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1. Introduction

In this article, we study the limit cycle problem for the following Gause predator-prey system
introduced in [26] by Xiao and Ruan:

DO _ 1 = 22y et oy,
dd(’t) k (1.1)
% = Y()(=D + px(H)e PO,

where all parameters are positive: r > 0, 8> 0, k > 0, D > 0, u > 0. For convenience, we will write x
and y for x(¢) and y(¢), respectively. The real variables x and y represent the nonnegative density of the
prey and predator population, respectively.

The main result of this paper is the proof of the conjecture posed in [26] concerning the number of
limit cycles in (1.1).
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Theorem 1.1. System (1.1) has at most one limit cycle. If it exists, it is stable and hyperbolic.

In a recent paper [15], system (1.1) was discussed for the special case of a singular perturbation,
essentially studying the occurrence of so-called canard cycles for small D and u.
System (1.1) is a special case of the more general Gause predator-prey system [5]:

dx

i h(x) — p(x)y,
d

d—f = y(=D + q(x)).

(1.2)

In system (1.1), the natural prey growth A(x) was chosen to be logistic. The function p(x) is often
referred to as the functional response function, describing the effectiveness with which the predator
attacks the prey population. Typically, in Gause systems, the numerical response function g(x) is taken
to be proportional to the functional response function p(x).

With the choice of p(x) in system (1.1), the system exhibits group defense by the prey population.
This means that if the prey population is sufficiently large, they can form a more effective defense
against attacks by predators. The particular form of the functional response function xe™®* is similar
to the well-known Ivlev functional response in the absence of group defense p(x) = 1 — e?*; see,
for example, [11]. The essential difference is that the traditional Ivlev functional response function
is monotonically increasing in x, whereas the group defense functional response in (1.1) has a global
maximum for some positive x.

From a biological point of view, one of the first studies of this kind of group defense appeared in
the book by Tener [24]. There, a single muskox is easily eaten by wolves, but when the number of
muskoxen increases, it becomes less likely to be attacked by wolves. Another fundamental paper in
this area is by Holmes and Bethel [8], where it was discussed that parasites can influence host behavior
by changing evolutionary strategies to achieve group defense. The relationship with mathematical
modeling was made in the fundamental paper by Freedman and Wolkowicz [3]. Recent research on
the topic of group defense can be found in [2,9,21].

From a mathematical modeling point of view, one of the first papers, to our knowledge, mentioning
this effect was Wolkowicz’s paper [25]. Her model is similar to (1.1) but with a different functional
response function, p(x) = axzfr”;‘xﬂ, where m, a, and b are positive constants satisfying p(0) = 0,
p'(0)>0, p"(0) <0, and p(x) > 0 for x > 0. For small x, this function approximates the Holling Type
II functional response.

Mathematically, group defense implies that the predators will be less effective in their attack when
there are more prey. This leads to some consequences on the behavior of the functional response
function p(x). The following definition was introduced by [3].

Definition 1.2. In Gause systems (1.2), the prey population exhibits group defense if p(x) > 0, p’(x) >
0(<0)forO<x<M (x> M).

Figure 1.1 shows the function p(x) in the case of group defense.
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Figure 1.1. The functional response function p(x) with group defense as in Definition 1.2.
The function is initially increasing as a function of x, i.e., more prey is killed by the predators
if more prey is available. However, when x is sufficiently large, i.e., x > M, the prey
population becomes strong enough to create a group defense against the predators and the
effective killing per predator will go down.

The main problem in the study of these Gause systems is the determination of the number and
stability of limit cycles. This is related to a more general problem for planar autonomous ordinary
differential equations, which asks for the number of limit cycles for systems of the following form:

dx R
i P(x,y, 1),
(1.3)

dy S
Z - Q(-x’ y7 /*l)’

where x € R, y € R, and ¢ € R. The system typically depends on real parameters, indicated by /.

In particular, the unsolved second part of the 16™ Hilbert problem asks for an upper bound on the
number of limit cycles for systems, where P(x,y) and Q(x,y) are polynomial functions of x and y;
see [1,29].

There are few results with the current technology for the study of systems that do not involve
small parameters. Specifically, obtaining global results on the qualitative behavior of solutions for
all parameters is a notoriously difficult problem. The most successful results have been obtained in
the study of the non-existence, existence, and uniqueness of limit cycles, in particular the study of
systems where at most one limit cycle exists. There are few studies involving systems with at most two
limit cycles. In those few cases, there are restrictive conditions on the functions P(x,y) and Q(x,y),
such as satisfying certain symmetry conditions; see the books [29, 33]. For the solution of the 16"
Hilbert problem, the development of tools to determine upper bounds for the number of limit cycles
for systems with at most two limit cycles would be a first natural but difficult step.

For systems with at most one limit cycle, the strongest methods have been developed for a special
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case of (1.3), so-called generalized Liénard systems.

dx
i F(x) = ¢(y),

dy
1 g(x).

(1.4)

More on such systems can be found in the books [29,33].

To apply one of the many theorems about limit cycles available for Liénard systems to (1.3), a
nonlinear transformation of the variables needs to be found, changing the system into the form (1.4).
This is not always possible, but for the system discussed in this paper, (1.1), it is relatively
straightforward. For a more general discussion, see [17].

Additionally, we will compare system (1.1) with similar group defense mechanisms in other
predator-prey models. One instance is when the predator growth dynamics is of Leslie-Gower type,
while keeping the same dynamics for the prey. A second instance is to take a similar Gause model,
but with a slightly different functional response function p(x), in particular the well-known case of
Wolkowicz [25] and Rothe-Shafer [22]. In both systems, we will show that typically situations occur
with two limit cycles and that the uniqueness of limit cycles in system (1.1) is a rather rare occurrence
in systems with group defense. Although it is difficult to formulate a general statement, we will indicate
the mathematical reasons for why such differences occur.

