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Abstract

The stochastic phenomena in the generalized randomly forced logistic
model with delay is considered. The probabilistic mechanisms of the
noise-induced transitions between coexisting attractors, and between
separate parts of the unique attractor are studied. For the analysis of
these phenomena, a new semi-analytical approach is suggested. Our
method takes into account a geometry of the mutual arrangement
of attractors, their basins of attraction, and corresponding confidence
domains. Constructive abilities of this approach are demonstrated for
the various parametric zones of the generalized logistic model with
delay.

1 Introduction

One of the challenging problems of the modern nonlinear dynamics and its applications is a clarification of the
underlying reasons of stochastic phenomena in nonlinear dynamical systems. An interplay between nonlinearity
and stochasticity may lead to unexpected after-effects, such as stochastic resonance [16], noise-induced transitions
[11, 1], noise-induced "chaos-order"transformations [8, 10|, and stochastic bifurcations [2]. These phenomena have
been found and actively investigated in various domains of science.

An important stage in the investigation of these stochastic effects is a study of their intrinsic mechanisms on the
base of adequate conceptual models. The one-dimensional discrete logistic model is one of the first examples [17]
demonstrating how due to nonlinearity a simple difference equation can generate a variety of dynamic regimes,
both regular (equlibria, cycles) and chaotic [22].

Development of methods for the analysis of many nonlinear stochastic effects was also initiated and carried
out on the basis of this model [19, 7]. Various extended versions of the logistic model play an important role in
the theoretical development of nonlinear dynamics [9, 15, 26, 23, 3, 20] . The logistic model with delay [23] should
be noted here especially. This model, along with the classic regular attractors such as equilibria and discrete
cycles, exhibits attractors in a form of close invariant curves that appear as a result of the Neimark-Sacker (NS)
bifurcation [25]. Dynamics of this two-dimensional deterministic model was studied in [24, 21, 18].

In present paper, we consider a generalized version of the logistic model with delay. Our aim is to study, on the
example of this model, the probabilistic mechanisms of noise-induced transitions between coexisting attractors.

Copyright (© by the paper’s authors. Copying permitted for private and academic purposes.

In: A.A. Makhnev, S.F. Pravdin (eds.): Proceedings of the International Youth School-conference «SoProMat-2017», Yekaterinburg,
Russia, 06-Feb-2017, published at http://ceur-ws.org

285



Nonlinear systems with stochastic phenomena can be revealed and demonstrated by direct numerical
simulations of the random solutions. However, for the detailed parametric analysis and clarification of the
underlying mechanisms, analytical tools are required. A comprehensive mathematical description of stochastic
dynamics in discrete systems with random perturbations is given by Perron-Frobenius equation [12, 14]. An
analytical solution of this functional equation, even in the one-dimensional case, is possible only for very particular
examples. In these circumstances, semi-analytical approximations are very useful. In [4, 5], the stochastic
sensitivity functions (SSF) technique has been proposed for the analysis of randomly forced equilibria, discrete
cycles and closed invariant curves. On the base of SSF technique, approximations of the probabilistic distribution
around attractors of discrete systems can be obtained in a form of confidence domains.

In present paper, we show how noise-induced phenomena can be studied parametrically by means of the
geometric analysis of the mutual arrangement of attractors, their basins of attraction, and corresponding
confidence domains. Our approach is universal, but here is carried out on the conceptual example of the
generalized logistic model with delay.

In Section 2, we give an overview of dynamical regimes and bifurcations for the deterministic generalized
logistic model with delay. Parametric zones of stable equilibria, discrete cycles and closed invariant curves are
determined. Here, two scenarios of the loss of stability of the equilibrium with a birth of the stable closed invariant
curve (NS- bifurcation), or with a birth of the discrete 4-cycle are discussed. The phenomenon of coexistence
equilibria and three Feigenbaum trees are demonstrated.

In Section 3, we study how random noise affects the attractors of the model under consideration. On the base
of SSF technique, it is shown how to construct confidence domains for the description of the spatial distribution
of random states around equilibria, 4-cycles, and closed invariant curves. A detailed parametric analysis of the
stochastic sensitivity of attractors is carried out. Noise-induced transitions between coexisting attractors, and
also between separate parts of the unique attractor are studied. Here, we focus on the analysis of the stochastic
transitions "4-cycle — equilibrium "invariant curve — 4-cycle" in zones of bistability, and "closed invariant curve
— —o0"in the zone of monostability.

