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Abstract In this paper, we consider a modified
Leslie-type prey—generalist predator system with
piecewise—smooth Holling type I functional response.
Considering the reproduction rate of the prey popula-
tion higher than that of the predator, the model becomes
a slow—fast system that mathematically leads to a sin-
gular perturbation problem. To analyse the stability
of the boundary equilibrium on the switching bound-
ary, we use a generalized Jacobian that enables us to
investigate how the eigenvalues jump at the boundary
point. We investigate the slow—fast system by employ-
ing geometric singular perturbation theory and blow-
up technique that reveal a wide range of interesting
complicated dynamical phenomena. We have stud-
ied existence of saddle-node bifurcation, Bogdanov—
Takens bifurcation, bistability, singular Hopf bifur-
cation, canard orbits, multiple relaxation oscillations,
saddle-node bifurcation of limit cycle and boundary
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equilibrium bifurcations. Numerical simulations are
carried out to substantiate the analytical results.
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1 Introduction

Natural systems like biology, physics, and chemistry
[16,17,23,45,48,49] often have components that vary
on two or more distinct timescales and that may be
important for researchers to take more attention to time
scales. This type of difference in time scales can often
be characterized by a singularly perturbed mathemati-
cal model in the form of ordinary differential equations
which are called fast—slow systems [24]. Qualitatively,
the essential notion for the investigation of a slow—
fast system is to separate the subprocesses acting at the
distinct time scales, comprehend each subsystem sepa-
rately, and finally try to portray the complete dynamics
based on the dynamics of the subsystems. A slow—fast
system encapsulates remarkable predictions of com-
plex oscillations [23,24].

Relaxation oscillations are one of the most typical
phenomena that appear in such slow—fast systems. Con-
sider a simple model having two time scales, given by
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x:f('xvy9ﬂa€)v (la)
y=€g(x,y, 1,6, (1b)

where x, y € R are the fast and the slow variables,
respectively, u € R (k > 1) are system parameters,
0 < € <K 1 is the ratio between the two time scales,
and the over dot (") denotes differentiation with respect
to the fast time + € R. In general, f and g are the
sufficiently smooth functions and system (1) may be
termed as continuous slow—fast smooth system. Geo-
metric singular perturbation theory (GSPT) which was
developed based on Fenichel’s work [15] is an effi-
cient technique to study the dynamical behaviour of
the system (1) for small ¢ — 0. GSPT is a geomet-
ric approach to singular perturbation problems where
the normally hyperbolic condition plays a key role
[20]. For the preliminary definitions and related ter-
minologies on slow—fast systems and GSPT, readers
are referred to [14,20,24,46]. When a submanifold is
normally hyperbolic, Fenichel’s theorem (see [12—15])
can be used and the method of blow-up [8,10,21,23]
can be employed when submanifold losses the normal
hyperbolicity. Geometric singular perturbation theory
can also be extended to piecewise—smooth slow—fast
systems [32,35]. Existence of canard orbit was studied
for piecewise linear vector fields (see [2]), continuous
piecewise—smooth vector fields [30,33,34] and discon-
tinuous piecewise—smooth vector fields [5].