In Section 2, we will outline the use of Liénard systems and introduce the uniqueness theorem that
will be the main tool in the study of (1.1). In Section 3, we will transform system (1.1) into Liénard
form and apply the uniqueness theorem to prove Theorem 1.1. In Section 4, we show that a similar
system with group defense and Leslie-Gower predator dynamics can have a weak focus of order two
and that two limit cycles can be created in a degenerate Hopf bifurcation. Finally, we discuss the
mathematical reasons why (1.1) only has at most one limit cycle, while an apparently similar Gause
model introduced by [25] and further studied by [22,27] can have two limit cycles.

2. Prerequisites

The use of Liénard systems (1.4) in the theory of limit cycles has proved to be advantageous. They
contain some of the strongest available theorems about the existence or uniqueness of limit cycles.

In practice, we can try to convert a planar system of nonlinear autonomous ordinary differential
equations (1.3) into a Liénard system (1.4) and then analyze it.

To prove that a certain Liénard system has at most one limit cycle, we will adapt two theorems for
our purposes. The first is a simple theorem introduced in [12] (Theorem 1.1) to show that for some
cases, no limit cycles can occur:

Theorem 2.1. ( [12]) Suppose system (1.4) with F(x) = fxx f(X)dx € C3, g(x) € C?, f(x) € C?, satisfies
the following conditions on the interval ry < x < ry:

5 doQy)
(i) =5 >0,
(ii) x, € (r1,12) is the unique value such that (x — x,)g(x) > 0, for x # x,, and g(x,) = 0,

(iii) xy € (r1, 1) is the unique value such that (x — xy)f(x) <0, for x # xy, and f(xz) = 0,
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(iv) dc € R, such that f(x) — cg(x) has no zeroesinr; < x < r,.
Then, (1.4) does not have limit cycles in the strip r; < x < r5.

There is a graphical interpretation of condition (iv) of Theorem (2.1). It implies that the function

;% has a gap. It means that there is a horizontal line L: y = ¢ such that part of the graph of y = i,%

lies above L and part of it below L, but without any intersections. See Figure 2.1.

A i

g ic)

g

i > X
0 |
.X'f i xg
----------------------------------------- e
Figure 2.1. A typical example of the function ;%3 with a gap according to Condition (iv)

Theorem 2.1. The function f(x) — cg(x) has no zeroes for the value of ¢ corresponding to the
gap in the figure, separating two branches of the graph of the function.

Condition (1) of Theorem 2.1 is a condition typically satisfied in applications. In Gause predator-
prey systems, ¢(y) = ¢’ and the condition is obviously satisfied.

Condition (i1) of Theorem 2.1 means that only limit cycles surrounding one singularity are
considered. In Gause systems, this is typically true, but for exceptions (for example, in cases where an
Allee effect is introduced in the natural growth of the prey), see [6, 16].

Condition (ii1) of Theorem 2.1 implies that the divergence of system (1.4) changes sign for exactly
one value of x. This condition can be relaxed, but for this paper it is more convenient to use this form.
The differentiability conditions on the three functions F(x), g(x), f(x) and the sign of the condition
(x — x¢)f(x) < O can be relaxed as well, but were chosen to be consistent with the system studied in
this paper.

The non-existence Theorem (2.1), in practice, can be combined with a uniqueness theorem for limit
cycles. For our purposes, the following uniqueness theorem will be sufficient. It is a special case of a
more general theorem presented in [34] (Theorem 3, page 485).

AIMS Mathematics Volume 9, Issue 12, 33610-33631.



33615

Theorem 2.2. ( [34]) Suppose system (1.4) with F(x) = fx Y f(R)dx € C3, g(x) € C%, f(x) € C?, satisfies
the following conditions on the interval ry < x < ry:

(i) G2 >0,
(ii) x, € (r1,12) is the unique value such that (x — x,)g(x) > 0, for x # x,, and g(x,) = 0,

(iii) x¢ € (r1, 1) is the unique value such that (x—x;) f(x) <0, for x # x5, and f(xy) = 0, and x, < Xy,

f(X)
(iv) g“) <0inr <x<xgand xy < x<r.

Then, (1.4) has at most one limit cycle in the strip r| < x < ry, which is stable and hyperbolic if
it exists.

Theorems 2.1 and 2.2 are in fact complimentary and can be combined in one theorem, which is more
natural for practical applications. Conditions (i)—(iii) of Theorem 2.2 are the same as the conditions
in Theorem 2.1. The difference lies in Condition (iv). As mentioned above, in Theorem 2.1, there is
a geometrical gap interpretation of the condition. A similar approach is possible for Condition (iv) in
Theorem 2.2.

Lemma 2.3. A sufficient condition for Condition (iv) of Theorem (2.2) to hold true is: Yc € R, f(x) —
cg(x) has no multiple zeroes on the interval ry < x < xg and x5 < x < 15.

Proof. Suppose the function (f @ >) has a zero X, then we can write:
f@E @ = f (D).
Denote the function value of S ( ) at x = X by c*, i.e.,

f(®) = c"g(®) = 0, f()g (%) = £ (X)g (D).

These equations imply that

@) -cg(x)=0
That means (; Exi) has a multiple zero, which is not possible. Therefore, (f (x)) does not have a zero
and, from Conditions (ii) and, (iii) of Theorem 2.2, it follows that it has to be negatlve |

This simple lemma has a geometrical interpretation as shown in Figure 2.2: If a differentiable
function has a local minimum or maximum at x = X, then necessarily the horizontal line y = g 8
corresponds to a value ¢ where f(x)— cg(x) has a multiple zero, because the line is tangent to the graph
of the function.

