perturbation)
can change the sign of F’(0) — if this sign is positive, then the solution tends
to oo and it is unstable, while if the sign is negative, the solution tends to
0. Hence, small changes of the sign implies large changes of the behaviour
of solutions. Similarly, in linear discrete case the solution is an involution
function with the base F’(0). Now, |F'(0)| = 1 is the boundary of stability
region (—1,1).

We should also assume that the non-linear part is small near the point of

R(z)

linearization z = 0. Namely, limx_,o‘ = 0. Then a small perturbation

does not lead to large changes of the behaviour of solutions.

The linearization theorem tells that under the above assumptions the
constant solution x = 0 is asymptotically stable if F’(0) < 0 for continuous
case or |F'(0)] < 1 for discrete case and unstable otherwise. The same is true
for every constant solution z. This means that the linear part of the right
hand-side decides of stability or instability. Moreover, in the continuous case
we can tell something more. Namely, the shape of orbits is the same (in
topological meaning) for linear and non-linear case. Hence, the character of
critical points is the same in both cases.

Coming back to the logistic equation Eq.(4), we use this theorem to check
stability of constant solutions z = 0 and # = K. We have F'(r) = r — 252,

For x = 0 we obtain F’(0) = r, the linear part is r and the non-linear
one R(z) = —bz?. Hence, @ = —br — 0as z — 0 and F'(0) # 0 and
we can use the theorem of linearization. Inequality F'(0) = r > 0 implies
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instability of x = 0.

For © = K we have F'(K) = r (1 —2%) = —r # 0. Substituting z =
x— K we get F(2) = —rz — 2% so, the non-linear part R(z) = —+2° fulfils
the assumption of linearization and therefore, x = K is asymptotically stable
due to F'(K) < 0.

3.3.1 Global stability.

The main method of global stability (of constant solutions) analysis is finding
Lapunov functions. Let (0,...0) € U be the constant solution to Eq.(20)
and z(t) € U be a solution. Assume that the right-hand side of Eq.(20) is of
class C' on U and U C R* is open. The continuously differentiable function
V:Q — R, Q C U is called the Lapunov function on @ if it has the following
properties: V(z) > 0 and V(z) =0 <= 2 =0,ie a2, =... =12 =0,
V (z(t)) is a non-increasing function of ¢, i.e. 4V (x(t)) = (grad V))-F < 0. If
Eq.(20) has a Lapunov function defined on some neighbourhood of (0, ..., 0),
then the origin (0,...,0) is stable. Moreover, if the Lapunov function is
defined over the whole domain U and V' (z(t)) is strictly decreasing for x # 0
in the whole domain, then the origin is globally stable. Hence, if (grad
V)-F < 0forxz # (0,...,0), implies global asymptotic stability (attractivity)
of the origin

Notice, that to use the theorems above we need an open domain and a
critical point inside it. Nevertheless, if the critical point lies on the boundary
of the open domain and V' (z(t)) is strictly decreasing for every solution inside
the domain and defined on the closure of this open domain, then the thesis
also holds.

Existence of a global attractor can be also shown on the background of
dissipative systems theory. We tell that the right-hand side of Eq.(20) fulfils
the dissipativity condition, it there exists a function W : U — R of class
C" such that the scalar product

k
(grad W(x Z

) < C — oW (x)

satisfies the inequality above, for some positive constants C, § and W (x) —
+00 as |xz| — +o00. We see that for large values the function W has similar
properties as a Lapunov function. Clearly, it is a Lapunov function in more
general sense.



We tell that the system of ODEs is dissipative, if the right-hand side is
dissipative. Notice, that in the literature there can be found more general
concept of dissipativity connected with an existence of bounded attractive
subset of the domain.

If Eq.(20) is dissipative, then all solutions are bounded. Namely,

grad W (a(1)) - F(x(t)) = W (a(t)) < €~ 0W(a(0))
and hence, multiplying by e we get
d

g7 (W(:p(t))e&) < Ce,
Integrating this inequality from 0 to ¢ we obtain
C C
W(z(t)) < W(x(0))e™® + 5 (1- 67&) < W (z(0)) + 5
which implies that W (z(t)) is bounded for every ¢ > 0 and therefore, x(t) is
also bounded (if not, then W cannot be bounded).

Boundness of solutions for F of class C'! implies existence for all ¢ > 0.
Hence, we can study asymptotic behaviour and attractors of Eq.(20). Notice
that, if the system is dissipative, then the set A = {z : 2 € R", W(z) < 2%}
is absorbing, i.e. for every bounded set () C U there exists g such that
x(t) € A for t > tg, where z(t) is the solution for initial value z¢ € Q.

It occurs that if there exists compact absorbing set for the system with
properties mentioned above, then such a system has global attractor that is
connected. The exact structure of this attractor is not known, unfortunately.

Examples of Lapunov function we’ve given in the previous Section. Now,
we try to check dissipativness of some system. Consider Eqs.(14) with b < 1
and the function W(V, P) = V + P for positive V, P. Both partial derivatives
of W are equal to 1. Hence,

(grad W(V (), P(t)))- F(V(t),P(t)) =1V (1 — %) —aVP+abVP—-sP <
\%
rV (1 — E) —sP

due to positivity of solutions. Let 6 = s and C' be a maximal value of
parabola V (T +5— r%) . Then

grad W(V, P) - F(V, P) < C — §W(V, P).

Therefore, the system is dissipative and the global attractor exists.
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3.3.2 Hopf bifurcation.

As we know the Hopf bifurcation is connected with changes of some param-
eter. Consider ODE of the form

:t:F(xvﬂ)7 (21>

with F of class C' and F(0,u) = 0 for every u. Then z(t,u) = 0 is the
constant solution to Eq.(21). Let po be the point of bifurcation, i.e. for
1 < pg, the trivial solution is asymptotically stable and for pu > pug, it is
unstable. If, for p = pg, there exists a pair of characteristic values such that

A= A, R(O\) =0, %%(Al)’ > 0, and other characteristic values
H=Ho H=Ho

have negative real parts, then for y > g there exists a limit cycle with the

period T' = 5—; Additionally, if the trivial solution is asymptotically stable

for u = pg, then this limit cycle is attractive.

In general case, it is not easy to study stability at the point of bifurcation.
Attractivity of limit cycle can be suggested by numerical simulations. But
we should be very careful and aware that it is only suggestion.

The theorem presented above is not only one that concerns the Hopf
bifurcation. This bifurcation can also occur when the constant solution is
unstable and gains stability at some parameter value. It is not an usual
situation for biological ODEs and we do not study such types of bifurcation.

