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Nonlinear Environmental Change”
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Abstract. In this paper, we take the Rosenzweig-MacArthur (RM) model with generalist predator as an
example in a constant or changing environment. When the environment is fixed, we provide a more
easily verifiable classification, in terms of the coefficients of the system with nilpotent linear part and
general higher terms, to determine the types and codimension of nilpotent singularities in a general
planar system. Second, by using the existing classification and some algebraic methods, we show
that the highest codimension of a nilpotent focus is 4 and the sample RM model with generalist
predator can exhibit nilpotent focus bifurcation of codimension 4. Our results indicate that generalist
predation can cause not only richer bifurcations and dynamics (such as multitype tristability and
quadristability, a figure-eight loop) but also the possible extirpation of prey. When the environment
is changing, we study the impact of the rate p and intensity 5 of a nonlinear environmental change
on dynamics. The key observations on the asymptotic and transient dynamics include (i) transient
tracking on unstable steady states or oscillations, and transient-related regime shifts; (ii) slow and
fast regime shifts; (iii) regulation of transient dynamics by the environmental change parameters |u|
and (; (iv) slow negative or fast positive environmental change can delay or even avoid population
extirpation.
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regime shifts, quadristability

MSC codes. 34C23, 34D05, 92Bxx

DOI. 10.1137/22M1488466

1. Introduction. Using the long-term dynamics from bifurcation analysis in a constant
environment to understand the response and transient dynamics of populations to environ-
mental fluctuations is a cutting-edge area of ecology. Ecosystems are undergoing environmen-
tal changes, such as extreme climate events, land-use change, disease outbreaks, and other
environmental perturbations. Understanding and predicting the response of populations to
environmental fluctuations is a major challenge in ecology. Mathematical models can provide
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useful insights into this topic. From the pioneering work of Lotka [23] and Volterra [32] in the
1920s to the seminal one of May [26] in the 1970s, most of the efforts have been focused on
the asymptotic behaviors to predict the population persistence or extinction. However, there
is an increasing recognition that the asymptotic dynamics may or may not reflect realistic
observations (see [19] and references therein). In contrast, transient dynamics, i.e., dynamics
on ecological time scales, normally gives us more relevant information about the response
of populations to environmental changes. There have been some important reviews and ex-
plorations about transients, especially long transients, in ecology (see [19, 27] and references
therein), where a classification of transient dynamics and several main mechanisms leading
to the emergence of long transients were revealed in different models. However, systems with
explicit time dependence (i.e., nonautonomous systems) describing interacting species in a
changing environment have not been emphasized in [19, 27] due to the lack of equilibria and
great mathematical challenges related to the broader area of the nonequilibrium concept in
ecological systems. In the most recent works [3, 4], Arumugam, Guichard, and Lutscher
assumed that the prey’s carrying capacity is a linear function of time ¢ and used the bifur-
cation diagrams in a constant environment together with transients to explore the response
of populations to linear environmental changes. They found that the species in a changing
environment can track unstable states in a constant environment before shifting to stable
states. Xiang, Huang, and Wang [34] linked bifurcation analysis of the Holling—Tanner model
with generalist predator to a changing environment, and used the asymptotic dynamics from
bifurcation analysis in a constant environment to understand and predict the response of pop-
ulations to environmental fluctuations. Especially, they studied theoretically the response in
a periodic environment and found that the populations converge to a periodic solution or an
invariant torus depending on the initial environmental capacity and the amplitude of periodic
fluctuation. To the best of our knowledge, all existing works focused on linear environmental
changes, hence we are the first to explore the impact of nonlinear environmental changes on
transient dynamics here.

In order to explore the response and transient dynamics of populations to nonlinear envi-
ronmental fluctuations, we formulate the following Rosenzweig—MacArthur model with gen-
eralist predation and nonlinear environmental change,

AN N\ aNP
T RN(1=1 ) =
a ( K) A+ N’

dP _ yNP N cp
dt A+N 1+QP
(1.1) K(t) = (Ko + pt)",

MP,

where N and P denote densities of the prey and predator population, respectively, at time ¢
with nonnegative initial conditions N(0) >0 and P(0) > 0. R and K are the intrinsic growth
rate and the environmental carrying capacity of the prey, a is the maximum consumption rate
of prey by the predator, A is the half-saturation constant, and + is the conversion efficiency
from prey to predator. In the absence of the focal prey N, the predator population grows
with a logistic-like function (i.e., a Beverton—Holt-like function) % — MP, where M is
the mortality rate of the predator, C' is the maximum per capita reproduction rate of the
predator in the absence of the focal prey, and () is the strength of density dependence. All
parameters are naturally positive. We assume that the predator is a generalist predator, which
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has several alternative prey species for food and can persist by switching to other food sources
even when the focal prey is scarce. Thus we always assume C > M. In the third equation of
system (1.1), Ky > 0 denotes the initial carrying capacity. [ > 0 represents the intensity of
nonlinear environmental change; the larger 3 is, the stronger the intensity of environmental
change. When (§ =1, the rate of environmental change is a linear function; otherwise that is a
nonlinear function: convex if 0 < 8 < 1; concave if 8 > 1. p represents the speed and direction
of environmental change; the larger the |ul|, the faster the environmental change. The prey’s
carrying capacity K (t) increases over time if >0 and decreases if p < 0.

When 4 = 0 and C = 0, i.e., the environment does not change and the predator is a
specialist, system (1.1) becomes the classical Rosenzweig-Macarthur (RM) model [29, 30],
whose long-term asymptotic dynamics are well understood. Two boundary equilibria always
exist, the coextinction saddle Fy(0,0) and prey-only steady state Ex (K, 0), and there exists at
most one coexistence steady state E7. There are two thresholds K; and Ky (K < K32) for the
prey’s carrying capacity: when K < K, E is globally asymptotically stable and the predator
goes extinct for all positive initial densities; when K = K, a transcritical bifurcation occurs;
when K7 < K < K, the predator can invade and coexist with the prey, EFx becomes unstable,
and F, is globally asymptotically stable; when K = Ka, a supercritical Hopf bifurcation
occurs; when K > Ko, E7 becomes unstable, and a stable and unique periodic oscillation
arises. It is worth noting that the prey always persists for all positive initial densities and all
admissible parameter values.

When g =0 and C' > M, then the environment does not change and the predator is a
generalist, and system (1.1) becomes the following RM model with generalist predator [16,
28]:

W (1) o

dt K A+ N
dP  yNP CcP
@ T AFN 1T QP
Sen et al. [28] showed, mainly by numerical simulations, that system (1.2) exhibits rich and
complex dynamics like bistability, tristability along with some local and global bifurcations like
Bogdanov—Takens bifurcation, homoclinic bifurcation, etc. However, the detailed classification
of equilibria, especially the types and codimension of nilpotent singularities and the high
codimension bifurcations, were not theoretically analyzed in any work.

There are 8 parameters in system (1.2), and as parameters vary, the dynamics will often
change. Thus, in order to understand the local or global dynamics of system (1.2), we need
to know which parameters are the main ones to affect the asymptotic dynamics, what are
the sensitive values of the main parameters to cause the dynamical changes, and what are
the dynamical patterns when the main parameters vary around their sensitive values. These
are related to the bifurcation theory of dynamical systems. The main parameters and their
sensitive values are called bifurcation parameters and bifurcation values, respectively. If the
qualitative structure of a system changes when parameters vary, the vector field at a param-
eter value where a qualitative change occurs is called structurally unstable. One of the main
tasks in bifurcation theory is to deal with so-called universal problems, i.e., finding the versal
unfoldings of structurally unstable vector fields. Roughly speaking, finding the versal unfold-
ing is to find a special perturbation system which contains all different dynamics “near” a
given structurally unstable vector field. If there exists a versal unfolding, then it is usually not

(1.2) MP.
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unique, and the least number of parameters within versal unfoldings is called the codimen-
sion of this bifurcation, which can be used to measure the degree of bifurcation complexity.
Many bifurcations of system (1.2) have been shown numerically such as local bifurcations:
saddle-node bifurcation, Hopf bifurcation, and global bifurcations: homoclinic bifurcation,
saddle-node bifurcation of limit cycles. Can we rigorously prove the existence of these bi-
furcations? How are these bifurcations organized in parameter space? Are there some high
codimension bifurcations serving as organizing centers that locally (and often semiglobally)
determine the geometry of the bifurcation set? High codimension nilpotent bifurcations can
often take the role. In the 8-parameter family of vector field (1.2), the highest codimension of
bifurcations is generically not larger than the number 8 of parameters, say m (m < 8); then
the codimension m bifurcations are isolated points in m-dimensional parameter space, from
which a series of bifurcations with lower codimension originate. In other words, the bifurca-
tions of codimension less than m are subordinate to one or more codimension m equilibria [9],
which act as organizing centers for the bifurcation diagram. For instance, Bogdanov—Takens
bifurcation is a codimension 2 bifurcation, which contains a series of codimension 1 bifurca-
tions: saddle-node, Hopf, and homoclinic bifurcations. The codimension 2 cusp serves as the
organizing center of the Bogdanov—Takens bifurcation diagram. Recently, some researchers
have concentrated on searching for nilpotent bifurcations with highest codimension in many
mathematical models (see [1, 2, 5, 8, 9, 10, 22, 24, 25, 33, 35, 40, 42] and reference therein).

In this paper, we will first revisit the asymptotic dynamics of system (1.2) (i.e., system
(1.1) in a constant environment) by rigorous bifurcation analysis, especially high codimension
nilpotent bifurcations. Next, based on the bifurcation results for system (1.2), we will explore
the response of populations to environmental fluctuations for system (1.1) in a changing
environment.

In a constant environment, all parameters do not change over time in system (1.2). We
will provide a more easily verifiable classification compared with that in [10], in terms of the
coefficients of the system with nilpotent linear part and general higher terms, to determine
the types and codimension of nilpotent singularities in a general planar system. Based on
the previous classification and using some algebraic methods (including resultant elimination
[17], Sturm’s theorem, complete discrimination system for polynomials [39], and a real root
isolation algorithm) to solve the semialgebraic varieties of normal form coefficients, we will
provide a complete classification about the types of equilibria for system (1.2), especially the
types and codimension of nilpotent singularities, and show that the highest codimension of a
nilpotent focus is 4 and system (1.2) can exhibit nilpotent focus bifurcation of codimension
4, which implies that the codimension 4 nilpotent focus serves as the potential organizing
center of the bifurcation set. Our results indicate that generalist predation can cause not only
richer bifurcations and dynamics, such as multitype tristability, multitype quadristability
(two positive equilibria and two big limit cycles; two positive equilibria, one small limit cycle,
and one big limit cycle), and figure-eight loop, but also the extirpation of prey for some
positive initial densities. To the best of our knowledge, it is the first time that multitype
quadristability and nilpotent focus bifurcation of codimension 4 are rigorously shown in a
predator-prey system.