Conditions (iv) of Theorems 2.1 and 2.2 are complimentary, because of the geometrical
interpretation in Lemma 2.3. We combine both theorems into one convenient theorem. This leads
to a similar theorem as Lemma 1.4 in [12]. The only difference with that lemma is the interval for x in
Condition (iv). In Lemma 1.4 [12], the condition needs to hold true for the whole interval r; < x < r»,
while in Theorem (2.2), the interval is restricted. This subtle difference will simplify the proof for the

uniqueness of limit cycles in (1.1).
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Figure 2.2. An example of a non-monotonic function £ as described in Lemma 2.3. At the

8(x)
local minimum, the tangent line y = ¢* corresponds to a multiple zero of f(x) — c*g(x). It
implies that a sufficient condition for the function Q—X to be monotonic is that f(x) — c*g(x)

does not have a multiple zero for any ¢* € R.

Theorem 2.4. Suppose system (1.4) with F(x) = fx ! f(x)dx € C3, g(x) € C?, f(x) € C? satisfies the
following conditions on the interval ry < x < r;, y € R:

) doQy)
(i) & - 0,
(ii) xq € (r1,12) is the unique value such that (x — x,)g(x) > 0, for x # x,, and g(x,) = 0,
(iii) xs € (11, 12) is the unique value such that (x—x¢) f(x) < 0, for x # x¢, and f(xy) = 0, and x, < xy.

(iv) Either (iv) : Ac € R, such that f(x) — cg(x) has no zeroes inr, < x < r»,

or (iv)': Ve € R, f(x) — cg(x) has no multiple zeroes on the interval r; < x < Xgand xy < x <13

Then, (1.4) has at most one limit cycle in the strip ry < x < r,, and if it exists, it is hyperbolic. In
case (iv) , no limit cycles occur:

Proof. The theorem is a combination of Theorems 2.1 and 2.2, which have the same Conditions (i)—
(iii). Condition (iv) is Condition (iv) from Theorem 2.1 and Condition (iv)" is Condition (iv) from
Theorem 2.2 rewritten in terms of Lemma 2.3. |

Conditions (i)—(iii) can easily be verified in our case. The critical conditions are (iv) and (iv) .
These are, in principle, two independent conditions with different implications, but in typical families
(the system in this paper is an example of this), their combination is sufficient to cover all parameter
values in a system.

AIMS Mathematics Volume 9, Issue 12, 33610-33631.



33617

2.1. Singularities

Compared to the general system (1.3), Liénard systems have another advantage. It is straightforward
to determine the position of the singularities, because they satisfy an equation with one variable only.
Lemma 2.5. In system (1.4) with %
singularity at (x4, y,) is g(x,) = 0, and ¢"V[F(x,)] exists. If g'(x;) > 0 (< 0), then the singularity is an
anti-saddle (saddle).

> 0, a necessary and sufficient condition for the existence of a

Proof. Singularities of the system satisfy F(x,) — ¢(y,) = 0, g(x,) = 0. From this, the necessary and
sufficient conditions for the coordinates of a singularity follow.
The Jacobian matrix at a singularity, where g(x,) = 0, F(x,) — ¢#(y,) = 0, is given by

, _dg(y)
|F /((xg)) 61y l The product of the eigenvalues is d(ig 2 g'(xg), from which the result of the
8 (Xg

lemma follows. O

The strategy for the analysis of system (1.1) is to convert it into (1.4) first, then to study the
singularities using Lemma 2.5, and finally, to use Theorem 2.4 to establish the uniqueness of
limit cycles.

3. Gause model with group defense

To apply the results of the previous section to system (1.1), the system first needs to be converted
into Liénard form. This is a well-known procedure for Gause predator-prey systems [4]. In general,
different transformations into Liénard form exist, a concept not widely understood yet. The choice of
transformation is not unique, and different choices will lead to different results. For examples of how
to convert predator-prey systems to a Liénard system, see [4, 17,28, 30]. In this paper, we choose the
simplest transformation with the justification that it is sufficient for getting proof of the uniqueness of
limit cycles.

Lemma 3.1. System (1.1) can be transformed into a Liénard system (1.4) with F(x) = ref*(1 — 2,
g(x) = —D& + 11, 6(y) = €.

Proof. Lett — ﬁ, with p(x) = xe™®*, and y = ¢'. After the transformation, we label for convenience

v again by y and get:

d
E v -0 =F)-e,
dt k

(3.1)
dy Deﬁx N )
— =-D— = g(x).
dt X =8

O
For future reference, we define the divergence of the vector field by:
’ X X 1

J(0) = F'(x) = reé™[B(1 - E) - %]. (3.2)

AIMS Mathematics Volume 9, Issue 12, 33610-33631.
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3.1. Singularities

To find the position of the singularities in the first quadrant of the phase plane (since x(¢) > 0 and
y(t) > 0), we apply Lemma 2.5 to the Liénard system (3.1) in Lemma 3.1.

Lemma 3.2. In system (1.1) define u* = Dfe and ji = De%k, with 0 < u* < fi.

o [f u* < u, then the equivalent Liénard system (3.1) has an anti-saddle with x-coordinate x,s and
if " < u < @i, it has a saddle at x = xg. For the x-coordinates of the singularities, the inequality
0 < x45 < é < xs < k holds, if the saddle exists.

o Ifu < u’, then system (3.1) has no singularities.

Proof. The necessary and sufficient conditions for the existence of a singularity in Li€énard system (3.1),
according to Lemma 2.5, translate into the following conditions for the system in Lemma 3.1.