3.4 Exercises.

1. Check the assumption of the linearization theorem for all two-dimensional
models presented in previous Sections.

2. Check dissipativeness of the May and competition models.

4 Three or more dimensional continuos dy-
namical systems.
In this section we mainly study some examples of three dimensional systems

of ODE using general methods that we know from the previous Section.
The main difference between two and more dimensional cases is the possible
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chaotic behaviour of the system of three or more ODEs. In two-dimensional
case the behaviour is regular, due to the Poincare-Bendixon theorem. How-
ever, there are many biological models with regular behaviour also in more
dimensional case.

As usually, we start from the description of the models.

4. Food chain. We consider the environment with the main predator
(with the concentration P;(t)), the second predator (FPy(t)) which is a prey
for the main predator, and the prey (V(¢)) that is a food for the second
predator. The model reads as

V = V(a1 —-V)—mF)
PO = PQ (a1(1 — PO) - M2P1 + nlv) ) (22>
P = P(-1+nF)

where the equations above was scaled to reduce the number of coefficients
such that the carrying capacities for preys and second predator are equal to
1 and the death coefficient for the main predator is also 1.

5. Weather forecasting. This model was proposed by American mete-
orologist Lorenz in 1963 to study convection movement of air in atmosphere.
He tried to prepare a long-time forecasting of the weather on the basis of the
model. After many simplifications, he obtain the following system of ODEs

l’l(t) = 0 (LEQ — .771)
SL’Q(t) = Trry — T2 —I1x3 , (23)
l’g(t) = —bSC3 + 2122

with o, r describing viscosity and heat conduction of a medium, respectively,
and b reflects a size of space.

4.1 Properties of the models 4 and 5.

The right-hand sides of both Egs.(22) and (23) are polynomials of the second
degree and hence, the local existence and uniqueness of solutions is obvious.
Moreover, due to the form of the right-hand side of Eqgs.(22), the solution
is non-negative for non-negative initial data. It is not satisfied for Eqs.(23).
Nevertheless, for both systems we have solutions defined for every t > 0
(for Egs.(23) solutions are bounded, for Egs.(22) co-ordinates V' and P, are
bounded, while the growth of P; is at most exponential).

o6



We can show the following property of Eqs.(23). Multiplying the i-th
equation of the model by x; and adding the right and left-hand sides, respec-
tively, we obtain the following identity

1d o 2 o
i (ot o =) == (at vat o (e =5 5) )0 (F 4
(21)

Consider the function W(z1, 2, 73) = 14 (23 + 23 + (23 — 0 —7)?). It oc-

curs that it is a proper function to check dissipativity of the system. Let
f (21,29, 3) denote the right-hand side of Eqgs.(23). Then

(grad W(Z‘l,x%x?))) ’ f(xl,l'g,x:?,) =

= ox1(xe — 1) + @o(rry — 9 — x123) + (23 — 0 — 1r)(—=bxs + T129) =
b b b
> R0+ =5
Choosing C' = 2(0 4+ r)? and § = min{o, 1, 2} we obtain the inequality grad
W(z)- f(z) < C —dW(x) that implies dissipativity of Eqgs.(23). This means
that for every parameter values the system has a global attractor. But this
attractor can have a complicated structure. Consider the sphere Ry = {z €
R3: 224224 (23 — 0 — 1)° < ¢}, for sufficiently large c. If the ellipsoid {z €
R : o2+ a3 +0b(xs— % — %)2 =b(2+ %)2} lies inside the sphere above,
then the left-hand side of Eq.(24) is negative and therefore, Ry is an invariant
set for our system. Moreover, on the boundary of R, the right-hand side of
Eq.(24) is negative. If we consider the discrete dynamical system generated
by z(n), for natural n, then Ry = x(1)(Rp) is the smaller set then original
Ry and so on. Let V,, denotes the volume of R,. Then V, = e ™Mot+Dy,
It is obvious that the volume of the limit set is equal to 0. This limit set is
called the strange Lorenz attractor.

—ox?— 22 —br2+blo+r)rs = —oxd—ai—— (x5 — 0 — 1)+ = 73
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Lorenz attractor.

4.2 Constant solutions.

4. Let (V, Py, P) denote the critical point. The third equation implies that
P =0or B = LQ In the case P, = 0 we obtain up to 4 critical points:
A = (0,0,0), B = (0,1,0) and C' = (1,0,0) exist independently on the
parameters,

D (a1(a0 — 1) agplar +m) O)
apay + pim’ apay + pam’

exists for ag > . If Py = n%’ then we obtain another two equilibrium states:

E = (0’ i’ w) and F — (aOT}Q - lu‘l’ i’ ApQ1T)2 — Gpay —+ agne — :ulnl) .
2 K22 aphz 12 agjian)o

It is easy to check that:

o D exists if ag > pq. If ap = pq, then D = B. Hence, D bifurcates form
B.

o F exists if no > 1. If 5o = 1, then £ = B. Hence, F also bifurcates
form B.

o [ exists if agne > w1 and agne(a; + 1m1) > apay + npg. Therefore, F

: : K1 aoa1+nip1
exists if 72 > maX{%7 m}.

Now we study the co-existence of D, E and F.
1. Let p; < ag. Then D exists and the inequalities

apaq +
ﬂ< 001 T Th i

<1
ag ao(ay +m)

are satisfied. Therefore,

o apa1+ni 1 .
if 9y < o) then there are no F and F/;

apai1+nip1

, then there is no E and F bifurcates form D;
ao(a1+m)

—ifn =
—ifny € (%, 1) , then there is no F but F' exists;
— if py = 1, then F exists and E bifurcates from B;

— if mo > 1, then there are all six equilibrium states.
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2. Let p1 = ag. Then D = B and D bifurcates from B. In this case
I = (772—1 1 (a1+771)(772*1)> Hence

n2 2’ N2 2

— if ny < 1, then there are no E and F;

—ifny = 1, then £ = F' = B. This means that £ and F' bifurcates
form B;

— if 9o > 1, then F and F exist.
3. Let py > ag. Then D does not exist. In this case the opposite inequal-
ities
apay + Mijh - H

1<
aplar +m)  ao

are fulfilled. Hence,
— if 9y < 1, then F and F' do not exist;
— if y, = 1, then F bifurcates from B but F' does not exist;

—ifny € (1, Z—;) , then there is £ and F' does not exist;

—ifny = Z—;, then F bifurcates from F;

— if i > £, then we have both E and F.

The Jacobi matrix for Eqgs.(22) has the following form

ag(l =2V) — 1 Py —uV 0
J(V, Py, P) = mFo a1(1 = 2F)) — poePL +mV  —paFy
0 2Py ey — 1
(25)

We see that if the co-ordinate V' # 0 for the stationary solution, then
aop(1 —2V) — 1 Py = —aoV.
Similarly, if Py # 0, then
ar (1 —2PRy) — po Py +mV = —a, Py.

Taking into account the formula (25) and the above equalities we obtain the
following:

e A is unstable independently on the parameters (characteristic values
are equal to ag, a; and —1).
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For B the characteristic polynomial is equal to W(A) = (ag — 11 —
A)(=ay; — A)(n2 — 1 — A\). Hence, we have stability for ag < p; and
12 < 1 that implies the absence of E, D and F.