In a changing environment, we assume that the habitat quality (i.e., carrying capacity)
undergoes a nonlinear environmental change in system (1.1). Due to a general and direct time
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dependence and the lack of equilibria in system (1.1) when p # 0, we will study the dynamics
of system (1.1) mainly by numerical methods, compare dynamics under environmental change
with bifurcation results under constant environment, and predict the response and transient
dynamics of populations to nonlinear environmental fluctuations. We will find some impor-
tant characteristics, such as (i) transient tracking (unstable steady states or oscillations) and
transient-related regime shifts (positive stable steady states to oscillations and vice versa; one
positive stable steady state to another positive stable steady state; one positive stable steady
state to one boundary stable steady state); (ii) slow and fast regime shifts (shifting to stable
oscillations slower than to stable steady states); (iii) different values of speed |u| or intensity /3
induce different transient dynamics; (iv) slow negative or fast positive environmental change
can delay or avoid population extirpation. To the best of our knowledge, this is the first
exploration to consider nonlinear environmental changes in an ecosystem.

The rest of the paper is organized as follows. In section 2, we provide a complete bifurcation
analysis, especially nilpotent bifurcations with high codimension, for system (1.2). In section
3, we explore the impact of a nonlinear environmental change on the transient dynamics in
system (1.1). A brief summary is given in the last section. Most detailed proofs are presented
in the appendices.

2. Constant environment. In this section, under constant environment p = 0, we will
give a complete bifurcation analysis, especially nilpotent bifurcations with high codimension,
for system (1.2).

Before going into details, we rescale system (1.2) by N = Kz, P =
system (1.2) becomes (still denote 7 by t)

dx < Yy )
—=z|(l-z—- ,
dt a+zx

dy bx c+m
2.1 —_— = — —
2.1) dt y<a+x+1+qy m),

where a = %, b= %, c= C_TM, q= QI;K, m= %, and a, b, c,q,m are all positive parameters.

From the biological point of view, we consider system (2.1) in R2 = {(z,y)|z >0,y > 0}.
Moreover, it is not difficult to see that

RK dt
o Y

_ 1.
or = 7 then

a={(al0<ast y20 bosy<ps DL

qm
is a positive invariant and attracting region for the semiflows of system (2.1) in R?.

2.1. Boundary equilibria and their types. System (2.1) always has three boundary equi-
libria A1(0,0), A2(1,0), and A3(0, 7m) for all admissible parameters. By using Theorem 7.1
in chapter 2 of [41], we obtain the following results.

Lemma 2.1. System (2.1) always has three boundary equilibria A1(0,0), A2(1,0), and
A3(0, o5). Moreover, A1(0,0) is always a hyperbolic unstable node, A3(1,0) is always a hy-
perbolic saddle, and

(I) if ¢ < gma, then A3(0,-%) is a hyperbolic saddle;

(I1) if ¢ > gma, then A3(0,-%) is a hyperbolic stable node;

(II) if c=gma and

(=) 2
S|e3|
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pambollJirca sector in the right half-plane;

(i) b< % and 0 < a <1, then A3(0, ) is a saddle-node of codimension 1 which
includes a stable parabolic sector in the left half-plane;

(111) h— (1—a)amg

(i) b> %, then A3(0, .-) is a saddle node of codimension 1 which includes a stable

71Jiaq2 , and ‘ ‘ ‘
(a) ¢ > =%, then A3(0, qi) s a stable node of codimension 2;

(b) ¢ < 1;32“, then As(0, q%) s a saddle of codimension 2;
(c) g=1=22, then A5(0, 2m) @8 a saddle node of codimension 3 which includes a stable

parabolic sector in the right half-plane.

2.2. Nilpotent equilibria and nilpotent bifurcations. In order to study positive equilibria
and their types in system (2.1), we first provide some criteria, in terms of the coefficients of
the system with nilpotent linear part and general higher terms, to determine the types and
codimension of nilpotent equilibria in a general planar system.

Consider a family of planar vector fields

da:_

d
E _F($7y76)7 7y :G(.%',y76),

(2.2) ~

where 2,5 € R e = (e1,€2,...,6m) ER™,m>2, and F,G € C®(x,y,¢).
We suppose, for € = ¢y, that (0,0) is a nilpotent equilibrium of system (2.2), and the
Jacobian matrix of system (2.2)|c=¢, at (0,0) is as follows:

(2.3) ﬂﬂ:(Sé).

Then, the Taylor expansion of system (2.2)|.=., around the origin takes the form

i=y+ Y ayz'y +o(lz,y?),
(2.4) . 2<iHIS5 .
y= >, biyz'y +o(lz,yl).
2<ij<5

Let 1= X + ‘“ITH"’ZXQ, Y=Y —axX?+bpaXY — ag2Y?; then system (2.4) becomes

d=y+ Y caiyl 4oz, ylP),
(25) 3<i+j<5 o
g=daz® +duay+ 3 dija'y’ +o(lz,yP),
3<i+j<5
where ¢;; and d;;, expressed by a;; and b;;, are given in Appendix I.
(i) If dood11 # 0 in (2.5), then (0,0) of system (2.2)|.—, is a nilpotent cusp of codimension
2 (see [6, 7, 31]).

Lemma 2.2. If e =€y and dogdy1 # 0 given in system (2.5) hold, then (0,0) of system (2.2)
is a cusp of codimension 2 (i.e., Bogdanov—Takens singularity).

When dagdi; =0, we need the following simpler normal form to classify further the types
and codimension of (0,0); the proof is shown in Appendix II.
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Lemma 2.3. For e = ¢eq, system (2.5) is locally topologically equivalent to

i=y+o(lz,yl°),

2.6 . . . . . . . . .
(26) U= j20x? + jrizy + jox® + jor 2%y + jaor?t + 3123y + jsox® + jazty + o|z, yl?),

where j;; can be expressed by c;; and d;;.

(ii) If dy1 = 0 and dap # 0 in (2.5), then (0,0) of system (2.2) is a nilpotent cusp of
codimension at least 3 (see [11, 13, 21]). We have the following results; the detailed proof is
shown in Appendix II.

Lemma 2.4. If e =¢€p, dog #0, and d11 =0 given in system (2.5) hold, then system (2.2) is
locally topologically equivalent to

(2.7) T v
: g =22+ Mz3y + Nty + o(|z,y|?),

where M and N, expressed by cij and di;, are given in Appendiz I1.

Moreover, (0,0) of system (2.7) is a codimension 3 cusp if M # 0, a codimension 4 cusp
if M =0 and N #0, and a cusp of codimension at least 5 if M =0 and N = 0.

(iii) If doo =0 in (2.5), then (0,0) of system (2.2) is a nilpotent saddle (or focus or elliptic
singularity) of codimension at least 3 (see [12, 14, 15, 18, 20, 36, 43]). We have the following
results; the detailed proof is shown in Appendix II.

Lemma 2.5. When € = €0, dg() = 0, d30 75 0, and 3830(d%1 + 5d30) + 5d21d30 - 3d11d40 75 0
hold, then system (2.2) is locally topologically equivalent to

(2.8) Y 3, 3 3 4
= Maxy + e12° + eax®y + Noz>y + o(|x, y|*),
where
s o 3030(d§1 +5d30)+5d21d30—3d11d40 J— dll
(2.9) €1 =sign(dso), €2 =sign( Bdsa0 ), M= ein(dan)das”

and Ny is given in Appendiz 11. Moreover,
(I) if di1 #0, the equilibrium (0,0) of system (2.8) is
(a) a nilpotent saddle of codimension 3 if dsp > 0;
(b) a nilpotent focus of codimension 3 if dso <0 and d3, + 8dzp < 0;
(¢) a nilpotent elliptic equilibrium of codimension 3 if dso <0 and d3; + 8dsg > 0;
(IT) the equilibrium (0,0) of system (2.8) is
(a) a nilpotent saddle of codimension 4 if dsg >0 and di; =0;
(b) a nilpotent focus of codimension 4 if dsy <0 and d11 =0;
(¢) a nilpotent elliptic equilibrium of codimension at least 4 if dzg < 0 and d2,+8dzp = 0.

If doo =0, d11 =0, d3p =0, 330 + dog # 0, dgg > 0, and 4eyg + dgp # 0 in (2.5), then (0,0)
of system (2.2) is a nilpotent cusp of codimension 5 [37].
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2.3. Positive equilibria and their types. Next, we study the positive equilibria of system
(2.1). If E(x,y) is a positive equilibrium of system (2.1), then y = (1 —z)(a + ), and z is a
real root of the third-order algebraic equation

(2.10) F(x) 2 azx® + agz® + ayz +ag =0
in the interval (0,1), where

az3=q(m—>), az=q(a—1)(m—">)+ amg,

(2.11) ay =b+qa*m+ qa(b—m) +c—amq, ap=alc— qam).
Let
dF
(2.12) flz)= d:(:) =3azx® 4 2asx + ay.

The Jacobian matrix of system (2.1) at any positive equilibrium E(x,y) takes the form

z(l—a—2x) oz
‘](E) = < ab%f_fx) q(c+m)((11—~_—:ﬂx)(a+z) ) :
atz (1+q(1—=)(a+))*

From F(z) =0, we have

_(a+z)(mg(z—1)(a+x)+c)
z(ag(x —1) +qo(x —1)—1)’

then the determinant Det(J(E)) and f(x) have the following relationship:

(1—2)x
2.13 Det(J(FE)) = .
(2:13) VE) = e oo+’ @
Thus, the positive equilibrium E(z,y) is an elementary equilibrium if f(x) # 0, a hyperbolic
saddle if f(x) <0, and a degenerate equilibrium if f(z)=0.
According to the Cardano formula of roots of third-order algebraic equations, we let

(2.14) A= a% —3ajas, B= 27a§a0 —9ajasas + 2a%, A=B%— 443

then system (2.1) has at most three positive equilibria, denoted by E1(z1,y1), Fa(x2,y2), and
Es(x3,y3) (x1 < 22 < x3). Two of them may coalesce into a double positive equilibrium
E.(z+,y«), and all of them may coalesce into a unique triple positive equilibrium E*(z*,y*);
the number and types of positive equilibria are described in Table 1.

2.3.1. A double positive equilibrium E,(x.,y.). In this subsection, we consider the
detailed type of a double positive equilibrium F, (z,ys) in Table 1, where y, = (1—z,)(a+x,),
0<z.<1, F(zs) =0, F'(2,) =0, and F"'(z,) #0.