ﬁxg
g(xg) = _De

+u=0,0<x <k (3.3)
8

The number of solutions to the equation g(x,) = 0 follows from looking at the derivative g'(x) =
w. A double zero can only occur when x, = };. Substituting this into g(x,), we find the condition
for a double zero to be u = pu* = DBe. If u > u*, then g(x,) = 0 has two solutions x, > 0, and for

u < u*, there are no solutions. The Jacobian matrix of system (3.1) is:

s |f@ e reﬂ)‘[lgih—l D= e
g 0 DB
Under the condition ¢ > u*, we find that for the two zeroes x5 and xg of g(x), with x5 < é < Xg
the determinant is positive and negative, respectively, i.e., xas is an anti-saddle and xg is a saddle.

Moreover, 0 < x45 < é < xg <k.

The last inequality in (3.3) is the condition that y, = In(F(x,) = In(ref*(1 — %)) exists. Since x,
satisfies g(x,) = 0, we get that 0 < x, < k implies that u < i = De’%. For the two critical values of u,
the inequality O < u* < fi holds true, because k8 > 1.

The condition u < fi reflects the fact that the saddle in the original system (1.1) is located in the first
quadrant. For y > fi, the saddle moves into the region y < 0, which is irrelevant from a biological point
of view. Since the Liénard system was obtained through a transformation y = ¢”, only singularities in
the first quadrant of the original system will appear in the Liénard form. O

Since limit cycles cannot appear in a system without singularities, we will impose in the following
the condition ¢ > p* of Lemma 3.2. It means that implicitly we will assume that u > Dpe. The
conclusions of Lemma 3.1 are in line with the results of [26]. In principle, there are two cases to be
considered according to the lemma: u < ji (saddle exists) and u > fi (saddle does not exist). However,
for the proof of the uniqueness of limit cycles, this distinction will not be relevant. In both cases, the
condition ¢ > u* ensures that the equation g(x,) = 0 has two solutions denoted by x45 and xs. We
will prove the uniqueness of limit cycle in the extended interval 0 < x < xg even if that zero does not
represent a saddle.

The stability of the anti-saddle is determined by the sign of f(x) for x
(positive), then the singularity is stable (unstable). In the case when f(xas)

xas. If it is negative
0, the sign of the first

AIMS Mathematics Volume 9, Issue 12, 33610-33631.
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focal value will determine the stability. For a Liénard system (1.4), there exists a simple method to

determine it. The unique zero of f(x) is given by x; = k — é < k.

Lemma 3.3. Under the condition x; = xug, system (1.1) has a weak focus, which is stable and of order

o . . kB—
one. In terms of the parameters of the original system, this occurs when y = i, = DBZ;—_;.

Proof. According to system (3.1) and Eq (3.2), we have f(x) = re®*[B(1 — - %], g(x) = ’”‘Tbeﬁx. Then
f(xp) = 0, with x; = k — é. Therefore, a weak focus occurs for g(x;) = 0, which is equivalent to
M= Mk = DB ]i;ﬁ___;-

Under this condition, we have x; = x,5 and the derivatives of the functions are given by f(x) =
BB — %) — 21, f'(x) = rBe™[B(1 — §) — 2], which evaluated at x; leads to f'(x;) = rBeP[B(1 —

)= F1= B (=) < 0, f'(xp) = 1B [B(1 = ) = 31 = 1B/ (=) < 0.
Similarly, we get g'(x/) = M g (xp) = SL (222 + 2x; - 2).
>

X
A (1-pugs) ilz_ﬁx*‘s ) > 0, and

From Lemma 3.2, we know that 0 < xu5 = x; < é, SO g'(xf) = g (xa5) =
AS

g (xp) = g (xas) = ei{;s (=B*xh + 2Bxas —2) < g"(é) = ¢ (-1) < 0.

Under the condition x; = x5, we get according to [31] the following expression for the first focal
value for a generalized Liénard system.

Vi~ f(xp)g (xp) = f (xpg (xp) < 0. (3.4)

This implies that Liénard system (3.1) has a weak focus, which is stable and of order one.
System (1.1) is equivalent to the Liénard system (3.1). Therefore, if the original system (1.1) has a
weak focus, it is stable and has order one. O

3.2. Checking the conditions of Theorem 2.4

To apply Theorem 2.4, we need to verify that all conditions are satisfied on a relevant interval for
x, 1.e., the strip in the phase plane where limit cycles are residing. First, we determine the interval
r; < x < r;. We can determine the interval by using the properties of Liénard systems.

Lemma 3.4. Limit cycles in (1.1) are restricted to the strip 0 < x < xg in the phase plane. Here, xs is
one of the two solutions xas < xs of g(x) = 0. If u* < u < f1, according to Lemma 3.2, xs represents
the x-coordinate of the saddle.

Proof. Limit cycles surround the anti-saddle with x-coordinate x,5 with 0 < x45 < xg and cannot cross
the vertical line x = xg in the phase plane. This is true, because if the saddle at x = xg exists, then
on the line % = F(xs) — ¢(ys) changes sign exactly at the saddle. Any limit cycle crossing the line
would have to contain the saddle, which is impossible, because the system only has two singularities,
one anti-saddle and one saddle.

If there is no saddle at x = xg, then it implies that k < xg. In the original system (1.1), the line x = k
is a line without contact and cannot be crossed by limit cycles. Therefore, limit cycles cannot cross
any other vertical line x = ¢ > k. O

It means that for the application of Theorem 2.4, we will effectively use r; = 0, r, = xg, even if xg
does not correspond to a saddle.

AIMS Mathematics Volume 9, Issue 12, 33610-33631.
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Lemma 3.5. Under the Condition u > Dfe, Liénard system (3.1) satisfies the first three conditions
(i)—(iii) of Theorem 2.4 on the interval ry < x < ry, withr; =0, r, = Xs.