A key component of any slow—fast system exhibit-
ing periodic phenomenon is the existence of relaxation
oscillations. It is a periodic orbit I in the phase plane
of the slow—fast system converging to a piecewise—
smooth curve called ‘singular orbit’ I consisting of
attracting slow and fast segments of the slow—fast flow
forming a closed loop as € — 0 in the Hausdorff dis-
tance [24]. The Van der Pol’s equation [24,31] is a clas-
sic example where relaxation oscillations are observed.
For some other examples, readers are referred to [1,
3,4,24,27,36,42,48]. Relaxation oscillations are also
observed in non-smooth slow—fast systems [26,33,47].
To show the existence of relaxation oscillation, one
can employ the entry—exit function [1,19]. The phe-
nomenon of multiple relaxation oscillations is rarely
studied in the literature [1,7,18,26] ourselves. In the
case of predator—prey systems, when the prey popula-
tion has a higher reproduction rate than the predator,
the system becomes a slow—fast system that mathemat-
ically leads to a singular perturbation problem. In the
plankton food chain model, the rate of reproduction
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of algae is much faster than most of the zooplankton
species, which in turn are faster than fish [37]. The her-
bivores like hares, squirrels, and small rodents repro-
duce faster than their predators like lynx, coyote, and
red fox [41]. Although there are examples where prey
reproduces slower than predator (see [28]), we con-
fine ourselves in the study of the co-evolution of prey—
predator system where the prey population has a higher
reproduction rate in comparison to the predator. Such a
system can be regarded as a slow—fast system of ordi-
nary differential equation with the fast-growing prey
and relatively slow growth of their predator. Because
of this fact, in the current article, we have considered a
continuous non-smooth slow—fast prey—predator sys-
tem where the functional response representing the
consumption rate of prey per unit of predator density
is piecewise smooth. In contrast to a system with a
Holling type II functional response [39] established that
system with a non-smooth Holling type I functional
response can give rise to a global cyclic-fold bifur-
cation and exhibits discontinuous Hopf bifurcations.
In [38], authors included a predator—interference term
into the Holling type I functional response, and they
have shown the system exhibits much richer dynamics
than Beddington—DeAngelis functional response. They
have analysed the cyclic-fold, saddle-fold, homoclinic
saddle connection, and multiple crossing bifurcations.
Slow—fast analysis and existence of relaxation oscil-
lations are not studied in detail in the existing litera-
ture. Recently, in [26], authors have investigated the
relaxation oscillations in a Gauss-type slow—fast prey—
predator model involving piecewise—smooth Holling
type I response function with a predator interference
term. They have employed GSPT and proved the exis-
tence of exactly two nested relaxation oscillations sur-
rounding a stable equilibrium point. In this paper, we
have considered a slow—fast dynamical system by mod-
ifying the prey—predator system proposed in [39] where
we have taken the predator to act as a generalist preda-
tor. Such consideration enables the predator to avoid
extinction by utilizing an alternative food source.

The present manuscript aims to study the conse-
quences of considering such continuous, piecewise
Holling type I functional response in the modified
Leslie-Gower system consisting of prey and gener-
alized predator. We shall study the detailed dynam-
ics of such a piecewise—smooth slow—fast system by
employing Geometric Singular Perturbation Theory.
This study mainly concerns the existence of bistability,
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singular Hopf bifurcation, canard orbits, multiple relax-
ation oscillations, boundary equilibrium bifurcations,
and several other bifurcations. We shall investigate two
significant coexistences, namely (1) stable and unstable
relaxation oscillations and (2) stable relaxation oscil-
lation and canard orbit. We are also interested to inves-
tigate how eigenvalues jump at the corner of the prey
nullcline by analysing the generalized Jacobian matrix.

The paper is organized as follows. In Sect. 2, we
have proposed the model and the basic results including
invariance, boundedness, the existence of equilibria,
linearized stability analysis, and saddle-node bifurca-
tion of equilibria. Then, in Sect. 3 the slow—fast analysis
is carried out. The existence of relaxation oscillations is
studied in Sect. 4 with the help of the entry—exit func-
tion. Singular Hopf bifurcation and canard orbits are
reported in Sect. 5. The boundary equilibrium bifurca-
tion analysis is carried out in Sect. 6. A final discussion
in Sect. 7 concludes the paper.

2 The model and basic stability results

We consider the modified Leslie-Gower predator—prey
model with logistic growth for both the prey and preda-
tor given by:

du _ (1 _ ”) — ® ) (2a)
dT K ’

d

L1 — ), (2b)
dT hi + hou

subjected to nonnegative initial conditions u#(0) > 0,
v(0) > 0, where @ (u) is the Holling type I functional
response given by

{éu, u<a,
du)=1¢“ (3)
B, u>a.