2 Deterministic model
Consider a generalized logistic model with delay
Tip1 = pae(l — axy — Bre—1), (1)

where x; is a density of the population at time ¢, parameters u, «, and 3 are positive, and o + 5 = 1.
The equation (1) can be transformed to the following system

Tip1 = pay(l — (1= B)ay — Byy)
Yt+1 = Tt (2)

The system (2) possesses two equilibria My (0,0) and M; (“771, %) The non-trivial equilibrium M exists for
© > 1 and does not depend on 5.
For system (2), the Jacobi matrix can be written as

e { p=2p(1 = B)x — By —uﬁx]
1 o |

For equilibria My and M7, corresponding Jacobi matrices have the following representation:

FOZ[/; g}, Flz[u—w—ll)(z—m 6(10—/»]

The matrix Fy has eigenvalues A\; = 0, Ao = p, therefore, the equilibrium Mj is stable for 0 < p < 1. For the
equilibrium M, the characteristic equation can be written in the following form:

M —SA+J=0, (3)

where S =p— (n—1)(2-8), J = B(p—1).
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Bifurcations of two-dimensional maps are traditionally shown in the plane (S,J) by a so-called "stability
triangle". Sides of this triangle are defined by the following equations: 1 — S + J = 0 for the fold bifurcation,
14+ S+ J =0 for flip (period-doubling) bifurcation, and J = 1 for Neimark-Sacker bifurcation.

In the plane (8, i), corresponding lines are = 1, u = gg:‘f, and =1+ % Taking into account the additional
condition 0 < 8 < 1, for the equilibrium M; we have a "stability pentagon".
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Figure 1: "Stability pentagon" for the equilibrium Mj.

For the "stability pentagon" shown in Fig. 1, solid, dash-dotted, and dotted lines correspond to fold
bifurcation, flip bifurcation, and Neimark-Sacker bifurcation, respectively.

Consider details of the emergence of the Neimark-Sacker bifurcation. For the equilibrium M, the characteristic
equation (3) has a pair of complex eigenvalues \; o = 7(8, u)e*?(#1) | where

VAB(p—1) — (p— (n—1)(2 - B))?
p=(p—=1)(2-p) '

n(B,p) =/ B(rn—1), 0(8, 1) = arctan

At the points of the Neimark-Sacker bifurcation, it holds that

48 —1 m

0 = arctan W, B

™
<0<g. nBp) =1L

Conditions of the occurrence of the Neimark-Sacker bifurcation are following [13]:
np(Bm) #0,  m, (B, 1) #0 (4)

e 41, k=1,23,4. (5)

The condition (4) is always satisfied. The inequality (5) implies the restrictions 5 # 0.25, 8 # %, B # 0.5
marked in Fig. 1 by points A, B, and C, respectively. In present paper, we focus on the study of system (1) near
B=05,pu€(0,33)and 8= 4%, €(0,4.2).

As typical values of the parameter 3, we have chosen § = 0.49, 8 = 0.5, and f = 0.51 u 8 = 0.32. In
Fig. 2, for these parameter values, attractors of system (2) are plotted versus p. In Fig. 2a for § = 0.51, one
can see equilibria, closed invariant curves, discrete cycles, and chaotic attractors. As the parameter p increases,
the equilibrium M; loses its stability, and closed invariant curve appears as a result of the Neimark-Sacker
bifurcation. With further increasing u, the closed invariant curve expands, becomes non-smooth, and collapses
before being transformed to the discrete cycle. For § = 0.51, a variety of attractors and bifurcations is the same
as for the case =1 considered in detail in [6].

For g = 0.5, a loss of the stability of the equilibrium M; implies an appearance of the discrete 4-cycle. As
one can see in Fig. 2b, for § = 0.5, the system has only two types of attractors, namely the equilibrium and
4-cycle. Note that for 8 = 0.5 and 8 = 0.51 the system is monostable. In Fig. 2c, it can be seen that for § = 0.49
the system has three types of attractors, namely the equilibrium, 4-cycle, and closed invariant curve. Moreover,
there exists an interval of the bistability 3.03917 < p < 3.065 where the closed invariant curve coexists with
4-cycle which appears at ;. = 3.03917. These attractors have corresponding basins of attraction in the plane xOy.
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Figure 2: Attractors of system (2) for 5 = 0.51 (a), 8 =0.5 (b), 5 =0.49 (c) and § = 0.32 (d).

In Fig. 2d, for § = 0.32, one can see equilibria, closed invariant curves, discrete cycles, and chaotic attractors.

Moreover, there exists an interval of the bistability 3.6889 < u < 3.966 where the equilibrium coexists with three

Feigenbaum trees. For 8 = 0.32, a saddle-node bifurcation of the birth of the 3-cycle occurs at u = 3.6889.
Consider in detail the stability of attractors of system (2) for 8 = 0.49 and 5 = 0.32.
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Figure 3: Lyapunov exponents are plotted for 8 =0.49 a), 8 = 0.32 b).