Proof. Since ¢(y) = €, g(x) = m—— Dt ,and F(x) = réf*(1 - 2) in system (3.1), and r; = 0, r» = x5
according to Lemma 3.4, we get d‘Z;y ) > 0 and f(x) = F'(x) = ré®*[B(1 - - —] Moreover, the zeroes

of g(x) satisfy 0 < x,5 < é < x5 < k according to Lemma 3.2 and the unique zero of f(x) is given by

xp=k- é € (0, xs). If x; > xg, then the divergence of the system has fixed sign on 0 < x < xg and no
limit cycles can exist. Therefore, we can safely exclude this case in the following.

If we denote x, = x4, then x, € (0, xs) is the unique value such that g(x,) = 0. We know g’(é) =0
according to Lemma 3.2. As a consequence, (x — x45)g(x) > 0 where x # Xy, 1.€., (x — x,)g(x) > 0
where x # x,. O

To apply Theorem 2.4, we need to investigate the zeroes of the function f(x) — cg(x) and check
whether one of the two Conditions (iv) or (iv)" holds true. To simplify the analysis, we rewrite the
expression in the following way:

() = cg(x) = s(x) = [f(x) — e8], (3.5)
where i
s(x) = ;e =
f(x) = Bx(Bx — Bxy),
_ cDpk
c= 5
-
g(x) = @ﬁxeﬁ* - L.

Evidently, s(x) < 0 for 0 < x < xg, and to check Condition (iv) we can restrict ourselves to
analyzing the zeroes of f(x) — ¢g(x). The change of variables ¢ = Sx does not change the nature of the
zeroes and simplifies the expression further. We get:

z=f-Lg=ttt—t;)—CLte” - L, (3.6)
where f = #(t — t),g=Cte”" - L, C = Dﬁ, L > 0. We only need to consider the case L > 0, because
f(x) = ¢g(x) can only have a zero on the intervals r; < t < t4g, ty <t < tg, where we used the notation
tas = Bxas and tg = Bxs. In short, we will study in the following the zeroes of the function z = f — Lg
for L > 0.

Next, we will check Condition (iv) of Theorem 2.4. As we will see, the two subcases (iv) and (iv)”
correspond to the relative positions of 745 and #;.

3.3. The case xs5 > Xy

In this case, we expect no limit cycles and construct a constant ¢ such that Condition (iv) in
Theorem 2.4 is satisfied.

Proposition 3.6. Under the condition u > Dfe, there exists a constant ¢ such f(x) — cg(x) in Liénard
system (3.1) has fixed sign on the interval 0 < x < xg.
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Proof. Following the discussion of the previous section, we will consider the equivalent expressions
for the variable t = Sx. Under the condition u > Dfe, we know t45 > ty where txs = Bxas , ty = Bxy.
We want to choose L in such a way that the tangent lines of f(¢) at t; and Lg(t) at 145 have the same
slope, i.e., f’(tf) = Lg (tas). Denote the tangent lines of fand Lg by I; and I,g, respectively. We get
the situation of Figure 3.1.

A J
o+

y=Lg(t)

Figure 3.1. For the case x45 > x;: The images of f(t) and Lg(r) with the tangent lines at the
zeroes 1y and 1,5, respectively, as described in the proof of Proposition 3.6. By choosing the
scaling parameter L in such a way that the tangent lines /; and /55 are parallel, the graphs of
y = f(t) and y = Lg(¢) will not intersect, establishing that f(r) — Lg(¢) does not have a zero.
This shows that Condition (iv)  is satisfied in Theorem 2.4.

From Figure 3.1, we see that the graph of f() lies above /;, and the graph of Lg() lies below Iys.
This would imply that f(f) = Lg(¢) has no solution for this value of L.

To prove analytically that the function f(#) — Lg(¢) has fixed sign for this choice of L, we consider
the expression for [ and l,s:

lp:yr = fp—tp),

las 1 yas = L7g(tas)(t = tas),

where L* = I
g (tas)”

Next, let Hy(t) = f(t) — y; = f(©) — f/(¢;)(t — t7). Then, the condition that the graph of f(z) lies
above [y is equivalent to H/{(r) > 0. Taking derivatives we get: H{'(1) = f”(1) > 0, H,(tf) = 0, and
H;(ty) = 0. From this, it follows that H,(¢) = | i | ; H{(1))dndt, > 0.

Similarly, let Hy(t) = yas — L'g(t) = L*(8'(tas)(t — tas) — g(#)). The condition that the graph of
L*g(1) lies below 45 is equivalent to H,(f) > 0. For this function, we have H»(t45) = H)(t4s) = 0 and
HY (1) > 0 for 0 <t < 2. Taking derivatives leads to H,(r) > O in ¢ € (0, 2), and H>(2) > 0. It follows
that Ha(t) = [ [* H,(t)dndt, > 0 for 0 < 1 < 2.
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Fort > 2, H)(t) = L*[g'(tas) — &' (1)] > 0, and H’(¢) increases monotonically for ¢ > 2. Therefore,
H,(t) > Hy()in = H2(2) > 0. This implies that H,(¢) > 0 for ¢ > 0 as we intended to prove. It follows
that the graph of L*g(¢) lies below l45.

We have proved that f(7) > f’(tf)(t —t5) > L*g'(tas)(t — tas) > L*g(1), which leads to the result we
are looking for: There exists an L = L* such that f(x) — L*g(x) > 0. |

3.4. The case xa5 < Xy

In this case, we expect at most one limit cycle and will show that Condition (iv)" in Theorem 2.4
is satisfied.