Define
7.(1—a—2x,)? a Zi(l—a—2x,) 9
b=b.2 . m=m, 2 [ D21 —22),
a(l—xy) mem aq(1 —z,)(a+ x,)? atalat ) z)
(1l —a—2xy) 9
2.15) c=c, 2 (22, — 1 D =17,
(2.15) c=c o0zt a+ . (2x )+ qa(a+ x,)(x )
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Table 1
Number and types of positive equilibria in system (2.1). Notation @3 (resp., §3, @) denotes antisaddle
(resp., saddle, degenerate).

b ‘ c ‘ Conditions of parameters ‘ Positive equilibrium
< gam 1 Ey: &
zm > qam 0
a%—4alag>07 a1 >0and ay <0 2 FEy: 69 Es: @
a3 —4ayaz >0, a; =0 and as < 0 1 E3: &
a% —4ajaz > 0and a; <0 1 Es: &
= gam a% —4ajaz =0, a; >0 and ag < 0 1 Eoe @
a3 —4ajaz <0
a§—4a1a3:07a120anda220 0
(1%—4(11(13>07 a; > 0and as >0
A<0,a2<\/2<3a3+a2 2 Ey: 69 Es3: &
A =0 and max{0,as} < \/Z<3a3+a2 1 E. @
<m A>0
> qam A=0and A=0 0
ASOand0<\/Z<a2
A<0and VA> max{0, 3az + as}
A<0, VA< —ay 3 | B and By @ E» @
A=0,0<VA< —ayand B=24% | 2 E: & E. @
< gqam A:0,0<\/Z<—a2andB=—2A% 2 E. @ Es &
A=0and A=0 1 E*: @
A>0
= 1 El(OI‘ Eg)l @
A <0 and \/Z > —ag

which come from F(z,)=0, F'(z,) =0, and Tr(J(FE,)) =0. Then

2z (1—a—22,)(—1+2a+ 3z, + q(a+z,)%)

F// L) =
(z+) (1—z)(a+z4)?
Let
1—2a— 3z, (1l —2z,) —a
2.1 = =
(2.16) L L Ry T

where ¢ = ¢1 and g = ¢ come from F"(z*) = 0 and ¢, = 0, respectively. Then from the
positivity of by, m., cx, and F'(x,) # 0, we have the following range about parameters z., a,
and ¢:

1
le{(:L'*,a,q)|0<:v*<§,O<a<1—2m*,max{0, qQ}<q7éq1}.

Moreover, define

B a? —a(1l — 3wy) + 2. (1 — 22,4 + 222) '
T 0= 2)(a+20)2(1 — 625 + 622 — a(l — 21,))’
then we have the following results. The detailed proof is given in Appendix III.

(2.17)
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Theorem 2.6. If (z4,a,q) € Q1 and the conditions in (2.15) hold, then system (2.1) has
a double positive equilibrium E.(x.,y«). Moreover, E, is a cusp of codimension 2 if q # qs;
otherwise, it is a cusp of codimension 3.

2.3.2. One triple positive equilibrium E*(z*,y*). In this subsection, we consider the
detailed type of the triple positive equilibrium E*(z*,y*) in Table 1, where y* = (1—2*)(a+2z*),
F(z*)=0, F'(z*) =0, and F"'(2*)=0.

From F(z*) =0, F'(x*) =0, and F"(z*) =0, we can express ¢, m, and ¢ by a,b, and x*
as

(2.18)

*éb(—az—?)ax*—i—a—:c*?’) *éb(l—a—Sx*) _ *é1—2a—3x*

c=c (ata) , m=m

and ¢*, m*, ¢* >0 imply

1
(2.19) O<$*<Z7 a'* <a<a®,
where
1—-3z" — (1 —z*)v/1—4x* 1—3z*
(2.20) S kil k) T 50, a*="—""" sy,
2 2
Moreover, define
*(1—a—2¢* 2
(2.21) pro TAaz ) e 642 e —af — 2V2(1— 2t

a(l —z*)

where b = b* comes from Tr(J(E*)) = 0; then we have the following results. The detailed
proof is given in Appendix IV.

Theorem 2.7. If the conditions in (2.18) and (2.19) hold, then system (2.1) has a unique
positive equilibrium E*(x*,y*), which is an unstable (or a stable) degenerate node if 0 < b < b*
(or b>b*). Moreover, if b="0*, then E* is (see Table 2)

(I) a nilpotent focus of codimension 3 if one of the following conditions holds:
) o*=1%or3 <z*<i;
W oaogesy <1
(ii) § <2 <45 and a#aj;
(iii) % <z* <3 and a> aj;
(IT) a nilpotent elliptic of codimension 3 if 0 < x* < %, or % <x*< % and a < aj;
(III) a nilpotent focus of codimension 4 if a = a3 and % <zt < 1%;

2—/2

(IV) a nilpotent elliptic of codimension 4 if a = a3 and == <x* < %.

2.4. Bifurcations of system (2.1). From Theorem 2.6, we know that system (2.1) may
exhibit a degenerate Bogdanov—Takens bifurcation of codimension 3 around the double posi-
tive equilibrium F,. From Theorem 2.7, we can see that system (2.1) may exhibit nilpotent
focus or elliptic bifurcations of codimension 3 or 4 around the triple positive equilibrium E*.
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Table 2
Types of a triple positive equilibrium E* of system (2.1).

CL’* ‘ a ‘ dgo ‘ d11 ‘ d%l =+ 8d30 ‘ Types
[1%, 1) ‘ (a**, a®") ‘ <0 ‘ <0 ‘ <0 ‘ Nilpotent focus of codimension 3
(aj,a®) | <0 | <0 <0 Nilpotent focus of codimension 3
(%, 1%) ay <0] =0 <0 Nilpotent focus of codimension 4
(a**,a}) | <0 | >0 <0 Nilpotent focus of codimension 3
3 | (a**,a*) | <0|>0| <0 | Nilpotent focus of codimension 3
(a3,a%) | <0 | >0 <0 Nilpotent focus of codimension 3
(2*8‘/57 %) as <0 | >0 =0 Nilpotent elliptic of codimension 4
(a**,a3) | <0 | >0 >0 Nilpotent elliptic of codimension 3
(0, 2_8\5] ‘ (a'*, a®*) ‘ <0 ‘ >0 ‘ >0 Nilpotent elliptic of codimension 3

The degenerate Bogdanov—Takens bifurcation of codimension 3, nilpotent focus, or elliptic
bifurcation of codimension 3 can be shown according to [2, 10, 24, 33, 38, 42]. Thus, we only
investigate rigorously if the nilpotent focus bifurcation of codimension 4 can be fully unfolded
inside the class of system (2.1).

2.4.1. Nilpotent focus bifurcation of codimension 4. From Theorem 2.7, we know that
the unique positive equilibrium E*(z*,y*) of system (2.1) is a nilpotent focus of codimension
4ifc=c", m=m* ¢=q*,b=0", a=aj, and é <zt < 1—36, where c*, m*, ¢*, b*, a] are given
in (2.18) and (2.21). Next we show that a nilpotent focus bifurcation of codimension 4 can
be fully unfolded inside the class of system (2.1) as (¢, m,b,a) vary in the small neighborhood
of (¢*,m*,b*,a}), i.e., we next show that the unfolding system

d—x—x 1—:6—L
dt ai+M+az)’

d b*+X3)x  cFH+ A +mF+ A
(2:22) di; - [a(’f ++)\43—i)- x + . 11—;Lq*y - (m” + )\2)]’
where A\ = (A1, A2, A3, \g) ~ (0,0,0,0), can be transformed into the following form:
dx
s =Y,
(2.23) W 11N V) 5Ny + pa(Nay — 2 — 2%y + By, ),

where  R(z,y, \)=0(|2,y)+O(\)(O2)+O(|a,y[*) +OM)O(la,yl) and |[Jesztissa)),
# 0.

It is worth noting that Dangelmayr and Guckenheimer [18] and Khibnik, Krauskopf, and
Rousseau [20] partially studied the 4-parameter generic unfolding of codimension 4 nilpotent
focus, which was called a doubly degenerate Bogdanov—Takens point in [20]. Here, according

o [12, 41], we call it a nilpotent focus of codimension 4. According to [18, 20], we have the
following results about system (2.1); the detailed proofs are given in Appendix V.
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Figure 2.1. (a) Bifurcation diagram of system (2.23) when ps =0; (b) bifurcation diagram of system (2.23)
when (4> 0.

Theorem 2.8. When ¢ = ¢* and % < x*f < 1%, system (2.1) undergoes a nilpotent fo-

cus bifurcation of codimension 4 around E* as (c,m,b,a) vary in the small neighborhood of
(c*,m*,b*,ay), where c*, m*, b*, a} are given in (2.18) and (2.21).

Dangelmayr and Guckenheimer [18] and Khibnik, Krauskipt, and Rousseau [20] partially
studied the 4-parameter generic unfolding of codimension 4 nilpotent focus. Although there
are still some conjectures remaining open, Khibnik, Krauskopf, and Rousseau provided 12
two-dimensional bifurcation diagrams (slices) in Figures 4-5 and 21 structurally stable phase
portraits in Figures 1 and 5 in [20] by varying 4 from pg =0 to u4 sufficiently large in system
(2.23). Moreover, they conjectured the unfolding in (1, pa, ps, 14)-space of (2.23) is given by
the transition of the bifurcation set in hyperplanes puy = h from h =0 to h (sufficiently) large,
and it has a conic structure for small values of the parameters.

We plot two of a series of bifurcation sets for system (2.23) in hyperplanes pg = 0 and
pa sufficiently large in Figures 2.1(a) and (b), respectively; the 21 structurally stable phase
portraits are given in Figure 2.2, where red (resp., blue) dots represent stable (resp., unstable)
equilibria, and red (resp., blue) color curves denote stable (resp., unstable) limit cycles (see
20]).

2.4.2. Numerical bifurcation diagrams and phase portraits. In this subsection, we nu-
merically show several biparametric bifurcation diagrams (slices) of system (2.22) (i.e., system
(2.1)) by using the Matcont program, and plot phase portraits by choosing different parameter
values in the subregion of the bifurcation diagram to illustrate the theoretical results about
nilpotent focus bifurcation of codimension 4.