For C' the characteristic polynomial is equal to W/(\) = (—ag — \)(a; +
m — A)(—1 — A). Hence, C' is always unstable.

For E, the characteristic equation is of the form:
— —1
(a(ﬂh Hi )\) ()\2+ ﬂ)\jL ai (1 )) —0
2 Upi T2

Hence, if % > 0, then F is unstable. If F exists, then 7y > 1
and this implies that there is no influence of the quadratic term on the
stability (characteristic values are either real negative or complex with
negative real part —2%) Therefore, E is stable when F' does not exist.

For D we obtain the similar formula as in the previous case:

<—“°’72(‘“ ) g )\) (A2 +ar+5) =0

Qo1 + U1m
where
o= apai(ag — py + a1 +m1) >0 and 8 = apay (ag — p1)(ar +m) <0
Qpay + M1 pi1 apay + p1m

when D exists. The quadratic term have no influence on the stability,
once again. This means that D is stable when E and F' does not exist.

For F' the Jacobi matrix has the following form:

_ agm2—p1 _ pa(aon2—pa) 0
77772 aom2 p
_ m _ a1 K2
J(F) - 12 n2 n2
0 apa1(n2—1)+n1 (aom2—p) 0
aop2

The matrix J(F') has the form

—a —b 0
c —d —e |,
0O f O
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where a, b, ¢, d, e, f > 0 are arbitrary positive constants when F
exists. The characteristic equation has the following form: A3 + a\? +
BAX+~v=0witha=tr J(F) =a+d>0,03=ad+bc+ef >0,
v = det J(F) = aef > 0. The Routh-Hurwitz criterion implies that
v < aff guaranties stability. In our case the inequality v < af3 is easily
fulfilled. Therefore, we obtain stability.

Hence, for every parameter values there exists one stable equilibrium
state:

e if there is F', then it is stable;
e if there is no F' but E exists, then F is stable;
e if there is no £ and F' but D exists, then D is stable;

e if there isno E, D and F, then B is stable.

Now, we focus on the global stability (in (R™*)3) of critical points. At the
beginning we show that, if the inequality

> max{& M} (26)
CLO7 ao(a1 "—771)

holds, then every solution to Eqs. (22) tends to the unique non-trivial critical
point F. If Tneq. (26) is satisfied, then F' exists. It is the only equilibrium
with all positive co-ordinates. Substituting zo =V —V, 2; = Py — P, and
1y = P, — Py, where F' = (V, Py, P\), we obtain

g = —(zo+ ‘Z)(aol’o + p1w1)
jjl = —(Slj‘l —EPO) (alxl _'_ ,U/QxQ - nlx(]) . (27)
Ty = (w9 + P)namy

We know that V(t), Fo(t), Pi(t) > 0 for every ¢ > 0 and therefore, zy >
—V and z; > —F,_; for i = 1,2. Consider the standard (compare Eq.(19))
Lapunov function

_ 1%
V(wo, 21, 72) = Ag <$0—V1D xo‘; ) +
Pi—l)
1 ’

2
+ ZAZ (ZL‘Z — pi—l In i
i=1
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with Ay = %, Ay = np and Ay = ps in the domain Q = {(zg, z1,x2) : o >
~V, x> P, i=1,2}.

It is easy to see that V(xg,z1,22) > 0 in Q and V(xg,zq1,22) = 0 iff
r9 = x1 = w9 = 0. Calculating the derivative of V' in the direction of a
solution to Eqs.(27) we get

V(2o, 21, 22) = Ao(—20)(aoTo+p21)+A1(—21) (@121 202 —1170)+ A2 27172

and finally,
V(zo, 71, 20) = —(Agagz? + Ayayz?).

We see that V' < 0 that implies global stability of F. To obtain global
asymptotic stability we need something more. We have V(xo, x1, 7o) = 0 for
every (o, x1,22) = (0,0, z3). Let the point (0,0, z2(f)) lies on the trajectory
of Egs.(27) for some ¢ > 0. Then calculating the second derivative we obtain
V(0,0,23) = 0. The next derivative 17(0,0,z3) = —p3 (gjf)Zsc%(f) < 0 that
shows that it is a point of inflection. Hence, V is strictly decreasing and
therefore, F' is globally asymptotically stable.

If F does not exist, then other equilibrium state is globally stable. As the
next step we focus on the case when F' does not exist but E exists. If u; > ag
and 1 < 7, < &L, then the state F is globally stable. Let E = (0, Fy’, P\°)
and g =V, 2, = Py — PE 1y = P, — PF. Then Eqs.(22) take the form

l"o = Xy ((lo(]_ — ZL‘Q) — ,Lbl(l‘l + POE))
.i’l = — (1’1 + p&?) (alxl + MUolo — ?71370) .
Ty = Mol ($2 + PlE)

Consider the Lapunov function

2 _
V(Jfo, A 1’2) = Bol’o + E B; (SL’Z — Pz€1 In T1>
=1 i—1

defined on [0,00) x (—PF,00) x (—=PF,00) and calculate the derivative V
(assuming x¢ > 0). Then

V = —BQ (,ulpf - ao) To — Boa,ol‘(z)

—B1a1$% - BON1$0$1 + 31771%!101 - Bluﬂwz + 32772$1!E2-
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Hence, for Bius = Bang @nd Byny = Byuy one gets V <0 for every xg > 0

under the assumption py B > ag. This implies that E is globally stable if it
exists and the state F' does not exist.

Similarly we show global stability of the state D under the assumption
that F' and E do not exist and global stability of B = (0,1,0) for ap < p;
and 72 < 1 (when F', E and D do not exist). Appropriate Lapunov functions
are 7D

— To +
VD({L‘Q,I‘l, {L‘Q) = Q) (l‘o — VD In OT) +
_ PP
+on <.’L‘1 — POD In %) + Qoo
0

and B
— r1+
Vi (o, z1,22) = fowo + b1 (901 ~ Fy’ln %) + Pas.
0

5. Eqs.(23) always has the trivial critical point A = (0,0,0). For every
critical point the identity x; = x5 holds and therefore, if x; = x5 # 0,
then x3 = r — 1 and two other critical points exists for r > 1, i.e. B =
(v/b(r —1),4/b(r = 1),r — 1) and C = (—+/b(r — 1), —/b(r — 1),7 — 1).

The Jacobi matrix for Eqgs.(23) has the form

—0 o 0
J(l‘l,ZL‘Q,l‘g) = r— I3 —1 —X1
) X1 -b

We see that det(J(0,0,0) —AI=)=—(A—0b)((A+1)(A+0)). Hence,
M+ (@+DA+o(l—7)=0.