Proposition 3.7. Under the condition u > Dfe, f(x) — cg(x), Yc € R, in Liénard system (3.1) does not
have a multiple zero on the intervals 0 < x < xu5 and xy < x < Xs.

Proof. Again, we will consider the equivalent expressions for the variable + = Bx. First, we prove
Ar* € (0, t45) such that Z(#*) = Z () = 0.

According to (3.6), we know f@®=238@®t-2) <0forte (0,2)and t4s < 2,507 (¢) =
f'(t)=Lg" (1) > 0, for t € (0, 2).

Suppose 3r*, such that Z(r*) = 7 (t*) = 0. Since Z'(r) > 0 for 1 € (0, 2), we know that Z (£)(r — 1*) > 0,
ie,z7 (1) <0G 0),for0<t<r(t*<t<ty <2). It follows that

0 1"

7(0) = f Z(s)ds = — f 7 (s)ds, (3.7)
t* 0

Z(tas) = f " 7 (s)ds > 0. (3.8)

However, Z(tas) = f(tas) — Lg(tas) = f(tas) < 0. This contradicts the assumption that z(t*) =
7 (t*) = 0. Therefore, A" € (0, t45) such that Z(t*) = 7 (#*) = 0. The above calculation shows that the
result is true for the extended interval (0,2), i.e., Ar* € (0,2) such that z(r*) = Z () = 0.

Finally, we prove that under the condition i > DBe, 7 = f — Lg does not have a multiple zero on the
interval 2 <t < tg.

According to (3.6), Z7(t) = f (1) = Lg' (t) and f (t) > 0, g (t) < 0in (2,15). It follows that 7 (f) > 0
in (2, 1) and there cannot be a ¢* such that zZ(t*) = Z () = 0, for t* € (2, t5). Therefore, y = f() and
y = Lg(t) have exactly one transversal intersection in (2, zs).

Combining the results, we find that under the condition u > Dpe, f(x)—cg(x) in Liénard system (3.1)
does not have a multiple zero on the intervals 0 < x < x45 and x; < x < xs. The images of f and Lg
are shown in Figure 3.2.
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y=f(t)

A\ 4
o+

y=Lg()

Figure 3.2. For the case x5 < x/: the figure depicts an example of y = f(f) and y =
Lg(¢) with only transversal intersections, implying that no multiple zeroes can occur for the
function f(f) — Lg(f). This shows that Condition (iv)” is satisfied in Theorem 2.4.

3.5. Uniqueness of limit cycle

With the results of the previous sections, we have sufficient information to prove the main result of
this paper.

Theorem 3.8. System (1.1) has at most one limit cycle. If it exists, it is stable and hyperbolic.

Proof. According to Lemma 3.5, Propositions 3.6 and 3.7, we know that Liénard system (3.1) satisfies
all conditions of Theorem (2.4). Therefore, Liénard system (3.1) has at most one limit cycle.

In particular, Liénard system (3.1) has no limit cycles (at most one limit cycle) when u < uwr
(1 > pwr) if the Condition (iv)" (Condition (iv)") in (2.4) is satisfied according to Proposition (3.6)
(Proposition (3.7)). Here, uwr is defined in Lemma 3.3.

System (1.1) is equivalent to the Liénard system (3.1) and the uniqueness of limit cycle in the
Liénard system (3.1) implies the uniqueness of the limit cycle in the original system (1.1), i.e.,
system (1.1) has at most one limit cycle.

In the case when p > uwr, the divergence of the vector field f(x) at x = x, is positive in the case
where a limit cycle can exist (xas < xf). For system (1.1), this means that the limit cycle, if it exists,
must be stable, because the singularity inside the limit cycle is unstable. O

3.6. Existence of limit cycle

Using Lemmas 3.2 and 3.3, we establish the existence of a limit cycle by a suitable perturbation
of the weak focus leading to a small-amplitude limit cycle created in a Hopf bifurcation. A further
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change of the parameters will lead to the disappearance of the stable limit cycle in a stable saddle loop.
Figure 3.3 shows a numerical scenario where the parameter k is changed while the other parameters
are fixed.

Figure 3.3. A numerical scenario of a limit cycle born in a Hopf-bifurcation and disappearing
in a saddle loop under the variation of the parameter k. The other parameters are fixed and
areequaltor =0.8;8=1;D=17,x, =05, u = %

(a) k = 1.35: A stable anti-saddle without limit cyclegs;

(b) k = 1.51: An unstable anti-saddle with a small-amplitude stable limit cycle created in a
Hopf-bifurcation;

(c) k = 1.6: An unstable anti-saddle with a growing stable limit cycle;

(d) £ = 1.93: An unstable anti-saddle with a stable limit cycle close to disappearing in a
saddle loop;

(e) k = 2.0: An unstable anti-saddle without limit cycles.

3.7. Biological interpretation of the results

Even though it is difficult to show a clear pattern in the asymptotic behaviour of the solutions for all
values of the parameters, the numerical example of Section 3.6 shows what can typically be expected.

In the case when x,5 > xf, system (1.1) does not have limit cycles, as indicated in the proof of
Theorem 3.8. A typical situation is depicted in Figure 3.3(a). The anti-saddle is stable and locally
attracts solutions.

It means that in the positive quadrant of the phase plane, for some initial values, the solution
[x(2), y()] will tend to a positive equilibrium, while for some initial values it will tend to a stable
node situated at x = k,y = 0, i.e., leading to extinction of the predators. The regions in the phase
plane leading to extinction of the predators or a positive equilibrium are determined by the relative
position of the separatrix of the saddle lying in the first quadrant. The exact positions can only be
found numerically.