_ (625 11875 131072 3375 41 .
For system (2.22), we take (c*,m*,q*,b%,a7) = (135> 50999 > 19683 > 10496 ﬁ), under which

system (2.22) has a unique positive equilibrium E*(%, %) which is a nilpotent focus of

codimension 4 when (A1, A2, A3, A1) = (0,0,0,0). Notice that there are always three unstable

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/31/23 to 129.128.216.34 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

706 MIN LU, JICAI HUANG, AND HAO WANG

Figure 2.2. The 21 phase portraits appearing in the transition between Figures 2.1(a) and (b).

boundary equilibria A;(0,0), A2(1,0), and A3(0, #};\2)) and at most three different positive
equilibria Ey(z1,y1), Eo(x2,y2), Es(xs,y3) (x1 < z2 < x3) of system (2.22). We give the
corresponding biparametric bifurcation diagrams in the (A4, A3) plane with different \}s and
Abs; the bifurcation curves divide the (A4, A3) plane into several regions; system (2.22) will
undergo a series of bifurcations and exhibit abundant dynamics when parameters vary in these
regions. Notice that there is always a transcritical bifurcation curve Ay = q(%j\“l)\z) —aj in the
(A4, A3) plane, which is parallel to the vertical axis. Az changes from a saddle to a stable node
and Fj disappears when parameter A4 decreases and crosses the transcritical bifurcation curve.

In Figures 2.3(a)—(b) (resp., Figures 2.3(c)—(d)), we give biparametric bifurcation dia-
grams of system (2.22) in the (Ag,A3) plane with (A1, A2) = (—0.5,—0.1) (resp., (A1,A2) =
(—=0.1,—0.1)). CP denotes the cusp point, at which the three positive equilibria F; (i = 1,2, 3)
coincide. BT; (i = l,r) denotes the Bogdanov—Takens bifurcation point, where BT} (resp.,
BT),) corresponds to the Bogdanov—Takens bifurcation which begins at E; and Ey (resp., Fs
and E3). GH; (i = 1,2) represents the degenerate Hopf bifurcation point. The saddle-node
bifurcation curve SN (the red solid curve) can be divided into two parts by the cusp point CP:
the lower part corresponds to the appearance or disappearance of E1 and Ey and the upper
part corresponds to the appearance or disappearance of Fy and F3. The Hopf bifurcation
curve H (the green solid curve) tangentially meets the saddle-node bifurcation curve at two
points BT} and BT,. The bifurcation curve of the saddle-node bifurcation of limit cycles (the
solid blue curve) begins at GH;. The homoclinic bifurcations L; (the magenta dashed curve),
L, (the black dashed curve), L}, (the cyan dashed curve), and L; (the brown dashed curve)
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®

A

(¢) (A1,A2) = (—0.1,—0.1) (d) Local amplified portrait of (c)

625
1107°

;éggg, 11391608732, 130347956,%) and different \1 and X2. BT; (i = L,r), GH; (i = 1,2), and CP denote respectively
Bogdanov—-Takens bifurcation point, degenerate Hopf bifurcation point, and cusp point. The red, green, and
blue solid curves denote respectively saddle-node bifurcation SN, Hopf bifurcation H, and saddle-node bifurca-
tion of limit cycles. The magenta, black, cyan, and brown dashed curves denote homoclinic bifurcations Ly, Ly,

Lb, and Ly, respectively.

Figure 2.3. Bifurcation diagram of system (2.22) in (Aa,A3) plane with (c¢*,m*,¢*,b",a7) = (

correspond to a hyperbolic saddle with a homoclinic connection connecting from the left,
right, below, and top of the hyperbolic saddle to itself, respectively. The bifurcation curves
above divide the (Aq, A\3)-plane into 14 regions.

Table 3 shows the detailed dynamical behaviors of system (2.22) in the subregions 1-14
of Figure 2.3. Adding or removing a prime corresponds to a rotation of the phase portrait by
7. In Figure 2.4 (resp., Figure 2.5), the corresponding phase portraits for system (2.22) when
(A1, A2) =(—0.5,—0.1) (resp., (A1, 2) =(—0.1,—0.1)) and (A4, A3) located in different regions
of Figures 2.3(a) and (b) (resp., Figures 2.3(c) and (d)) are given.

3. Changing environment. In this section, we let K (t) = (Ko + ut)? and study the effect
of the rate p and intensity § of nonlinear environmental change on the dynamics of system
(1.1).

Since system (1.1) does not have any equilibrium if 4 # 0, we study the effect by numerical
simulations. We first use the bifurcation software Matcont to plot one-parameter bifurcation
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Table 3
The dynamic behaviors of system (2.22) in different subregions of Figure 2.3. Notation &) (resp., @)
represents stable (resp., unstable) positive equilibrium or limit cycle.

Limit cycle

Region: phase portrait Equilibrium Nimber ‘ Big ‘ Toft ‘ Right
1: Figure 2.4(a) Es: (8 0
2: Figure 2.4(b) Es: @ 1 ®
12: Figure 2.4(c) Es: 2 outer: inner: @)
3: Figure 2.4(d) Ei: @ Ey: @ Es: @ 1 ®
4: Figure 2.5(a) Ei: 3 Eo: @ Esz: ® 3 ® @) @)
5: Figure 2.5(b) Ey: ® Ey: @ Es: (® 2 outer: (8) inner: (W
6: Figure 2.5(c) Ei: 3 Ey: @ Es: (® 0
7: Figure 2.4(e) Ei: @ Ey: @ Es: (® 2 ® ®
8: Figure 2.4(f) Ei: @ FEs: @ Esz: 5 1 ®
9: Figure 2.5(d) Ey: 5 E: @ Es: (® 2 ® @)
10: Figure 2.5(e) Ei: 5 Ey: @ Es: 3 outer: 5 inner: @ | @
11: Figure 2.5(f) Ei: @ Ey: @ Es: (® 2 outer: (5) inner: @
13: Figure 2.4(g) Ei: @ Eo: @ Esz: 0
14: Figure 2.4(h) Ei:(® Ey @ FE3: 1 | @ ]

diagrams in the K-P plane (or K-N-P space) for system (1.2) (constant environment); then
we plot and include some “representative” trajectories (“time series” or projection of integral
curves) of system (1.1) (changing environment) into the bifurcation diagrams. The stable and
unstable steady states (or small oscillations) for system (1.2) are denoted, respectively, by
solid and dashed curves, and the maximum and minimum values of stable and unstable big
oscillations are indicated by black filled and open circles, respectively.

According to the bifurcations and dynamics of system (1.2) given in the previous sections,
we focus on the following three interesting bifurcation diagrams (Figures 3.1, 3.2, and 3.8).

The bifurcation diagram in Figure 3.1 shows that system (1.2) undergoes successively
supercritical Hopf bifurcation (H;), subcritical Hopf bifurcation (Hs), and saddle-node bi-
furcation of limit cycles (LPC) as K increases. The dynamical behaviors of system (1.2)
correspond to those in regions 1, 2, 12, 1 of Figure 2.3 as K increases (see Table 3). In
this case, three boundary equilibria A;(0,0), A2(K,0), and A3(0, %—Ay) are always unstable.
Therefore, system (1.2) exhibits monostability (a stable equilibrium before H; or after LPC,
a stable oscillation between H; and Hg) and bistability (a stable equilibrium and a stable
oscillation between Hy and LPC).

In Figure 3.2, system (1.2) undergoes successively saddle-node bifurcation LP;, saddle-
node bifurcation of limit cycles L, homoclinic bifurcation L, and subcritical Hopf bifurcation
Hy, homoclinic bifurcations Lj, L;, Ly, saddle-node bifurcation of limit cycles LPCsy, and
subcritical Hopf bifurcation Hy as K increases. The dynamical behaviors of system (1.2)
correspond to those in regions 1, 13’, 11’, 8’, 9’, 4, 9, 10, 14, 13, 1 of Figure 2.3 (see Table 3).
Moreover, three boundary equilibria A;(0,0), As(K,0), and A3(0, < Oir MY are always unstable.
Therefore, system (1.2) exhibits monostability (a stable equilibrium before LP; or after LP3),
bistability (a stable equilibrium and a stable big oscillation between L; and Hj, two stable
equilibria between LPCy and Hs), and tristability (two stable equilibria and a stable big
oscillation between H; and LPCy).
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x,=-0.02 2y=0.07 x,=-0.02 ry=0.1

(a) (A1, A3) = (—0.02,0.07) € 1 (b) (Mg, Ag) = (—0.02,0.1) € 2
N
o £
(€) (\s, A3) = (—0.07901,0.02022) € 12 (d) (A, A\3) = (—0.0935,0.007262) € 3
N IS
N \a
(e) (A1, As) = (—0.0965,0.002534) € 7 (f) (A1, A3) = (—0.0965,0.0019) € 8
7]\\1
e - N
| . — A

(g) (A1, A3) = (—0.0953,0.003) € 13

Figure 2.4. Phase portraits of system (2.22) with (c*,m",q",b*,a}) 165 30993 16685 1 104967 556
(AM,A2) = (=0.5,—0.1), and (A4, A3) located in different regions of Figures 2.3(a) and (b). Red (resp., blue)
dots represent stable (resp., unstable) equilibria, and red (resp., blue) color curves denote stable (resp., unstable)
limit cycles. The detailed dynamical behaviors are described in Table 3.

_ (625 11875 131072 3375 41)
- )

A one-parameter bifurcation diagram (black curves) in the K-N-P plane for system (1.2)
is given in Figure 3.8. In this case, there exist three boundary equilibria: A;(0,0) and Ay (K, 0)
are unstable, and A3(0, %_7]\]4\4) is stable. System (1.2) undergoes saddle-node bifurcation at
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2, =~ 0.00225 h,=-0.0618 x, == 0.0025 3,= = 0.0626

(a) (A1, Ag) = (—0.00225, —0.0618) € 4 (b) (As, As) = (—0.0025, —0.0626) € 5

2,= - 0.003 1= - 0.064 4= = 0.00245 hy = - 0.0625

(¢) (As, A3) = (—0.003, —0.064) € 6 (d) (Ag, A3) = (—0.00245, —0.0625) € 9

1,=-0002485  x,=-0.0626 x, =~ 0.00232 3y = - 0.0625

(e) (Mg, A3) = (—0.002485, —0.0626) € 10 (f) (A4, As) = (—0.00232, —0.0625) € 11

. . . * * ok Pk kY 625 11875 131072 3375 41
Figure 2.5. Phase portraits of system (2.22) with (c*,m",q",b",a1) = (757> 30055 19683 10496° 356)

(A1,A2) =(—0.1,-0.1), and (A4, A3) located in different regions of Figures 2.3(c) and (d).

K = Ky p, the predator-only steady state As(0, C‘Q—ij\l/}/l) is globally stable, and the prey undergoes
extinction when K < Kpp. (System (2.1) has no positive equilibrium if K < Krp, and has a
positive invariant, attracting, and bounded region 2. Thus, A3 is globally stable if K < Ky p
since the other two boundary equilibria A;(0,0) and A2(1,0) are unstable.) Two positive
equilibria occur as K > Kip.