Therefore, for r < 1 the trivial solution is asymptotically stable. For r > 1
the origin is unstable. The points B and C' are stable until r reaches the value
re = J(UU_erbjf’). For » > r. both of these points are unstable. This suggests
that for r > 1 convection movement starts with every small perturbation of
the origin (0,0,0). If 1 <r < r., the characteristic values are as follows: one
of them is real negative, another two are complex with negative real part. If
r = r. we have a Hopf bifurcation. But obtained cycles are unstable. The
solution encircle the point B some times and goes to the point C'. Then its

encircle the point C' some times and so on.

63



As a conclusion we can say that exactly the same methods as for Egs.(22)
can be used to study n-dimensional food chain or n-dimensional competitive
system (these systems have structures like Eqs.(22) or Eqs.(16)).

4.3 Exercises.

1. Check boundness of solutions to Eqs.(22) and (23).
2. Check the identity (24).
3. Check existence and co-existence of constant solutions to Eqs.(22).

4. Use the linearization theorem to show stability or instability of constant
solutions to Egs.(22).

5. Check global stability of constant solutions D and B to Egs.(22).
6. Check boundness of solutions to Egs.(22) and (23).

7. Use the linearization theorem to show stability or instability of constant
solutions to Eqs.(23).

5 Equations with one discrete delay.

In this section we focus on delay differential equations (DDE). As in the pre-
vious Sections, we start our study of equations with delay from the simplest
case — linear equation. In the first Section we’ve analysed the model of
birth and death process. For most of species we observe the following — the
death process is immediate, while the birth process is delay comparing to the
trigger of this process. Therefore, the model should have the form

N(t) = rN(t — 7) — sN(2), (28)

where N (t) denotes the density of the species, r and s are coefficients of birth
and death, respectively, and 7 > 0 is the delay of birth.

Moreover, if we study both processes in cellular level, then they are both
delay in comparison to the biochemical signals that initiate them. Hence, it
is possible to consider

N(t) = rN(t — 1) — sN(t — 1), (29)

where 71, 75 are delays of birth (proliferation) and death (apoptosis). Nor-
mally, 7, and 7» have similar magnitude. In abnormal state, they can differ
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dramatically. As en example we can consider a growth of tumour when apop-
tosis is blocked. It is possible to describe this situation using large values of
72.

The last form of linear DDE, i.e.,

N(t) =rN(t) — sN(t — 1), (30)

does not have clear biological interpretation, but it can be also compared to
the process of tumour growth, where the delay of proliferation is very small
such that we neglect it, while the delay of apoptosis is large.

Equations with one delay are much simpler to analyse than those with
two or more delays. Therefore, in our study we focus on such a type of
equations.

From the mathematical point of view, the simplest form of linear delay
equation is

(t) =ra(t —71), (31)

where x is a real variable and r = const is either positive or negative.

Let ty = 0 and we want to find a solution to Eq.(31). At the point 0 we
have

(0) = ra(—71)

and therefore, we should know the value x(—7). Calculating @(t) for every
t € [0, 7] we use values of x at points from the interval [—7,0]. Hence, the
initial value for equation with delay is not a constant zo from the domain
of right-hand side of equation but all values of x on [—7,0], i.e. a function
xgo : [—7,0] — R. This is the first difference between ODE and DDE.

If we know the initial function xy, then we can calculate the solution on
[0, 7]. For t € [0, 7] our equation reads as

z(t) = raxo(t — 1),

i.e. it is the equation with known function describing the right-hand side.
This equation can be easily integrated. Namely, integrating both sides of it
with respect to t € [0, 7] we obtain

/Otx'(s)ds —r /Ot wo(s — 7)ds

and hence,



Now, knowing values of x for ¢ € [0, 7], we can use the same method to
calculate x(t) for t € [r,27], and so on. Generally, knowing z(t) for ¢ €
[(n — 1)1, n1], we calculate

t
x(t) = x(n1) + 7”/ x(s — 7)ds,
fort € [n7, (n+1)7]. The procedure described above is called the step method.
If it easily seen that if x( is integrable, then z(t) is properly defined for every
t>0.
The second difference between ODE and DDE is that two solutions with
different initial values can intersect. Consider the following example

#(t) = —a (t— g) ,

with

a) xo(t) = sint,

b) zo(t) =0,
for t € [—g, } .

It is obvious that in Case b) the solution is identical to 0, i.e. x(t) =0
for t > 0.

In Case a) we use the step method. Let t € [0, %] . Then

. . T
t(t) = —sin (t — 5) = cost.
Integrating from 0 to ¢ we obtain
x(t) = 20(0) +sint — sin 0 = sin t.

For t € [(n—1)%,n%] we get
t
= sint.

nTt

z(t) =z (ng) +sint

Hence, z(t) = sint for every t > 0.

It is obvious that both solutions intersect in every point k7 for £ € N.
It does not contradict uniqueness of solutions because these solutions should
be considered in another space (not in R). The proper space is suggested
by initial data. In general case we need to have continuous initial data, i.e.
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continuous function z : [—7,0] — R. It is a Banach space (a normed linear
space is called a Banach space if all Cauchy sequences are convergent; a
sequence (a,) is a Cauchy sequence if for every € > 0, there exists N € N
such that for every n,m > N the inequality |a, —a,,| < € is satisfied). Hence,
we should consider the solution x(t¢) as a function from this space. How to do
it? For every fixed t > 0 we define x; : [—7,0] — R as z4(h) = z(t+h), where
x(t) is the solution for the initial function xy. This solution is continuous
and hence, x; is in our Banach space. All properties and theorems for delay
equations are considered in this Banach space. This means that our equation
is infinite-dimensional. This is a difficult theory and we only mention about
it.

Coming back to Eq.(31) and the step method we see that the recurrent
formula for finding solutions is not so easy. Even for the simplest constant
initial function we obtain the polynomials of the more and more high degree
on next intervals [n7, (n + 1)7]. Consider Eq.(31) with the constant initial
function g = 1. Then for ¢ € [0, 7] we have & = r and therefore, x(t) = 1+rt.
For the second interval ¢ € |7, 27| we obtain the equation

t=r(1+rt—r1)

with the solution

£(t) = 2(r) + / F(1 4 r(s — 7))ds =

2

r t 2
:1+T7'+7“(t—7')+§(8—7')

:1+rt+%(t—7')2

and so on. Hence, this formula is useful to show the existence and uniqueness
of solutions, but not for calculating it. Only in special cases it is possible
to find solutions analytically, in most cases we calculate it only numerically.
The mathematical analysis concerns mainly local and global stability and
bifurcations. As we know, changes of stability and bifurcations are connected
with the changes of some parameter of the model. In this section we focus
on delays. From the mathematical point of view, the delay can be treated as
a parameter of the model. The only difficulty appear when delay tends to 0.
In such a case we should be very careful. On the other hand, for every fixed
delay 7 > 0, substituting s = f we get
d

228 = rra(s — 1)
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from Eq.(31). It is the equation with parameter 7 and the delay equal to 1.
The same substitution we can use for every model with delay.