In the case when x,5 < xf, system (1.1) has an unstable positive singularity. For increasing k,
see Figure 3.3(b)—(d), a growing stable limit cycle surrounds the equilibrium. In those situations,
depending on the position in the phase plane of the separatrices of the saddle and the position of
the limit cycle, the solution will either tend to the stable limit cycle or to the stable node situated at
x = k,y = 0, i.e., the predator and prey populations will approach a periodic limit set or the predator
population will die out.

When k is large enough, the limit cycle has disappeared into a saddle loop and the ensuing system
has a positive unstable anti-saddle, no limit cycles, a saddle, and a stable node situated at x = k,y = 0;
see Figure 3.3(e). In that case, regardless of the initial position, the predator population will die out.
The biological interpretation is that if the carrying capacity is large, the prey population can grow big
enough to contain the predation effect through group defense, and the predator population will die.
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4. Connections to other predator-prey systems with group defense

A natural question is how typical the behavior of system (1.1) is, compared to other systems with
group defense.

The first system with group defense that was studied systematically in the literature [22, 25, 27]
contained cases with two limit cycles. A first question therefore would be: Why does (1.1) only have
one limit cycle? In [13], the group defense property of the functional response function p(x) in a Gause
system was discussed. It was observed that actually a weak focus of second order can only be created
for those values of x where p(x) is increasing, implying that the group defense property is not the
essential reason to why more than one limit cycle can occur.

To study this difference in the number of limit cycles between the various predator-prey models
with group defense, we look at two systems that have a similar structure to (1.1).

(modified Leslie-Gower with group defense)

d
ax rx(l — E) — xe Py,
dt k
4.1
Y-
dt A+x"
(Wolkowicz-Rothe-Shafer with group defense)
dx X X
(1 =2y —— &
dt rx( k) Craxt b
(4.2)
D_py—H
a X2+ax+b

Both systems bear a similarity with (1.1) in the following sense:

System (4.1) has the same dynamics for the prey, i.e., the same logistic growth and same
functional response function, but the predator dynamics contains a version of the carrying capacity
term introduced by Leslie-Gower [14]. It has not occurred in the literature as far as we know. Its
purpose here is purely mathematical: If the predator dynamics in system (1.1) are changed into a
Leslie-Gower form while keeping the same dynamics for the prey population including group defense
of Ivlev-type, what will be the consequences, especially in terms of the number of limit cycles?

System (4.2) is the system studied by Wolkowicz-Rothe-Shafer [22,25], while [27] showed that a
second-order weak focus can occur in the system. The only difference with (1.1) is the denominator
in the functional response function p(x) = ﬁ: Myxgr(x) = €% in [26] versus Mygs(x) = x> +ax + b
in [22,25]. These two functions have similar behavior for x > 0: M(x) > O (the parameters in (4.2)
satisfy conditions to ensure this; see [22]), and second- and higher-order derivatives cannot be negative.
One difference is that the first derivative of Myg(x) is positive, while the first derivative of Mygs(x) can
be negative (if a < 0). We note that for system (4.2), the conjecture is that for all parameters, at most
two nested limit cycles can occur [22].

4.1. Comparison to a modified Leslie-Gower system

Proposition 4.1. System (4.1) can have two small-amplitude limit cycles created in an Andronov-
Hopf bifurcation.

AIMS Mathematics Volume 9, Issue 12, 33610-33631.



33626

Proof. First, we transform system (4.1) into a Liénard system. This is more complicated than for a

standard Gause system because of the y*-term in % Following [30], we apply the transformation

. | . .
y = w(x)u, with w(x) = eLo @ for some constant xo > 0, and a rescaling of time t —
which leads to the Liénard system

!
xe Prw(x)’

@ =F(x) - ¢,
dt 4.3)

dy
E - g(x)’

with

f) =F'(x) = J,

x2e=Pxw(x)

g(x) = §(x),
X

20-2Bx)(x)
with
rx[x(A + x)(Bk — Bx — 1)e™* + u(x — k)]
k(A + x) ’
x[6ke™P* (A + x) + ru(x — k)]
k(A + x) '

fx) =

4.4)

g(x) =

The expressions are quite involved and their full analysis is beyond the scope of this article. To
prove the existence of a second-order weak focus, we first impose the condition of a weak focus, i.e.,
the parameter values for which f(x) and g(x) have a zero in common. To construct such a situation, we
introduce a new parameter x; corresponding to a zero of f(x). Solving f(xy) = 0 for the parameter r,

we get:
ko

r = .
xp(kB = Bxy = 1)
In the same spirit, we can introduce a new parameter x, corresponding to a zero of g(x) by removing
the parameter yu:

e e P x (kBA + kBx, — BAx; — Bxpx, — A — Xg)
k- x, '
Next, we create a weak focus by setting x; = x, and 4 = 0 to simplify the expressions. The quotient

L9 pecomes:
8(x)

f) (x = xg)xe™ P (k — xo)(kB — Bx — Bxg — 1)

8(x)  x,(kB — Bx, — DxeP(k — x,) — x,eP%(k — x)]°
This function is useful, because it determines the focal values of the weak focus at x = x, = xy; see the
proof of Lemma 3.3, Eq (3.4). We get, according to (3.4), the following expression determining the
first focal value:

4.5)

Vi ~ Bkx, = 3B°kx, + 2B°x) — 2B°x,k* + 5B xk — Bx, + 2Bk — 4Bx,k — 2k. (4.6)

To create an example of a second-order weak focus, we take 8 = }l, x, =1,k = % VI37 - With

this choice, the first focal value V; vanishes. Using Maple, it can be shown that the second focal
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value is negative and therefore the original system has a weak focus of order two. Since the system
can have a weak focus of order one, which is either stable or unstable (V; can be made positive or
negative by choosing appropriate values of the parameters in the system), we can create a stable small-
amplitude limit cycle surrounding an unstable weak focus of order one, by changing the sign of V.
Then, changing the parameters in such a way that the focus becomes a stable strong focus, a second,
unstable limit cycle is created inside the already existing stable limit cycle. We note that this particular
system has a weak focus of at most second order and the conjecture is that for all parameters at most
two nested limit cycles can occur.
In Figure 4.1, a numerical example is shown of system (4.1) with two nested limit cycles.