Comparing some representative trajectories (or projections of the integral curves) of sys-
tem (1.1) with the asymptotic behaviors of system (1.2) predicted by bifurcation diagrams, we
observe multiple important characteristics of the asymptotic behaviors and transient dynamics
of system (1.1) with environmental changes, such as (a) tracking unstable steady states; (b)
slow and fast regime shifts; (c) rate (|u|) or intensity (5) induced different transient dynamics;
(d) tracking unstable oscillations; and (e) delay or avoid (evade) extinctions.

Tracking unstable steady states. When we choose x> 0 and initial densities near
the stable steady state in Figures 3.3(a), (c), (e), we observe that the solution of system (1.1)
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stable equilibrium or oscillation

sl ----- unstable equilibrium or oscillation

3.6 —

3.4 — -

3.2 —

2.8 H

2.6

2.4 —

2.2 -

I I I I I |
5.5 5.6 5.7 5.8 5.9 6 6.1 6.2
K

Figure 3.1. Bifurcation diagram in K-P plane for system (1.2). Hi, Ha, and LPC denote supercritical

Hopf bifurcation, subcritical Hopf bifurcation, and saddle-node bifurcation of limit cycles, respectively, where
_ _1 __ 3280000 __ 2036625 __ 320542625 _ 2271956
A=1,v=3, a=1, R= {35567, M = 5571056- C' = 151028436 @ = Tr00625 -

4.5 —

stable equilibrium or small oscillation
[ — — — - unstable equilibrium or small oscillation LPC.

2
LI X J
LPC1..... o

® stable big oscillation ( max-min )
4 — O unstable big oscillation ( max-min )

6.15 6.2 6.25 6.3 6.35 6.4

Figure 3.2. Bifurcation diagram in K-P plane for system (1.2). LP;(LP2), L{(LPCz), L¢(Li,Ly,Ly),
Hi(Hs2) denote saddle-node bifurcation, saddle-node bifurcation of limit cycles, homoclinic bifurcations, sub-

critical Hopf bifurcation, respectively, where A =1, v = %, a=1, R= ?gggggg, M = gggiggi, C = ?;ggggggi,
Q = ST14TTAd244
= 105078515625 °

tracks the unstable coexistence steady state after Hopf bifurcation Hq, then switches to the
stable oscillation, and takes some time after LPC before it switches to the stable coexistence
steady state. Similarly, when p < 0 in Figures 3.3(b), (d), (f), the solution of system (1.1)
tracks the unstable coexistence steady state after Hopf bifurcation Hs before it switches to
the stable oscillation, and takes some time after H; before it switches to the stable coexistence
steady state. Moreover, the tracking appears to last longer for the same § and the higher
value of |u|, where populations switch to the stable oscillations or stable state only when K is
much larger (> 0) or much smaller (¢ <0). From Figures 3.3(a), (c), (e) or Figures 3.3(b),
(d), (f), we can see that, for the same p and different /3, the tracking for unstable steady
states appears to last longer for the higher value of 5. And stronger g is needed to achieve
the same tracking effect for smaller |pu.
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L
7 5o 59 o o1 o 5o 55 56 57 50
K 3

i ™
——— tme serios (200001, 5= 1) e ooz gme) P
oL - -1 ok

""“H"H" ” w ” v‘.‘w’f”’“}w} h ‘

‘‘‘‘‘‘‘‘‘‘‘‘

Figure 3.3. Time series of system (1.1) for different 8 and p. Initial population densities are near the stable
steady state. (a), (c), (e) (No, Po, K(0)) = (0.5394,2.676,5.574); (b), (d), (f) (No, Po, K(0)) = (1.65,3.719,6.09).
Other parameters are the same as those in Figure 3.1.

The above analyses indicate that the regime shifts in a changing environment tend to
occur at points that are not the bifurcation points of bifurcation diagrams, the direction of
environmental changes can alter the shifting points, and the process is irreversible. Therefore,
results here demonstrate the importance of i, 5, and the unstable states when describing the
rate dependent transient dynamics in a changing environment.

Slow and fast regime shifts. For the same u, 8 and initial conditions in Figure 3.3,
the shift to the stable oscillation takes a relatively longer time than that to the stable steady
state. The reason is that there is an unstable steady state that the solution of system (1.1)
can and does follow before the shift to the stable oscillation. But when the shift to the stable
steady state occurs, the solution of system (1.1) is far away from the boundary unstable states
and is much more strongly attracted to the stable steady state.

In Figure 3.4, the initial population densities are close to the stable steady state. The
solution of system (1.1) with the same fixed p and S will take a longer time to the stable
oscillation when the initial carrying capacity Ky is farther away from the bifurcation point
H;, and eventually synchronizes.
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W

@ <T>>

Figure 3.4. Time series of system (1.1) for different initial conditions. (a) B = 1, u = 0.0001,
(No, Py, K(0)) = (0.5394,2.676,5.574) (red solid curve), (No,Po,K(0)) = (0.5046,2.63,5.495) (yellow solid
curve); (b) B =1, p = —0.0001, (No,Po,K(0)) = (1.65,3.719,6.09) (red solid curve), (No,Po,K(0)) =
(1.727,3.77,6.128) (yellow solid curve). Other parameters are given in Figure 3.1.

0. )
rw i ’

\” ,

! H}r

,,,

e

(a) (b)

Figure 3.5. Time series of system (1.1) for different 8 and p. Initial population densities are not close
to the stable steady state. (a) (No,Po, K(0)) = (0.5046,3,5.495); (b) (No, Py, K(0)) = (1.727,4,6.128). Other
parameters are given in Figure 3.1.

Hence, the existence and location of unstable steady states in bifurcation diagrams and
the initial conditions are crucial for predicting the dynamical behaviors and regime shifts of
system (1.1) in a changing environment.

Different values of speed (|u|) or intensity (8) induce different transient dy-
namics. In Figure 3.5 the initial population densities are not close to the stable steady state.
When the change of K is slow, i.e., || or £ is small, the solution (blue solid curves) first tracks
the stable steady state for some time. When the change of K is fast, i.e., |u| or 3 is large,
there is no time for the solution to track the stable steady state; instead the solution (green
solid curves) directly tracks the stable oscillation. When the change of K is intermediate (red
solid curves), the time for the solution to approach the stable steady state is short enough so
that the downturn along the stable steady state does not happen. Instead, the solution tracks
the oscillation with a small amplitude before it switches to the stable big oscillation, which is
a regime that does not occur in a constant environment.

Figure 3.6 shows that although the final state for all curves of system (1.1) is the same,
the transient states of the solutions will be very different for the same S and different . There
are at most five different transient dynamics with the change of p. For example, the solution
finally approaches the lower coexistence steady state but has five different transient dynamics
in Figure 3.6(b) with the increase of |u|: (i) tracking first the higher stable coexistence steady
state (the blue solid curve); (ii) tracking first the lower unstable small oscillation and then
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e,

L
62

Figure 3.6. Time series of system (1.1) for B =1 and different u. Initial population densities are near one
of the unstable steady states. (a) (No, Po, K(0)) = (1.4,3.597,6.246); (b) (No, Po, K(0)) = (0.494, 2.666, 6.358).
Other parameters are the same as those in Figure 3.2.

b""”"d'” N
P 3 '

W

Pesosss '”'5’

s 64 62 % 628 63 8% 53
K

Figure 3.7. Time series of system (1.1) for different 8, where initial population densities are near one of the
unstable steady states. (a) pu=0.00015, (No, Po, K(0)) = (1.4,3.597, 6.246); (b) u = —0.00015, (No, Po, K(0)) =
(0.494,2.666,6.358). Other parameters are given in Figure 3.2.

the higher stable coexistence steady state (the red solid curve); (iii) tracking first the lower
unstable small oscillation and then the stable big oscillation (the green solid curve); (iv)
tracking first the lower unstable small oscillation and then the lower stable coexistence steady
state (the magenta solid curve); (v) tracking directly the lower coexistence steady state (the
cyan solid curve). Figure 3.7 shows similar phenomena for the same p but different £.

Hence, the results here again indicate the importance of the rate p and intensity 8 of
environmental change to induce different transient dynamics.

Tracking unstable oscillations. From Figures 3.6 and 3.7, we can see that the so-
lutions of system (1.1) can track not only the unstable steady states but also the unstable
oscillations, such as the red, green, and magenta curves in Figure 3.6(b). Figure 3.7 shows
similar phenomena with fixed p but different 5.

Delay or avoid extirpation. When we initialize conditions near the stable coexistence
steady state, and choose p < 0, then we can observe that the larger |u| or § the farther the
shift point is from the Hy point (Figures 3.3(b), (d), (f)). While when we initialize conditions
close to the unstable coexistence steady state, and choose p < 0 in Figures 3.8(a), (c), then we
can observe that for small |u| or /3, the solutions (the blue solid curves) first follow the stable
coexistence steady state and then approach the predator-only steady state after the LP point.
For an intermediate |u| or 3, the solutions (the red solid curves) immediately follow the stable
predator-only steady state. For large |u| or 3, there is no time for the solutions (the green
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Figure 3.8. One-parameter bifurcation diagrams (black color curves) in K- N P space for system (1.2).
Integral curves of system (1.1) for different u and B are colored curves. (a), (b) =1; (c) u=—-0.01; (d) p=0.1.
Initial conditions: (a), (c) (No, P, K(0)) = (0. 5112 3.397,5. 075) ( ), (d) No,Po,K(O)) (0.9139,3.767, 3).
LP denotes saddle-node bifurcation. A=1, y= , a=1, Rf 2 g, C= 196, Q= 1508070

solid curves) to approach the stable coexistence steady state or predator-only steady state.
In fact, in the limiting case of very fast change of K, the population density would remain
constant.

Letting > 0 and initial population densities not be close to the steady state, and in
Figures 3.8(b), (d), we can see that, for small |u| or 5, the solution (the blue solid curve)
immediately follows the stable predator-only steady state that one would have predicted from
the bifurcation diagram in a constant environment; thus the populations quickly tend to
extinction. For an intermediate rate of change, the solution (the red solid curve) tracks first
the unstable coexistence steady state and then switches to the predator-only steady state;
thus the populations delay extinctions. When the change of K is fast, i.e., |u| or 5 is large,
the solution (the green solid curve) tracks first the unstable coexistence steady state and then
switches quickly to the stable coexistence steady state; thus the populations avoid extirpation.

Hence, slow negative or fast positive environmental change can be beneficial to the popu-
lation by avoiding or delaying extirpation.

4. Concluding remarks. We studied the impact of nonlinear environmental change on
the Rosenzweig-MacArthur model with generalist predator, where the predator can persist
by switching to other food sources in the absence of the focal prey, and the prey’s carrying
capacity is a nonlinear function of time ¢.