In Fig. 3a, Lyapunov exponents for 5 = 0.49 versus parameter p are shown. For the closed invariant curve,
plotted are largest (dotted line) and minor (dashed line) Lyapunov exponents, and only largest one (solid line)
for the discrete cycle. In bifurcation points and in the zone of closed invariant curves, the largest Lyapunov
exponents are zero. It can be noted that in the zone of bistability, 4-cycle is more stable than the closed invariant
curve.

In Fig. 3b, Lyapunov exponents for g = 0.32 versus parameter p for the equilibrium and three Feigenbaum
trees are shown (solid line). In bifurcations of the period-doubling the largest Lyapunov exponents are zero. As
the parameter p increases discrete cycles increase their stability with respect to equilibrium. Positive values of
the Lyapunov exponent indicate chaotic regimes.

3 Stochastic model

Consider now a stochastically forced system (2):

w1 = pe(1 — (1= B)zy — Byr) + €&
yt+1 = T¢. (6)
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Here, &, are uncorrelated standard Gaussian random values with parameters E¢; = 0, E&2 = 1, the value ¢ is
a noise intensity.

In presence of noise, the deterministic attractor is blurred. Near bifurcation points, a dispersion of random
states increases. To study these noise-induced phenomena, we consider in detail how noise impacts on the
attractors. For the constructive description of the dispersion of random states near attractors, we will use the
stochastic sensitivity functions technique and method of confidence bands.

3.1 Analysis of stochastically forced equilibria

Consider an influence of noise on the equilibria My and M; in zones where they are stable. Stochastic sensitivity
matrices Wy and Wy of equilibria My and M, correspondingly, can be found analytically [4]:

__ 1 1 u]

Wop=——

° (1N2)|:M Ly’ (7)

W, = 1 1+ B8—PBp 24 B+p—ub
=)= Bu—1?+282(n—1)?=3) | 2+ B+u—pB  —1+8-pu |

Eigenvectors of these matrices specify main directions of deviations, and eigenvalues define a size of deviations
in these directions. Note that matrices (7) have the same eigenvectors which do not depend on the parameters
Band pu:up = (—1,1) 7, ug = (1,1) 7.

Eigenvalues 19,1, 70,2 of the matrix Wy, and eigenvalues 71,1, 11,2 of the matrix W, are written as

1 1

Mo,1 = 1 Mo,2 = T+

1 1
M A ) Ga—p-1) M T3 -1 22— 1) -
These eigenvalues play a role of the scalar characteristics of the stochastic sensitivity of the equilibria My and
M. Note that approaching bifurcation values y = 1 for My, and p = 3.0408 for M;, where these equilibria
become unstable, the stochastic sensitivity tends to infinity.
In Fig. 4a, eigenvalues 11,1, 71,2 (1,1 > 71,2) of the matrix W, are plotted versus parameter p for 8 = 0.49.
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Figure 4: Stochastic system (6) with 5 = 0.49: a) eigenvalues of the stochastic sensitivity matrix of the equilibrium
Mi; b) random states (dots) and confidence ellipse for £ = 0.003, & = 1.5; ¢) random states and confidence ellipse
for e = 0.003, p = 2.5.

In Fig. 4b,c, plotted are random states of system (6) for the noise intensity e = 0.003 and two values of the
parameter = 1.5 and p = 2.5. These random states were found by the direct numerical simulation of solutions
of the stochastic system (6). It can be noted that with increasing p the dispersion of random states grows. This
is consistent with the changes in the stochastic sensitivity in Fig. 4a. In Figs. 4b,c, along with random states,
confidence ellipses found by the stochastic sensitivity function technique are plotted. As can be seen, these ellipses
adequately reflect a configuration of random states found numerically.

3.2 Noise-induced transitions

Applying techniques of stochastic sensitivity functions give opportunities to describe noise-induced transitions
between attractors. At first consider noise-induced transitions in stochastic system (6) with 5 = 0.49 in zones of
the bistability.
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In Fig. 5ab, numbered elements {(Z1,%1), .. ., (T4, %4)} of the deterministic 4-cycle of system (2) with p = 3.04
are plotted by asterisks, and random states of system (6) for noise intensity ¢ = 0.0005 (a), and ¢ = 0.001 (b)
are plotted by dots.

As can be seen, random states are dispersed near states of 4-cycle in different ways. Using an algorithm one
can construct stochastic sensitivity matrices and confidence ellipses around four states of the cycle. In Fig. 5ab,
confidence ellipses are plotted along with random states. As can be seen these ellipses well reflect a dispersion of
random states.

For p1 = 3.04, the deterministic system possesses two coexisting attractors, namely an equilibrium and 4-cycle.
In Fig. 5ab, shown are basins of attraction of the equilibrium (dark grey) and 4-cycle (light grey).