This shows that we can study stability and bifurcations with respect to
the magnitude of delay.

As we know, we start stability analysis from finding constant solutions.
It is obvious that constant solutions for the system with positive delay are
the same as for the system without delay, i.e. 7 = 0. Clearly, if the solution
is constant, then it does not depend on ¢ and also on t — 7. Hence, the only
constant solution to Eq.(31) is z = 0.

The behaviour of solutions and stability or instability of the trivial so-
lution depends on the sign of r and on the magnitude of 7, for negative r.
Studying stability we are looking for exponential solutions to our equations
and generate the characteristic quasi-polynomial, i.e. if z(t) = ce™, ¢, XA # 0
is a solution to Eq.(31), then

exe = reert=7)

and therefore,

W) =X—re™ =0.

The equation above is called the characteristic or transcendental equation.
Comparing to the case without delay, this methods leads to finding the char-
acteristic polynomial. In the case with non-zero delay, zeros of W (\) are also
called characteristic values. The difference is that there are infinitely many
characteristic values in the case with 7 > 0. We cannot calculate all of them.
We need some other methods to check when real parts of characteristic values
are negative (that implies stability).

One of the useful methods of local stability analysis is so-called Mikhailov
criterion. It is the general criterion for the system of delay differential equa-
tions. We present it for the case with one delay, but it can be used for
arbitrary number of different delays and delay in integral form. Assume that
the characteristic quasi-polynomial of the system has the form

W(A) = P(\) +Q(Ne™,

where P and () are polynomials with deg ) < deg P and the characteristic
equation W (A) = 0 has no root on the imaginary axis. We study the total
change of argument of the vector W (iw) as w increases from 0 to +oco. If this
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change is equal to 5 deg P, where deg P is the degree of P, then we obtain
stability. Other values imply instability.

The end of the vector W (iw) describes the curve in the complex plain.
We call this curve the Mikhailov hodograph. Stability is connected with the
shape of this curve. We cannot use the Mikhailov criterion, if the hodograph
crosses the point (0,0). If the hodograph encircle the origin (0,0) with posi-
tive direction of the proper angle, then we have stability. As an axample of
the usage of this criterion we study stability for the three-dimensional system
of ODEs (originally, the criterion was formulated by Mikhailov for ODEs).
Hence, the characteristic polynomial has the following form

W) =X +a\? +b\+c
and substituting A = iw we get
fi(w) = R(W(iw)) = —aw? + c and fo(w) = S(W (iw)) = —w® + bw.

To study the shape of Mikhailov hodograph we need to know the behaviuor
of f; and f5. It depends on parameters a, b and c¢. The argument for w = 0
is simply 0. Hence, to obtain stability we need that the hodograph goes into
the positive direction in complex plain and makes the angle %71'. If a <0, then
f1 is increasing. Independently on the initial behaviour of f5, the hodograph
stays in the fourth quarter of R? for large values of w (precisely, for b < 0
the function f5 is decreasing, and then the hodograph stays in this quarter

for all w > 0, if b > 0, then f5 achievs its maximal value at w = \/g and

next increases). Therefore, the total change of the argument is from 0 to
—%i. Hence, it is equal to —5 # 37” This implies instability. Similarly, if
a = 0, then f; = ¢ for all w > 0 and the hodograph stays on the straight line
R = c. It also stays in the fourth quarter for sufficiently large w that proves
instability. For a > 0 the function f; is decreasing. If b < 0, then f; is also
decreasing, the the hodograph switches from the fourth to the third quarter

of R? for large w. This implies that the change of argument is equal to -3

and we obtain instability. If b > 0, then f; is increasing for w < \/é and
in this case we can obtain that the hodograph encircle the origin in positive
direction. It is possible when fo(w) = 0 for such a value of w, for which
fi(w) < 0. This means that —ab + ¢ < 0. Hence, the inequality ¢ < ab
implies stability. For ¢ > ab the hodograph do not encircle the origin in
positive direction and this implies instability.
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Now, we use the criterion to study eq.(31).
1) Case r > 0. The characteristic equation is

\=re M.

Comparing the functions f;(A) = A and f;(\) = re=*7 we see that there exists
A > 0such that f1(A) = fo(\), which implies that ) is the characteristic value
with positive real part (here, A is real and therefore, R(\) = A > 0). Hence,
the trivial solution is unstable.

In this case we can tell something more. Assume that the initial function
is positive, xo(t) > 0 for t € [—7,0]. Then for ¢t € [0,7] we obtain & =
ra(t—7) > 0 which implies that x(t) is increasing and hence, positive. Using
the step method we show that the solution is increasing and positive for every
t > 0. This implies that the solution is increasing to oco. If not, then it is
increasing and bounded. Hence, it has a finite limit. As for ODEs, the only
possible limit is a constant solution. In our case, () cannot tend to 0 which
means that it is unbounded. The same result we obtain under the weaker
assumption that xy is non-negative and positive on some interval contained
n [—7,0]. On the other hand, if z( is negative, then & < 0 and the solution
x(t) decreases to —oc.

2) Case r < 0. Let r = —a, with a > 0. The characteristic equation is

W(A) =X +ae™ =0.

We study characteristic values using the Mikhailov criterion. For A\ = 1w, we
have
W(iw) =R +iS, R =acos(wr), § =w — asin(wr).

If 7 =0, then R = a > 0 and & = 0 and hence, arg W (0) = 0. It is the case
when we have stability for the model without delay (while for the previous
Case, the trivial solution is unstable for 7 = 0).

If arg W (iw) increases to 7, then the Mikhailov criterion implies stability.
It is obvious that R oscillate round 0 as a cosine function. If & is increasing,
then the total increase of arg W (iw) is equal to 7. The same total change we
have until & > 0 for every w > 0 such that ® = 0. Identity R = 0 implies
wT = 7 + km. Therefore, for fixed 7 we obtain sequences wj, = % (% + kw)

and &% = wy £ a. The sequence wy, is increasing. Therefore, S > 0 for every
k € N only if &g > 0, i.e. wy > a. The last inequality is equivalent to

<7r
at < —-.
2
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At at = 7 there appear a pair of purely imaginary conjugate characteristic
values. It can be show that these characteristic values crosses the imaginary
axis from the left to the right-hand side and therefore, the trivial solution
looses stability. It is due to the positivity of derivative of the real part of
these characteristic values. If 7 increases, then the next pair appear. The

derivative is also positive and hence, the solution cannot stay stable.

x =3 cos(1/10t), y =t-3 sin(1/10 1)
100 ‘

90 b

80 b

70 q

60 1

x=3c0s(21), y = t-3sin(21)
T T

> 50f 1
40 1

30 b

0
10 T J

-10 0 10 5 . . . . . . . .
Zio 8 iy -4 2 [) 2 4 6 8 10
X X

Examples of Mikhailov hodographs for stable and unstable cases.