0 1 2 3 4 5 6 7

Figure 4.1. A numerical example of system (4.1) with two nested limit cycles. The
system has the same prey-dynamics as system (1.1) studied in this paper. The predator
dynamics of (4.1) are different and of Leslie-Gower type. The parameters were chosen
ask =9.711;D = 1;8=0.25;1 = 0; u = 0.12025; r = 7.2197. The two nested limit cycles
LC, C LC, establish a two-layer limit for different initial conditions of the prey and predator
population: for initial conditions outside LCy, solutions tend to the periodic solution LC,,
while solutions starting inside LC; will approach the stable equilibrium. This example shows
that a Gause predator-prey system (1.2) with a group defense mechanism similar to (1.1) can
have two limit cycles, in contrast to system (1.1) which can have only one limit cycle.

4.2. Comparison to the Wolkowicz-Rothe-Shafer system

To compare the two systems (1.1) and (4.2), we transform to a Liénard system and compare the
functions F(x) and g(x).

In Lemma 3.1, we obtained the Liénard system (3.1) of system (1.1). Next, we transform
system (4.2) to a Liénard system in a similar way.
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Lett = m, y = €. Then, system (4.1) becomes a Liénard system (1.4).

d

& P trax+bh(1-2)—¢,

dr k 4.7)
dy _ -D(x* + ax + b) + ux

dr X '

In Liénard system (3.1), we obtained F(x) = reé®*(1 — %). Then, f(x) = F'(x) = ré®[B(1 — %) — 1].
Let f(xs) = 0, which leads to xy = k— [1); It follows that 36; > 0, such that F(x) has one local maximum
F(Xf) in ()Cf -0, Xf+ 01).

Similarly, in Liénard system (4.7), we have F(x) = r(x* + ax + b)(1 — 2)- Then, f(x) = F (x) =
i[—?ax2 + 2(k — a)x + ak — b]. Setting f(x) = 0, we get two positive solutions x; , x,. It means that in
the case of the Wolkowicz-Rothe-Shafer system, for the function F(x), the situation of simultaneously
one local minimum and one local maximum can occur.

5. Conclusions

This paper showed that the conjecture in [26] regarding the uniqueness of limit cycles in a Gause
predator-prey model with a specific functional response function for group defense is true. The method
to achieve this was an adaptation of a standard uniqueness theorem in Liénard systems.

By comparing the system to similar systems, it was shown that it is difficult in general to relate
the number of limit cycles to the specific form of the group defense mechanism. In relation to these
observations, we make some suggestions for future research.

The functional response functions to model group defense in systems (1.1) and (4.2) had very
similar properties. Since their form does not seem to have a specific justification from a biological point
of view, the choice of the function in a practical situation would be based on parameter fitting to field
data. However, it has been a notoriously difficult problem to fit functional response functions to field
data. For example, the four Holling functional response functions, originally introduced in [7], were a
poor fit to field data, but nevertheless have become a standard in predator-prey modeling. Similarly, in
more recent biological studies [10, 35], it was shown that obtaining good fits with popular functional
response functions is not easy.

The functions p(x) = xe™®* and p(x) = m used in (1.1) and (4.2), respectively, have similar
mathematical properties and are virtually indistinguishable when used for data fitting. This leads to the
following issues, that need to be resolved in future research.

e (Mathematical) What causes the difference between systems with almost similar functional
response functions, while modelling group defense? The functional response functions p(x) =
xe™* and p(x) = m have similar properties, but in the Liénard form, the functions F(x) have
one local maximum and one local maximum + one local minimum, respectively, as shown in
Section 4.2. It is a worthwhile future research topic to investigate what the real mathematical
factor is determining the maximum number of limit cycles.

e (Biological) It is difficult to obtain a good fit with field data for the functional response function.
This could either be circumvented by finding a biological interpretation of the parameters in a
suitable functional response function or a detailed statistical analysis of field data. This seems
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to be a general problem that needs to be resolved in many predator-prey models introduced
in the literature.

e (Mathematical) It is not clear if some systems can have more than two limit cycles. Several recent
papers contain examples with more than two limit cycles [20,23,31]. Many other systems seem to
have at most two limit cycles, see [18, 19] amongst many others. In general, no methods exist to
get global upper bounds for the number of limit cycles if the number is two or more. Any progress
in this direction for predator-prey systems would be of importance for the still open second part
of the 16" Hilbert problem [1,29,33], which asks for upper bounds for the number of limit cycles
in polynomial systems.

e (Mathematical) The parameters in a predator-prey system typically do not correspond to a rotated
vector field (see Chapter IV, section 3 in [33] or Chapter 3 in [29]). This means it is difficult
to trace limit cycles and saddle loops as a function of the parameter. From a biological point
of view, it makes it difficult to indicate in the positive quadrant x > 0,y > 0 which solutions
stay positive and which solutions lead to extinction of either the predator or prey population. An
understanding of the role of the parameters in the Gause system (1.2) or specifically in (1.1) is
needed. For example, in Figure 3.3, a clear numerical pattern of the phase portraits as a function of
the parameter k, i.e., the carrying capacity of the growth rate of the prey population in the absence
of predators is observable. However, a rigorous mathematical proof of this pattern is still needed.
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