In a constant environment p = 0, system (1.1) becomes system (1.2), which always has
three boundary equilibria and at most three positive equilibria. By using some algebraic
methods including resultant elimination, complete discrimination system for polynomials in
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Yang [39], the realroot isolation algorithm, and Sturm’s theorem to solve the semialgebraic
varieties of normal form coefficients, we show that the highest codimension of a nilpotent focus
is 4 and system (1.2) can exhibit nilpotent focus bifurcation of codimension 4, which includes
a series of bifurcations with lower codimension [18, 20], such as codimension 1: saddle-node,
Hopf, homoclinic, saddle-node of limit cycle, pitchfork bifurcations; codimension 2: degen-
erate Hopf, Bogdanov—Takens, degenerate homoclinic, saddle-node homoclinic, triple loop,
double homoclinic, Hopf-Hopf, Hopf-saddle node, Hopf-homoclinic, symmetric nilpotent, cus-
pidal bifurcations; codimension 3: saddle-node bifurcation of limit cycle simultaneously with
Bogdanov—Takens bifurcation, cuspidal loop bifurcation, limit cycle bifurcation of multiplic-
ity four, Hopf bifurcation simultaneously with Bogdanov—Takens bifurcation, degenerate Hopf
bifurcation simultaneously with saddle-node bifurcation, degenerate Bogdanov—Takens, a bot-
tom homoclinic loop bifurcation of order three, nilpotent focus bifurcation. Our results indi-
cate that codimension 4 nilpotent focus is the potential organizing center of the bifurcation
set in system (1.2).

Comparing our results in Lemma 2.1 and Theorems 2.6, 2.7, and 2.8 about the Rosenzweig—
Macarthur model (1.2) with generalist predator to the dynamics in the Rosenzweig—Macarthur
model with specialist predator, we can see that generalist predation can cause richer bifurca-
tions and dynamics, such as nilpotent focus bifurcation of codimension 4, multitype tristability
(two positive equilibria and one big limit cycle; a positive equilibrium, one small limit cycle,
and one big limit cycle; a positive equilibrium and two big limit cycles; two positive equi-
libria and one small limit cycle), multitype four stable states (two positive equilibria and
two big limit cycles; two positive equilibria, one small limit cycle and one big limit cycle),
and a figure-eight loop. Moreover, generalist predation can induce the persistence of preda-
tors for all positive initial densities and the extinction of the prey for some positive initial
densities.

Compared with that in [10], we provided a more easily verifiable classification, in terms
of the coefficients of the system with nilpotent linear part and general higher terms, to de-
termine the types and codimension of nilpotent singularities in a general planar system. Our
classification can be easily applied to other mathematical models with nilpotent singularities.

In a changing environment, i.e., i # 0 in system (1.1), we studied the effect of the rate y and
intensity 8 of nonlinear environmental change, and found multiple important characteristics
about the asymptotic behaviors and transient dynamics for interacting species. Arumugam,
Guichard, and Lutscher [3, 4] considered a linear environmental change (i.e., § = 1) in the
carrying capacity, while here we consider a general environmental change (i.e., 5 > 0) including
linear and nonlinear cases. Tracking unstable states was originally explored by Arumugam,
Lutscher, and Guichard [4] in a single patch model, and extensively observed by Arumugam,
Guichard, and Lutscher [3] in a two patch model. Arumugam, Guichard, and Lutscher [3]
also investigated the rate induced extinction in a single patch. However, phenomena (b),
(c), and (d) in section 3 were observed by Arumugam, Lutscher, and Guichard [4] or [3]
only in a two patch model. Our results indicate that, for fixed environmental change rate
1, increasing or decreasing the intensity [ of environmental change can achieve the same
effects, i.e., phenomena (a)—(d) can be observed in our single patch model. Moreover, we
found that slow negative or fast positive environmental change can delay or avoid population
extirpation.
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Appendix I. The coefficients in (2.5).

_ 1,2 _
c30 =aso + agbo2, ca1 = 3(a?; — 4agzaz + 2a21 + 3a11bez), 12 = —ap2a11 + ai2 + 2ao2boz,

ca0 = 3 (2a11(azo — 2az0bo2) — 3az0b3, + 2azoboz + 4agsady — a?yasy — dazas + das),
aoz (—3a11boz — 2(az1 + b3y) + aiy) + 3aiz2boz + 4azad, — ar1a12 — 6aozazy + 2as2 |,
a2 (5asboz + aso) + a11(Tazebdy + 2asoboz — 4agady + 4asg) + 3asbly + azobd,

—4agaa3gboz + 4asoboz + azoat; + 4aiza3y — dagoasi + 46150} ;
doo =boo, di1 =2ag +b11, diz=ap2 (4a + bi1) + 2b3, + b12,  doz = bog — 2ag2bo2,
d3o = —aob11 + a11bao + bso,  da1 = 3(—8azoboz + a11b11 + bozbi1 + 4agzbao + 2b21),
d31 = a11(3az0boz + 2a02b20 + ba1) + a20b3y — asoboz — 2a20bi2 — 2ap2(abi1 + 243,
+bo2bao — bso) + axad; + 2az0ast + boabar + bai,
di3 = 2a3,(2a20 + b11) + ao2boz(a11 + 2boz2) — a12boz + 2agzazo + 2bo2boz + bis,

dyo =1 [1261%01702 + af;bao — 2a11bo2boo + bZabao + 2a20(4aso — a11b11 + bozbi1 — 2b21)
+6a11b30 + 2bo2bso + 4bao |,

dyg =1 [G%1(—15a20502 + 2a02b20 + ba1) + 2a11(—8ag0bdy — azoboz — 2a20b12
+ap2(—2ag0b11 + 8a3y — 6boabao + 6bs0) + barboa + 3b31) — asebis + 2a30by
+36ag2a30bo2 + 4agnas boz — dasoboz + 12a30bos + 12ag2a20bo2b11 — 4asobozbiz
+10a02b3,b20 — Bapzazoba1 — 8azobaa — 4ao2bozbso + 8ag2bap — 4azpasi;

—16a12a%0 + 16ag2a99asg + 8agpasy + 5(2)2b21 + 6bgabs31 + 4b41] .

Appendix Il. The proofs of Lemmas 2.3-2.5.

(A). The proof of Lemma 2.3. In general, we can use the method of normal form (see
Chapter 2 of [11]) and the method of undetermined coefficients to get the normal forms. We
just describe the methods as follows.

Assume the terms with order less than k (k > 3) of system (2.5) are already in normal
form. We next simplify the kth terms, where the form of the kth terms is known but with
undetermined coefficients. By the normal form theory (Chapter 2 of [11]), there exists a
sequence of near identity transformations,

(x,y) = (X7 Y) + (hII@(Xv Y)a hz(va))a

where h% (X,Y) (i=1,2) is a homogeneous polynomial of order k in (X,Y") with undetermined
coefficients. Then differentiating the two sides of the above transformation with respect to ¢,
substituting the old system and the above transformation into the left side, and equating the
coefficients of the similar terms on the two sides, we can get the coefficients of the transfor-
mation and the new system. With £ =3, 4, 5, we can transform system (2.5) into system
(2.6), where j;; can be expressed by c;; and d;j; we omit them for brevity.

(B). The proof of Lemma 2.4. .
Step 1. Notice that jog = dog # 0; we let z = X + 3)];210 XY + 553;210 X4 y=Y+ 3’;;0 Y2422 X34

%X‘l + %XSY. Then the system (2.6) is changed into
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(A.1)

X =Y +150X° + 1n XY 4+ o(|X,Y?),

Y =pooX? + p3oX® + pao Xt 4+ ps1 XY + psoX° 4+ pun XY + psa X3Y? + pos X2V3 + o(| X, Y ).
Step 2. Let X =z + 41412%3:5 + B2ty VYV =y — 502’ + B2aty + p%a:?’y? Then system

(A.1) becomes

i=y+o(|z,yl),
(A.2) Y= 7“20562 + 7’30963 + T40$4 + r31x3y + T50£U5 + 7’419343/ + o(|z, ?J|5)

Step 3. Notice that 199 = dog # 0; let

o T30 w2 1572, —16r20740 v3 —17573 4336720740730 — 16072, 750 14
r=X— X7+ 30732 X7+ 96073, X,

_ dt __ 30 0 3(15T§0—16T207'40) 2 —175T§0+336T20T40T30—].607"%01”50 3
y=Y, G=0-32X+ 807%, X7+ 24073, X7).
Then system (A.2) becomes
X =Y +o(X,Y]"),

(A.3) Y =590 X2 + 551 X3 + 511 XY +0(| X, Y ).

Step 4. Notice that sog = dog # 0; letting

o - n dr _ 1
X =sign(s)r, Y =sign(se0)y/sign(s20)s20y, g T
we have
(A 4) :i‘:y—|—0(|_1:,y|5), _
' y =2+ Mz3y + Naty + o(|z,y[%),
where
v M, Y N

(A'5) M B (Sign(dzo)dgo)% ’ N 4(Sig1’1(d20)d20)%
with

M = —c1ad3 + dcaodao — 3csods — 3doszdsy + dsidao — daidso,
N1 = —4coadsy — 8caresodag + 20¢s0da — 2¢30d12dag + cradzoday — 20¢40d30dag
—12¢30d40d20 + 15¢30d30 — 6d13dsg + 2d12da1dsy + 3dozdsodsg + 4daydag
(A.6) — Bdsods1dag — 4da1daodag + Hda1d3y,

and ¢;; and d;j, expressed by a;; and b;;, are given in Appendix .

Last we set z =z, y = y+o(|z,y|?) and then obtain the system (2.7). By Zhang et al. [41],
Chow, Li, and Wang [11], Dumortier, Roussarie, and Sotomayor [13], and Li and Rousseau
[21], we obtain the conclusions.
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(C). The proof of Lemma 2.5.
Step 1. Notice that j3o = dgzo # 0; we let

— _ Jao 2 _ dt _ 1 _ 2jwo
r=X 5j30X , ¥y=Y, dT_l 5j30X

Then system (2.6) becomes
X =Y +o(X,Y]"),
(A7) Y =quXY 4 q30X? + g XY + ¢ XY +o(| X, Y|

with

Beso (d2) +5d30)+5dar dso —3da. d
qu=di1, gso=ds, g ="l %)5d3021 BEE—

AS8 — 2c3,(d3,4-30d30d11)  4cso(daodi, —5daidsodii4-15d30d40) Co1d11 4c 2d,.d3, di1dio
(A-8) g3 2542, 2542, U Aot et TG

Adyy d
tds1 — =F

Step 2. Notice that gsg # 0, go1 # 0; we let

RV Sign(‘lso)%ox’ y — oV sign(gso)qso dr _ g1

X =sign(q30421) oo R Y, &= Sign(‘]BO‘Dl)q;a

and set x =, y =y + o(|z,y[*); then obtain the system (2.8) from system (4.8), where

ign(dso ign(dso)dso
No = gmgr e V)t (1230 dY, — 2Acsodaods, + 50ca1d3yday
(A.Q) —|—3600§0d30d11 + 120c¢3pdo1d3od11 + 600640d§0 — 360c30d30da0 + 25d12d§0d11

+12d4210d11 + 150d§0d31 — 120d21d30d40).