In Case r > 0 we were able to show positivity of solutions with positive
initial function. In this case it is not so obvious. Moreover, for every a > 0
we can find an initial function such that z(7) < 0 for large values of delay.
Assume that z(t) = C' > 0 for t € [—7,0]. Then @(t) = —aC for t € [0, 7].
Hence, z(t) = C — aC7 and if 7 > 1, then z(r) < 0. Therefore, if r is
negative, then positivity of solutions is not conserved.

It should be noticed, that we have the same result concerning stability
for every model with one discrete delay. If for 7 = 0 we have stability, then
the solution is also stable for small delays. If the solution looses stability
for some value of the delay parameter, then it is unstable for every greater
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delays. If for 7 = 0 we have instability, then the solution is unstable for
small delays. It is due to continuous dependence of solutions on parameters
(on the delay in our case). The dynamics of characteristic values is always
such that they cross imaginary axis from the left to the right. Therefore,
instability preserves for every positive values of delay.

In the case of one DDE with two or more delays or the system of at least
two DDEs so-called stability switches can occur. In such a case, if purely
imaginary characteristic values appear, then the dynamics in the complex
plane is not necessary in the right-hand side direction. Therefore, the studied
solution can loose stability at some 7} but get it back at 72 > 7} and so on.

Another problem is the Hopf bifurcation arising when the solution looses
stability. We study this bifurcation with the delay as a parameter of bifur-

cation. It occurs that we only need to check the derivative %£(7.), where x
denotes a real part of the characteristic value and 7, = 7 is the threshold

value of delay. Let A(7) = x(7) + iy(7) denotes a characteristic value. Then,

{az = —ae *T cosyT (32)

y = ae Tsinyr.
Using the theorem of implicit function one calculates

dx a?

E(TC) B

which is positive. Then, the Hopf bifurcation occurs for 7, and the nontrivial
stationary solution looses stability at this point.

Similarly, we can study the more general linear equation of the form
(t) = ax(t) + bx(t — 1), (33)

for different non-zero values of a and b. Eqgs.(28) and (30) are the examples
of Eq.(33) with a and b of different signs.

To show existence and uniqueness of solutions to Eq.(33) we use the step
method. Let x : [—7,0] — R be a continuous function. For ¢ € [0, 7] we get

x(t) = ax(t) + bxo(t — 7)

which is the linear non-homogenous equation. This type of equation can
be solved using the variation of constant method. In this method we solve
homogenous equation

T =ax
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and obtain the general solution of the form z(t) = Ce™. Next, we are looking
for a special solution to non-homogenous equation of the same form with
C = C(t), i.e. we assume that C' is a function of ¢. Hence,

Ce 4 Cae® = aCe™ + bxo(t — 1)

which implies C(t) = b [ e~ zo(t—7). The general solution to non-homogenous
equation is the sum of general solution to homogenous one and this special
solution found above. Using an initial value we obtain

¢
z(t) = 20(0)e™ + be™ / e “xo(s — 7)ds,
0

for t € [0,7]. This formula guaranties existence and uniqueness of solution
on [0, 7]. The step method implies that the solution exists and it is unique
for every t > 0.

Now we focus on stability of unique constant solution z = 0. As we know,
the most important for stability in the case of positive delay is stability for
non-zero delay. Hence, if a + b > 0, then the trivial solution is unstable for
7 = 0 and it stays unstable for 7 > 0. Therefore, we study Eq.(33) only for
a+ b < 0. We have three cases.

1) For a,b < 0 we rewrite Eq.(33) in the form #(t) = —ax(t) — fx(t — 1)
with positive a and 3. The characteristic equation is A + o + 3e~*" = 0 and

W (iw) = iw + o + B cos(wt) — ifsin(wT).

The imaginary part is the same as for Eq.(31) and the real part is translated
on «. Hence, if we compare Mikhailov hodographs, we obtain the same
curve translated on « in the real direction in complex plane. This implies
that if & > 3, then the hodograph for Eq.(33) stays in the right-hand side
of the complex plane and does not encircle the origin that implies stability
independently on the magnitude of delay. If o < (3, then there exists 7
for which Eq.(33) looses stability. For this delay we have ® = & = 0 and
therefore,

cos(wT) = Y andw = Bsin(wT).

p
Finally,

arccos ( — % )

NCET
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This implies that the trivial solution looses stability later than in the case
r < 0 for Eq.(31).

2) For a > 0 and b < 0 we rewrite Eq.(33) in the following form & =
ax(t) — Px(t — 1), with 5 > 0. In this case we have

W (iw) = iw — a + B cos(wt) — i sin(wr)

a arccos( % )

and the change of stability occurs when cos(wr) = %. Hence, 7 = e

B
that is earlier than for Eq.(31).

3) For a < 0 and b > 0, we have the real part of characteristic value
equal to —a — bcos(wT) and due to the assumption a + b < 0 the Mikhailov
hodograph stays in the right-hand side of the complex plane. Therefore, the
trivial solution is stable independently on the delay.

Finally, we focus on global stability. Generally, finding Lapunov fuctionals
for DDEs is difficult (”functional” means a real-valued function with the
domain contained in some space of functions). To obtain global stability of
the solution using Lapunov functionals we need something more than in the
case without delay. One of the theorems about Lapunov functionals implies
that if V' is a Lapunov functional for DDE on some set G and M is the
maximal invariant set for which the derivative of V' along the solution is
equal to 0, then every bounded solution with initial function zy € G tends
to M as t — 4o00.

Consider DDE of the form #(t) = —ax(t) + bz (t — 7) with a > |b| and
Lapunov functional

Via(t) = % (:EQ(t) + o) /:T xQ(s)ds) . (34)

It is easily seen that V(x) is non-negative and V' (z) = 0 only if z(¢t) = 0.
We can show that every solution to our equation is bounded. Clearly, if
|zo| < K, then

t
lz(t)] < Ke ™ + \b|e“t/ Ke*ds,
0
for t € [0,7]. Thus, |z(t)] < Ke ™ + K|b|e*“teaiT_1 < K. Using the step
method we show that |z(t)| < K for every t > 0. Next, we calculate the

derivative along a solution. The second term of the right-hand side of V' is
a function of upper (and lower) limits of the integral. Let f(t) = fot g(s)ds

74



be a function of upper limit for continuous function g. Then f is integrable
and f(t) = g(t). Hence, calculating the derivative of V" along the solution to
our equation we obtain

V((0) = 2(0i(1) + O (22(0) 27t~ 7)) =

= —az(t) + ba(H)z(t — 1) + % (2*(t) = 2*(t — 7)) -

Next, using the identity (z(t) £z (t —71))? = 22(t) £ 2z (t)x(t — 7) + 22(t — 7)
we get
: 0]
V(a(t)) = 12
The maximal invariant set such that V(z(t)) = 0 is the trivial solution that
implies global stability of the trivial solution.