For weak noise, random states are slightly dispersed near points of the deterministic cycle, and noise-induced
transitions do not occur. This also can be seen from the mutual arrangement of confidence ellipses (white curves)
and borders of the basins of attraction: small ellipses entirely belong to the basin of attraction of 4-cycle (see
Fig. 5a). With increasing noise, these ellipses expand, and cross the border of the basin of attraction. This fact
signals about the onset of noise-induced transitions from the basin of attraction of the 4-cycle to the basin of
attraction of the equilibrium (see Fig. 5b).

Consider how eigenvalues of the stochastic sensitivity matrices depend on the parameter p for 5 = 0.49. In
Fig. 5c¢, plotted are largest eigenvalues of the stochastic sensitivity matrices of different states of 4-cycle. As one
can see, the stochastic sensitivity decreases with growth of u.

Y Y

08

Figure 5: Noise-induced transitions in system (6) with 8 = 0.49, p = 3.04: random states, basins of attraction
and confidence ellipses for ¢ = 0.0005 (a), and € = 0.001 (b); ¢) Stochastically forced 4-cycle of system with
B = 0.49: largest eigenvalues of stochastic sensitivity matrices for numbered elements of 4-cycle: solid line (1),
dashed line (2), dotted line (3), dash-dotted line (4).

Consider now the system (6) for 1 = 3.06 with coexisting 4-cycle and a closed invariant curve. The stochastic
sensitivity functions technique for the analysis of closed invariant curves elaborated in [5].
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Figure 6: Noise-induced transitions in system (6) with 8 = 0.49, p = 3.06: random states, basins of attraction
and confidence ellipses for € = 0.0008 (a), € = 0.0012 (b); stochastic sensitivity factors of closed invariant curves

().
In Fig. 6ab, the deterministic closed invariant curve of system (2) with p = 3.06 are plotted by white curve,
random states of the stochastic system (6) with S = 0.49 and noise intensities £ = 0.0008 and ¢ = 0.0012 are

plotted by dots. It can be noted that the dispersion of random states along the curve is non-uniform. There are
four parts of the random states bundle where a dispersion is much more than on others parts. This non-uniformity
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agrees well with the peaks of the function m(¢). On the base of the stochastic sensitivity function m(¢p), one can
construct confidence bands around the closed invariant curves. In Fig. 6ab, confidence bands are plotted along
with random states. As can be seen these bands well reflect a dispersion of random states. In Fig. 6ab, we plot
basins of attraction of the closed invariant curve (dark grey) and 4-cycle (light grey). When noise is weak, the
confidence band is completely contained in the basin of attraction of the closed invariant curve, and transitions
are not induced (see Fig. 6a). With increasing noise, deviations of random states from the closed invariant curve
increase too, the confidence band expands and starts to occupy points of the basin of attraction of 4-cycle. As a
result, noise-induced transitions to 4-cycle occur (see Fig. 6b).

In Fig. 6¢, extremum values M4, = maxm(p), My, = minm(p) of the stochastic sensitivity function are
plotted versus parameter p for 5 = 0.49. As one can see, a difference M,,,q; — M that characterizes an overfall
of the dispersion along the closed invariant curve, grows with increasing p.
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Figure 7: Noise-induced transitions in system (6) with 8 = 0.32, p = 4.129: random states, basins of attraction
and confidence bands for £ = 0.0001 (a), € = 0.0002 (b); corresponding time series for e = 0.0001 (black), and
e = 0.0002 (grey).

Consider noise-induced transitions in stochastic system (6) with § = 0.32 in zones of the monostability
(existing a closed invariant curve).

In Fig. 7ab, we plot basins of attraction of the closed invariant curve (dark grey) and infinity (light grey),
random states of the stochastic system with § = 0.32 and noise intensities ¢ = 0.0001 and € = 0.0002 and also
confidence bands. When the starting point belongs to the basin of attraction of infinity, the solutions of the system
(6) converge to —oco. When noise is weak, the confidence band is completely contained in the basin of attraction
of the closed invariant curve, and transitions are not induced (see Fig. 7a). With increasing noise, deviations of
random states from the closed invariant curve increase too, the confidence band expands and starts to occupy
points of the basin of attraction of infinity. As a result, noise-induced transitions to infinity (see Fig. 7b). For
the illustration of this transition, typical time series are shown in Fig. 7c.

In conclusion, we can summarize that the proposed semi-analytical approach based on the analysis of the
mutual arrangement of attractors, their basins of attraction, and confidence domains, is in a good agreement
with the results of the direct numerical simulation. In present paper, this approach was illustrated by analyzing
noise-induced transitions between equilibrium, 4-cycle, and closed invariant curve, in the logistic-type model.
However, our approach is versatile, and can be effectively used in the analysis of stochastic phenomena in more
general systems.
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