By Lemma 3.1 in [10], Dumortier et al. [15], Dumortier, Fiddelaers, and Li [12], Khibnik,
Krauskopf, and Rousseau [20], and Dangelmayr and Guckenheimer [18], we get the results.

Appendix Ill. The proof of Theorem 2.6.
Step 1. When the conditions in (2.15) are satisfied and (x.,a,q) € €1, we make the
following transformations successively,

T=T+Ts, Y=Y+ Ys
(A.10) ; Ly ot®  y o y_x
. xr = =
1—a—2x, (1 —a—2x,)%" Y ’

and following (2.5) and Appendix I, we have

22(1 —2a — 37, — q(a + 14)3)
(@t o)1+ ag(l—22) + gre(l — 22))
—a? + a(1 — 3z,) — 24 (1 — 224 + 222) + q(1 — 2.) (a + 24)?(1 — 634 + 622 — a(1 — 27.))
(1—z)(a+2*)2(1 —a—2z)(1 + aq(1 — zx) + gz (1 — )

dog =

)

di1 =

bl

where dog # 0 since ¢ # q1 in 4. Solving di; =0, we have ¢ = q,. Therefore, F, is a cusp of
codimension 2 if ¢ # ¢, from Lemma 2.2.
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Step 2. When g = ¢, we derive conditions for F,, which is a cusp of codimension at least
3. It is easy to get

g @ (1 — 6z, + 427 — a) B (1—a—2x,)%(a—1+ 6z, —42?)
0 et )20 —a) TN T Az (a1t 22)3(1 — 625 1 622 —a(l — 21,))
~w(l1—a—2z)(—a®—a(4a? —z. — 1) — ,(622 — 6z, + 1))
G 02= a(xy —1)%(a+ 24)?(1 — 624 + 622 — a(1 — 22,)) ’
and let
1 — 6z, + 622 1+ 2, — 422 — (1 — 2,)/1 + 1622
Al = —— 5 2« = )
1-—2x, 2
1+ 2, — 422 4+ (1 — 2,)4/1 + 1622 1 -3z, — (1 — x4)v/1 — 8z
a3x = y Qdx = )
2 2
1—3z. 1—z,.)v/1—8z,
(A.11) A5y = Za 2x) L ,aﬁ*:1—6x*+4xf,

where a = a1x (resp., a = ag« and a = ass) come from the real root of the denominator
(numerator) of g, a = ag, and a = a3, come from g, = q2, a = ag, comes from ¢, = qj.

Notice that 0 < a9¢ < a1x < 1 — 224 < a3s if%<m*<%; 0 < a9y < ags < ags < ass <
a1x <1 —2x, < ass if0<m*§%.

Then, we have the following conditions for x, and a:

Qo = Qo1 U Qoo U (a3,

where
Qo1 = {(x*,a) | é <z < _6\/§’ a2+ < a4 < A1y, a#aﬁ*},
Qoo = {(x*,a) |0 <z, < é, a2« <a<a4*},

(A.12) 923:{(:1:*,a)|0<1:*§é,a5*<a<a1*}.

Step 3. Next, we prove that F, is a cusp of codimension at most 4. Following Lemma 2.4,
(4.6), and (4.7), we have
. Ml* Ny — Nl*
T 162.(1—a—22*)(a+ %)z — D)V T 64z (1 —a— 22%)7(a+ 2%)8(z* — 1)6’

M

where

My, =a®(22,—1)+2a° (1 — 4z,) (22 — da, + 2) + a* (2425 — 1322 + 27823 — 20722 + 58z, — 6)
—2a%(16x7 — 12428 + 37225 — 56122 + 40323 — 13922 + 25z, — 2)
+ a?(—11228 + 63227 — 145625 4 174825 — 108222 + 34622 — 7222 + 122, — 1)
— 2az, (222 — 4z, +1)(3228 — 8227 + 662t + 1323 — 3722 + 122, — 1)
— 22(1122% — 59227 4 130425 — 155225 + 108022 — 45222 + 11422 — 162, + 1),
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Ni. =a® (=822 + 14z, — 5) + a®(64xt — 30422 + 42822 — 209z, + 30) + o’ (—22428 + 172825
— 479221 + 589623 — 331922 + 8221, — 75) + a8(5122% — 470427 + 1891228 — 3951242
+ 4456023 — 2713323 + 881422 — 1465z, 4 100) + a°(—512x1° + 656022 — 3401625
+ 9944027 — 17499625 4 186130x° — 1187762 + 453983 — 1035722 4 1330z, — 75)
+ a*(—29442!" + 26176210 — 10400022 + 2480322° — 38220427 + 38193225 — 24536622
+ 101980 — 2806722 4 513622 — 579z, 4 30) + a®(—6720x1% + 4819221 — 15105610
+ 2783842 — 3317282% + 25636827 — 12196025 + 3307625 — 52402 + 108422 — 3852
+ T4z, — 5) + a*(—9664z13 + 64256212 — 18056021t + 277280210 —239232294-831042°
+ 5048827 — 7892028 + 4562825 — 1492024 4 286123 — 29822 + 13z.,) + a(—9664214
+ 71840z% — 239808212 + 479200z — 641744210 + 60747227 — 4157282% + 2061447
— 7286828 + 177224% — 2808z + 26242 — 1122) — 224021° + 1568021* — 47904213
+ 83648z1% — 90832x1! + 60864210 — 2092827 — 16322° + 538027 — 256425 + 59442
— 68z + 322,

and the signs of M; and N; are decided by Mi, and Ny, respectively.

Note that the leading coefficient of the polynomial M, with respect to z, is lcoeff( M., z.) =
—112 # 0. Furthermore, using the “resultant(Mi., Nix, z.)” command in MAPLE, we have

res(Miy, Nis, .) = 135399691796838467567091712(a — 1)2"a'%(a + 1) (4a + 1)8(64a + 71)?
(4096a° + 7872a* 4 6528a> + 2288a” + 400a + 17) # 0,

since 0 < a < 1 from conditions in {2y, where res(f,g,z) denotes the Sylvester resultant of f
and g with respect to z. Then from Gelfand, Kapranov, and Zelevinsky [17], M;, and Ni.
have no common roots, which implies that Nj, # 0 if My, = 0. Then, according to Lemma
2.4, F, is a cusp of codimension at most 4.

Step 4. Letting

3—vV3
Doz{(x*,a)|0<x*< ,0<a<a1*}2§22,

we next use four steps to prove that M, <0 when (z, a) € Dy.
Step 4.1. First, by applying Sturm’s theorem, we have

Moo = 22 (—1122% + 59227 — 13042 + 155227 — 1080 + 45222 — 11422 + 162, — 1) <0,

L 128(1 — 2 (1 — 4a,)?
(1—2z,)*

Ml*’a:al* = <0

with 0 < 2, < %. Thus, Lemma 3.1 of [39] indicates that the number of roots for M, in

the interval (0, a1,) with 0 < z, < 3_6‘/5 is equal to that of positive roots for

& =(1—22)%(1 GM*(‘“*)
( 33*)(+a) 1 1+a

= Pga’ 4+ Psa’ + Pyat + P3a® + Poa® + Pra+ D),
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where

B =22(1 — 2x,)°(—1122° + 59227 — 130428 + 15522° — 10807 + 45223 — 11422 + 162, — 1),

5= —2(1 — x, )z, (1 — 22,)* (2882 — 146428 + 336827 — 469228 + 439222 — 271022 + 102222
— 21922 + 24z, — 1),

By=—(1—z,)%(1 —22,)3(307221° — 2035222 4 58240x% — 91888xT + 8517625 — 4780822
4 165802% — 354813 4 45422 — 32, + 1),

B3 =—2(1 — z,)3z, (1 — 22,)%(62722) — 3536025 4 7920027 — 9015228 + 5812025 — 225407
+ 532022 — 73022 + 50z, — 1),

Dy = —4(1 — z, ) 2% (1 — 22,) (518428 — 1996827 + 2844825 — 2102422 + 96602 — 302423
+ 64422 — 84z, + 5),

®y =32(1 — 2.)523(1 — 4o, ) (4828 — 12222 4+ 12023 — 5122 4+ 11z, — 1),

B =—128(1 — x,) 22 (1 — 2, ) (1 — 4z,)°.

Thus, we only need to prove that ® <0 for (a,z,) € (0,00) x (0, 3—79/5)

Step 4.2. Second, by applying Sturm’s theorem, we have ®g < 0 and ®g < 0 for 0 < z, <
%- And, by direct computation, we have

6

B, o= —a* <0, q)’x*:ﬁﬁ _ 23+ zg/gl)(a +1)
where ®|,—0 =0 (resp., |z, —0) if and only if x, =0 (resp., a =0). The leading coefficient of
the polynomial ® with respect to a is lcoeff(®, a) = Pg < 0 if x4 > 0, or lcoef(P,a) = Py|,, =0 =
—1 <0 if z, = 0. Thus, there exists a sufficiently large N(z,) such that ® <0 if a > N(zy)
for any fixed 0 < x, < %. Letting Ny, = max0<x*<ﬂ{]\7(x*)}, then ® <0 if a > N, for

<07 (I)‘a:():q)ogov

any 0 <z, < 3%/5. Therefore, ® <0 at the boundary of the rectangular area

Dy = {(a,x*)IO <Sa< Ngy, 0< 2, < k _6\/5}’
and the equal sign is only taken at the point (0,0). Thus, we just need to prove that ® <0 at
the interior of the domain D;.

Step 4.3. Third, we look for a possible domain where stationary points of ® exist. By
calculating the first-order partial derivatives of ® with respect to a and x., respectively, we
can get the expressions of %—f and g—f*, which are all 20-order polynomials of a and x.; we
omit them for brevity.