(x(t) £ 2(t = 7))° = (a — [B])2*(t) < 0.

5.1 Non-linear models with delay — delay logistic equa-
tion.

In this section we study more general case — non-linear equation with one
discrete delay of the form

x(t) = F(z(t),z(t — 1)) (35)

with continuous initial function z¢ : [—7,0] — R. As we know from the previ-
ous Section, we should study this equation in the Banach space of continuous
function defined on [—7, 0] but it is possible to analyse main properties using
simpler real space and standard analytical methods. We do not treat the
function F' as defined on this Banach space but simply on R? where z(¢) and
z(t — 7) are two variables, i.e. (z(t),z(t — 7)) € R% Hence, F is continuous
if it is continuous as the function of these two variables. Differentiability of
I should be studied in the sense of Frechet in Banach space but it can be
reduced to differentiability in R? and so on.

Theorems about existence and uniqueness of solutions are exactly the
same as in the case of ODE. If F'is a Lipschitz function (with respect to two-
dimensional variable (x(t), z(t — 7)) € R?), then for every continuous initial
function xy there exists unique solution to Eq.(35). Similarly, continuous
derivative guarantees that Lipschitz conditions is locally satisfied. Hence, if
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F has continuous partial derivatives with respect to x(t) and x(¢t — 7), then
there exists unique solution to Egs.(35).

We can also use theorems of linearization, Hopf bifurcation and Lapunov
functionals, as in ODE case.

5.1.1 Logistic equation.

As an example of non-linear delay equation we study the delay logistic equa-
tion. The classical form of this equation reads as

N(t) = rN(1) (1 _ W) , (36)

with the same notation as for Eq.(4). Eq.(36) has the following biological
interpretation. In the equation without delay we assume that the influence of
competition on the dynamics of the described species is immediate. It is not
necessary true. Consider a herbivorous species and its net reproduction per
one individual. If in the previous season large number of individuals have
eaten much food, then it may lead to reduction of this herbivore present
season and individuals cannot spend much energy for reproduction. There-
fore, the net reproduction per one individual does not depend on the present
density (N(t)) but on the density in the previous season (N(t — 7)).

The following form of the delay logistic equation was proposed to describe
EAT (a kind of tumour in mice )

N(t) = rN(t = 7) (1 _ W) , (37)

where N (t) denotes the concentration of tumour cells in a target organism, r
is the net reproduction rate of tumour (which means the difference between
proliferation and apoptosis) and K is the carrying capacity. Delay 7 reflects
the length of cell cycle.

For both models, Eqgs.(36) and (37), we define an initial non-negative
continuous function Ny : [—7,0] — R*. Using the step method we show
that the solution to Eqs.(36) and (37) is defined for every ¢t > 0. Namely, for
Eq.(36) we obtain the recurrent formula

9

N(t) = N(nt)e" ST r(1-20)ds
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while for Eq.(37),

N(t) = N(nt) +r /(:;T N(s) <1 _ %) ds,

for t € [n7, (n + 1)7] and n € N. The form of recurrent formula for Eq.(36)
implies that the solution with non-negative initial function is non-negative.
Moreover, if N(0) > 0, then the solution is positive. It is not true for Eq.(37).
It occurs that the solution for non-negative Ny may be negative. It can be
shown that if Ny(t) € [0, K] for ¢t € [—7, 0], then

1. if 77 > py, where p; is the greatest root of the polynomial W;(z) =

—ﬁx?’ — %xQ + ix + 1, then there exists an initial function Ny such that

the corresponding solution to Eq.(37) has negative values;

2. if r7 < po, where p, is the greatest root of the polynomial Wy(x) =
—%x‘?’ — i:pQ + 1, then the corresponding solution to Eq.(37) is nonneg-

ative.

This property of non-negativity or possible negativity of appropriate solu-
tions is the main difference between Eq.(36) and Eq.(37). It is easy to see
that if the solution to Eq.(37) is negative on some interval of the length equal
to 7, then it tends to —oo as t — +4o00. If this solution is non-negative, then
it has similar properties as in the case of Eq.(36).

It is also possible to show that solutions to both equations are bounded
above.

Now, we focus on critical points and their stability. Eqs.(36) and (37)
have two stationary solutions — the trivial one and the nontrivial carrying
capacity K.

We study stability using the standard linearization theorem. For the
trivial solution, we assume that the solution N(¢) has a very small norm
|N(t)| < € and therefore, we neglect terms of the higher order. Hence, for
Eq.(36) the linearized equation is simply & = rz(t), i.e. it is an equation
without delay. The characteristic value is equal to r > 0. As we remember
from the theory of ODE, the non-linear part should be small to use the
linearization method. Here, the non-linear part is equal to f(z(t),z(t—7)) =
—zx(t)x(t — 7). If we treat the function f as a function of two variables
x1 = z(t) and x5 = x(t — 7), then we need to show that

f(xlva)
Vi + a3
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We have

f($1,$2) _ r T1T2
V2 + 23 K\ \/x? + 22

and due to inequality £z1zs < (2% + 23), we obtain
f(xla 1‘2)

r x4 a2 T
T S—%:—\/:E%er%
Vi +as| T 2K /2t + 23 2K

that tend to 0 as (x1,22) — (0,0). Hence, the linearization theorem implies
instability of the trivial solution.
For Eq.(37) the linearized equation is of the form

T =rz(t—T). (38)

To use the linearization theorem for non-trivial solution we substitute
z(t) = N(t) — K and obtain the same linearized equation for both models,
ie.,

T =—rx(t—rT). (39)

The characteristic quasi-polynomial for both Egs.(38) and (39) has the same
form

W(A) =X+ be™ =0, (40)

where b = —r for the trivial solution to Eq.(37) and b = r for the non-trivial
solution to both models. We apply the analysis for linear equations from the
previous Subsection. Hence, the trivial solution is unstable independently on
the delay. The non-trivial solution looses stability for r7 = 7. We also know

that the Hopf bifurcation occurs at 7= 7-.

5.1.2 Lapunov functionals for non-linear equations.

At the beginning of this Section we’ve mentioned that finding Lapunov func-
tionals for DDEs is not easy. Now, we give an example where Lapunov
functional is a combination of Eq.(19) for ODE and Eq.(34). Consider the
following form of non-linear DDE

z(t) = z(t) (a — bx(t) — cx(t — 1)), (41)

with a,b, ¢ > 0 and b > ¢ and non-negative initial function such that zq(0) >
0. The form of Eq.(41) implies that the solution is positive for such initial
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function (as in the case of classic logistic equation, Eq.(36)). Therefore,
we can estimate Z(t) < x(t)(a — bx(t)) that implies boundness of solutions
for positive initial functions. It is obvious that Eq.(41) has one non-trivial

critical point z* = 3% and therefore, the equation can be rewritten as

#(t) = —a(t) (b(z(t) — %) + c(a(t = 7) = 27)).

Let define the following Lapunov functional

T* 2

V() = o(t) — 2" — 2t 2 4 € /t (z(s) — z*)2ds

for positive z(t). Hence, V(x) is properly defined and V(z(¢)) > 0 and
V(z(t) =0 < z(t) = 2"
Calculating the derivative along the solution we obtain

i)+ 5 ((@(t) = a") = (a(t = 7) —a")*) =

o(t) = o : :
+5 ((2lt) — ) = (alt = ) —27)?) =
= =2 (@) =) = (alt = 7) —2"))* = (b= ) (w(t) —2")* < 0.

The invariant set for which the derivative above is equal to 0 is the constant

solution z*. This implies global (in R™) stability of the non-trivial solution

T*.

25 T T T T T T T T T 25
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Similarities and differences between solutions to Egs.(36) and (37).
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6 Appendix. Matlab files for creating figures
presented above.

1. Discrete birth process.
function [n] = birth(n)
x=|1:m]
for
i=1:mn, y(i) = any(i);
end
plot(x,y,’o0 k)
axis([0 11 -10 600]);
function f=any(n)
r=2;
a=1,;
if nj1
f=r*any(n-1);
else
f=a;
end

2. Continuous birth process.
function birthcon

t=sym(’t’);

a=0.2;

c=2;

tk=10;

y=c*exp(a*t)

ezplot(t,y,[0,tk])

axis([0 10 1.9 15]);

3. Solutions to continuous logistic equation.
function logisticcon

t=sym(’t’);

K=1;

a=2; b=0.1; ¢=0.7; r=3; tk=3.5;

y1=a*K /(a+ (K-a) fexp(*1));

ezplot(t,y1,[0,tk]); drawnow; hold on;
y2=bIK/(b-+ (K-b) Fexp(-1+1));
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ezplot(t,y2,[0,tk]); drawnow;
y3=c*K/(c+(K-c)*exp(-r*t));
ezplot(t,y3,[0,tk]); drawnow; hold off;
axis([0 3.5 0 2.2]);

4. Phase portrait for logistic continuous equation.
function logisticfaz

t=sym(’t’);

K=1; r=2.8; tk=1.3;

yl=r*t*(K-t) /K;

ezplot(t,y1,[-0.3,tk]);

axis([-0.3 1.3 -1.1 0.8]);

5. Phase portraits for discrete logistic equation.
function logisticfazl

t=sym(’t’);

K=1; r=2.8; tk=1.1;

yl=r*t*(K-t) /K;

ezplot(t,y1,[0,tk]); drawnow; hold on;

y2=t;

ezplot(t,y2,[0,tk]); hold off;

axis([0 1 0 0.8]);

6. Solutions to discrete logistic equation.
function [n] = logisticdis1(n)

x=[1m];
r=4;a=03;y(1) = a;
for i=2:n,

(i) = r*y (1) (1y(i1)):
end

plot(x,y,’o 1’);

7. Phase portrait for discrete logistic equation in the case of
periodic solution with period 2.

function logisticfaz2

t=sym(’t’);

r=3.5; tk=1.1;

yl=r*r*t*(1-t)* (1-r* t4r*t*t);

ezplot(t,y1,[0,tk]); drawnow; hold on;

y2=t;
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ezplot(t,y2,[0,tk]); hold off;
axis([0.5 1 0.3 1]);

8. Fingenbaum tree.
function tree
END=500

hold on

for i=1:END,
r=1+i*3/END); a = 0.5;
for j=1:100,

a = r*a*(l-a);

end

for j=1:100,

a = r*a*(l-a);
plot(r,a);

end;

end;

hold off

9. Phase portrait for linear systems of two ODEs.
function linearl

tspan=|0,5];

options=odeset('OutputFcn’,@odephas2);

sol=0de23(@f tspan,[0.5,1],options);

axis([-1 1 -1 1]);

hold on;

sol=0de23(@f tspan,[2 1],options);
hold on;

sol=0de23(@f tspan,[-0.5 -1],options);
hold on;

sol=0de23(@f tspan,[0 1],options);
hold on;

sol=0de23(@f tspan,[-2 0],options);
hold on;

sol=0de23(@f tspan,[0 -1],options);
hold on;

sol=0de23(@f tspan,[2 0],options);
hold on;

sol=0de23(@f tspan,[-0.5 1],options);
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hold on;

sol=0de23(@f tspan,[0.5 -1],options);
hold on;

sol=0de23(@f tspan,[-2,1],options);
hold on;

sol=0de23(@f tspan,[-2,-1],options);
hold on;

sol=0de23(@f tspan,[2,-1],options);
hold off;

function yp=f(t,y)

a=1; b=3; ¢=0.1; d=0.1;
yp=zeros(2,1);

yp(1)=-a*y(1);

yp(2)=-b*y(2);

10. Lotka-Volterra model.
function LV

tspan=|0,60];
options=odeset(’AbsTol’,1e-10,’RelTol’,1e-7);
sol=0de23(@f tspan,[2 0.3],0ptions);
plot(sol.x,sol.y);

axis([0 60 -0.5 4]);

hold on;

sol=0de23(@f tspan,[2 0.1],options);
plot(sol.x,sol.y);

hold off;

function yp=f(t,y)

a=2; b=0.3; r=0.1; s=1;
yp=zeros(2,1);
yp(1)=r*y(1)-a*y(1)*y(2);
yp(2)=-s%y(2)+a*b*y(1)*y(2);

11. Lorenz attractor.

function Lorenz

tspan=[0,20];
options=odeset(’OutputFcen’ Qodephas3);
sol=0de23(@f tspan,[0 8 27],options);
function yp=f(t,y)

s=10; r=28; b=8/3;
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yp=zeros(3,1);
yp(1)=s ( (2)-y(1));
yp(2)=r*y(1)-y(2)-y(1)*y(3);
yp(3)=-b* (3)+y(1)*y(2);
12. Mikhailov hodographs.
function mikhailow
t=sym(’t’);
a=3; tau=>5; tk=10;
x=a*cos(tau*t);
y=t-a*sin(tau*t);
ezplot(x,y,[0,tk])
axis([-10 10 -5 tk]);
13. Solutions to delay logistic equation.
function logl
tau=0.7;
tk=10;
tspan=[0,tk];
options=ddeset(’AbsTol’,1e-12,’RelTol’,1e-7);
sol=dde23(@f tau,@history,tspan,options);
t=linspace(0,tk,10*tk);
y=ddeval(sol,t);
plot(t,y)
function yp=f(t,y,ytau)
r=4; K=2;
yp=r*ytau*(1-ytau/K);
function y=history(t)
y=1.2;
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