Then, eliminating the variable a (resp., ) by computing the resultant Rj(x,) (resp.,
Rs(a)) between g—f and g—z, we obtain that

Ry (z.) = 134217728213 (1 — 42, ) (1 — 22.)%°(1 — )P (622 — 62 + 1) Ry (w.),

Ry(a) = 124615124604835863084731911901282304a% (4 + 1)°° Ryy (a),

where Ryj(z,) and Rai(a) are 45-order polynomials of z, and a, respectively; we omit them.
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Notice that the signs of Ry (x,) and Rs(a) are the same as Ry1(x,) and Ry (a), respectively.
Through isolating the real roots of Ra;(a) by using the function “realroot” wirh accuracy ﬁ
in MAPLE, we can prove that the root is in the closed subinterval

_ [1975659 987831 } a [I 7 ]
" 18388608 4194304 — P17
contained in (0, Nz ). )
Similarly, the root of Rjj(x4) is in the closed subinterval

_[1491421 46607]3[ 7} _[50189 200759}é[ T}
217 [16777216° 524288) — 172 TP T (2621447 1048576 (227

contained in (0, %) ) .
Therefore, if the polynomials Ri1(x,) and Rgq(a) have one common root (a,z,) € Dy, the

point must be in the following two domains:

D, = {(6%96*) |1, <a<Ii, Iy <uz. §721}

and

D3 = {(aax*) |1, <a<Ii, I<uz. S722}-

Hence, the stationary points of polynomial ® can only be achieved at the interior of Do
and Ds; then extremal value of polynomial ® can only be achieved at the boundary of D, and
the interior of Dy and Ds.

Step 4.4. At last, we prove that ® < 0 for all (a,z.) € Do U D3. By direct computation,
we obtain that the values of the function ® at the four vertices of the rectangular domain Do
are negative. By applying Sturm’s theorem, we have that on one pair of opposite sides of Do,

<I><a=1n,a;*> <0, cp(azfn,:c*> <0

for l21 <, < 721-
With the same techniques, we can assert that on the other pair of opposite sides of Dy,

@(a,x*:lm) <0, @(a,a:*zfgl) <0

forI;; <a< I11. Hence the above arguments imply that ® < 0 on the boundary of the domain
D5. Thus, Lemma 3.1 of [39] indicates that the number of the roots for ® in the domain Do
is equal to that of roots in (0,00) x (0,00) for

To1 + Loy T
d* =(1+z,) ", (a, Dt Do e >,
1+ x,

where

I I
11 +711a’x*) '

O, (a, ) =(1+ a)6<I>( Tra
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From the expression of ®*, it is easy to see that ®* < 0 in (0,00) x (0,00), which implies
® < 0 on the domain Dy. Similarly, we can assert that ® <0 for all (a,z.) € Ds.

Summarizing the above results, based on the eliminating theory by resultant and the
algorithm of real root isolation, it follows that ® < 0 on domain Di, and ® = 0 if and only
if (a,z«) = (0,0). Thus, ® < 0 on the interior of the domain D;. Then M;, < 0 when
(x4, a) € Dy, which implies M1, <0 when (z., a) € Qg, i.e., E, is a cusp of codimension 3 by
Lemma 2.4.

Appendix IV. The proof of Theorem 2.7.

Step 1. From (2.13), we have Det(J(E*))=0. When b # b* by Theorem 7.1 in chapter 2
of [41], E* is an unstable degenerate node if 0 < b < b* and a stable degenerate node if b > b*.

Step 2. When b= b*, we make the following transformations successively:

r==%+a2", y=9+y’,

1 a+z*
A3 T = X Y, 91=X.
( ) R pp— +x*(1—a—2x*)2 Y

Then system (2.1) becomes

X=Y+ ¥ agX'V +o(|X,Y],
A.14 . 2<itj<4
(814 Y= 3 XY +o(X,Y[*);
2<i+j<4
we omit expressions of a;j, b;; for brevity.
Then following (2.5) and Appendix I, system (A.15) becomes

dx o
=Y+ > XY +o(IX, YY),
3<itj<d
ay i 4
(A.15) —r=dnXY + Z di XY7 +o(|X, Y|4,
3<i+5<5
where
a— 2ax* — x*? 1—a—6z* +4z*?
c30 = , din= ;
(1—a—22*)2(a+x*)?(x* — 1) (1—a—2z*)(a+x*)(1 —x*)
1'*2

dsg = —
30 (1—a—2z*)2(a+ 2*)?’

1
doy = (32*—1 2(_ 4 11202 — T2t 42
P s e P T PR P A G e A e A

—a(z*® — 202 — 32* +1) + 2* (102" — 3207 + 352*% — 1da” + 2)),

1
dyo = (34*—2 2(2102*3 + 332*2 — 212" + 4
40 2(z* —1)%2(a + x*)3(a + 22* — 1)4 a"(4x ) +a’(=1027"+ 33z T+

+ a(=30x* + 7923 — 58x*? + 17a* — 2) + 2**(—172* + 392*% — 24" + 4)),

and we omit other expressions of ¢;;, d;;. It is easy to see that d3p < 0 since conditions in
(2.19) are satisfied.
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By direct computation, we have
S1
(x* —1)%2(a+ 2*)%(a + 22* — 1)2’

3c30(d3 + 5dso) + 5da1dso — 3d11dag =

d?, + 8dzg =

$*SQ
(x* —=1)%2(a+2*)3(1 —a — 22*)5’

where
(A.16) S1 = a® — 8ax*? + 12ax* — 2a 4 8z** — 322*° + 3622 — 122* + 1,
(A17) Sy =2a%(1 — 22*) — da(2z*® + 22*% — 32* + 1) — 112** + 102*° 4 5z*% — 82 + 2.

Notice that the signs of d2; + 8dso and 3c30(d?; + 5dso) + 5da1dso — 3d11d4o are the same
as S and S, respectively.

From S3|4—q2- > 0 and a®* — m*3+21:p_*;;*3m*+1 = —(1_238)7(;;2)363) < 0, we have Sy > 0, i.e.,
3c30(d3, + 5dso) + 5da1dso — 3d11dap > 0 as conditions in (2.19) are satisfied.

Step 3. Next, we analyze the sign of di; and S; to determine the types of E*. The
discriminant of S; with respect to a is 32z*2(1 — 2*)2 > 0. Solving di; =0 (resp., S; =0), we
have a = aj(resp., a = a} and a = a} +2v/2(1 — 2*)z* £@}), respectively, where a} and a} are
given in (2.21). And direct computation gives

1 1
ai —a* = 5(1 — ") (1 —8z* +V1—4a*), af —a* = 5(1 —x")(1—8z"),
1 1
as—a'* = S (1—2)(1 - 8" — 42 + V1 —dx*), ah—ad* = S(1—a")(1 = 82" - 42",

@ —a* = %(1 —*)(1—4(2 — V2)z*).

Notice that @} > a?* since 0 < 2* < . And, we obtain a} < a'*(resp., a} > a**) if and only
if z* > % (resp., z* < %); a3 < a'*(resp., aj > a*) if and only if x* > % (resp., z* < %)
Thus, we have (i) aj < a} < a* if & <z, < 1; (i) a < a* <a} < if § <z, < Z; (iil)
ay=a* <a® =a} if z. = §; (iv) o' <a} <a® <aj if 2_8‘/5 <z < 35 (v) a** < aj <aj if
O<z, < 2%5.

Combining conditions in (2.19) and analyzing the sign of dj1, S1, we have the results in
Table 2 by Lemma 2.5. Therefore, we have completed the proof.

Appendix V. The proof of Theorem 2.8. Consider the following unfolding system:

dx Y

=l —— 2

TR Sy yeratl

dy O 4+ X))z AN Em + N
Al — = —(m*+ A
(A.18) dt y[a’f+)\4+x 1+ q*y (m” + 2)]’

where A = (A1, A2, A3, \1) = (¢ — ¢*,m — m*,b — b*,a — a}) is a parameter vector in a small

neighborhood of (0,0,0,0).
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Next we want to transform the unfolding system (2.22) into the versal unfolding of codi-
mension 4 nilpotent focus by a series of near-identity transformations.
First, we make the following transformations successively:

De=2+2" y=0+y",

1 a+z*
II) 2= Y, y=X.
(In 1—a—2z* (1 —a—2x*)2"’ Y

Then system (2.22) becomes

%: > ag(NXYI +o(IX,Y]P),
0<i+5<5

(A.19) o= > b (NXYT +o(IX,YP),
0<i+5<5

where a;;(\) and b;j(\) are smooth functions whose long expressions are omitted here for the
sake of brevity.
Second, letting

a11(A) +bo2(N) o

(IT) X =2+ 5 22 Y =y —an(N)2® + boa(N)zy — age(N)y?,
system (A.19) becomes
dx i
T Y Wy +ollel?),
0<i+5<3
dy i, J 3
(A.20) Vo 3 dyay +olle )
0<i+5<3

where ¢;;(A\) and d;j(A) are smooth functions whose long expressions are omitted here.
Third, we make

(IV) r=X+ 2021()\)6+d12()\) X3+ 612()\)451103()\) X2y + Cog(A)XYZ,
y=Y — (N X3+ 22X X2y g (A XY2.

System (A.20) then becomes

dX g 3
=Y+ Z eif NXYT +o(|X,Y]?),
0<i+5<3
(A.21) ¥ _ > LiNXY 4 o(X,YP)
. dt L 1] ) )
0<i+5<3

where e;;(A) and f;;(\) are smooth functions whose long expressions are omitted here.
Fourth, we make the smooth coordinate transformation
dX

V) o =X, gy =
( )ZL’I y Y dt,
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then system (A.21) becomes

dz1 _
dt *yla
dyr = i J 3
(A.22) o Z fis(N2hyg + ol y1]”),
0<i+5<3

where ﬁ-j(/\) can be expressed by A1, A2, A3, A4, and z*; we omit their expressions.
Fifth, notice that f;;(0)=0 (0<i+j <2), fi2(0) = fo3(0) =0, and
9—16z*

<0, f21(0) =3c30+day = — <0
o PO =Bt dn == S

.
(1 —4a*)2(1 —x*)4

f30(0) =d3zo = 15

since % <zt < %. We continue to make the following smooth coordinate transformations

successively:
(VI) 21 =22 — 3];%00(()\/\)), Y1 =Y2;
VT eV Te) d Fa)
(A2) V) =TT e AT T e

Then system (A.22) becomes as system (2.23) (still denoting 7 by t), where p;(A)(i=1,2,3,4)
can be expressed by A1, A2, A3, \q, and z*; we omit their detailed expressions.
Since

A1 (), p2(A), 3(A), pa(A))
O(A1, A2, A3, \q) =0
(9 — 162*)5(1 — 42*)5(1 — 62" + 42*2) (1 — 8x*)(3 — 462* + 642*?)
6291456 (1 — x*)2x*15

(A.24)

>0

for é <zt < 13—6, the parameter transformation (A1, A2, A3, A1) — (p1, f2, pi3, f14) is a homeo-
morphism in a small neighborhood of the origin, and p;, po, ps, and pyg are independent
parameters. By the results in [18, 20], we know that system (2.23) is a 4-parameter fam-
ily versal unfolding of codimension 4 nilpotent focus. Hence, system (2.22) can undergo a
nilpotent focus bifurcation of codimension 4 around E*.
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