Here, u and v represent population sizes of the prey and
predator, respectively, where the predator is generalist
in nature, i.e. the predator does not exist on its prey but
also has some source of alternative food to avoid its
extinction. The parameters r, k, s, «, B, h1, and h, are
positive constants. In model system (2), r stands for
intrinsic growth rate for prey, « is the carrying capacity
of the environment, s is the intrinsic growth rate for
the predator, « is the half-saturation constant, that is,
the number of prey at which the per capita consumption

rate is half of its maximum 8, 8 is a maximum per capita
consumption rate, /11 is the amount of alternative food
available for the predator, and /5 is the measure of the
food quality (prey) for the predator.

For hy = 0, the equation for a predator becomes a
growth function of logistic type where the environmen-
tal carrying capacity for a predator is prey-dependent
given by hou. The associated prey—predator model is
termed as a Leslie—Gower. When the prey population
is absent, the predator will go to extinction.

On the other hand, the parameter 1 > 0 defined that
to generalist predator since the predator hunts for an
alternate food source when its preferred prey is absent
(i.e. when x = 0). In this case, the environmental car-
rying capacity for the predator is expressed as i1 +hou.
Ifv> hy + hou, fi—'t’ < 0 which indicate that predator
population is going to extinction under such situation.
The associated prey—predator model is termed as mod-
ified Leslie-Gower model. When the favourite food
source is limited, the generalist predator can survive
on other food sources and avoid extinction. When the
prey population is available in abundance, the preda-
tor will switch to hunt the favourite prey population as
it becomes beneficial for them [43]. For an ecological
example, in the boreal forest area of Fennoscandia, the
species weasels (Mustela nivalis) will turn to an alter-
nate food source when their most preferable food sup-
ply, namely vole (Microtus Agrestis), is not abundantly
available [29,43,44].

Non-dimensionalizing the system (2) using the
rescaling transformations:

r=rT, a2 2B (4a)
o ro
we have
D (1-3) oy = f0y) (5)
— =x|l—-—=)—0MX)y=f(x,y),
’r P y .y
dy y
= = 1— = , 5b
o 6y< ax+b> €g(x,y) (5b)
such that
x, x <1,
¢ (x) = {1 (6)
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where x, y are the new dimensionless variables and new
dimensionless parameters are k = -, € = 7, a = @,
b= % The parameters are positive with 0 < € < 1.

The system (5) is a continuous piecewise smooth
system, and from an ecological standpoint, we shall
restrict our attention to study the dynamics in the first
quadrant in the (x, y) plane, denoted by

R = [0 e B [x=0,y=0), (M

with the assumption on initial condition x(0) > 0 and
y(0) > 0.

The system (5) is continuous along the line x =
1 which is known as the switching boundary, and
we denote it by X. Thus, the switching boundary
Y = {(x, y) € Ri |x = 1} partitions the interior of
the phase space Rﬁ into two regions, namely X'~ =
{x,y)eRI|0<x <1} and x+ =
{(x,y) € Rﬁ_ |x > l} in which the system (5) is
smooth and governed by the following equations.
G =x(1=F) —xy= /-ty

dy

y for (x,y) e ¥~
7 =ev(1- o) = et ),

®)
and
dx

dt :x(l_%)_y:f‘i’(xsy)’

dy

y for (x, y) € >t
ar =€ <1 - m) =eg(x,y),

€))

The systems (8) and (9) are referred as the left-half
and right-half systems and by continuity f~ = f¥ on
the switching boundary X'. Trajectories of the model
system (5) cut X' transversally. The fundamental exis-
tence and uniqueness theory for the system (5) is appli-
cable here as the vector field is locally Lipschitz [40].
We assume throughout the paper that & > 4 so as to
guarantee that the prey nullcline lying in X+ has a max-
imum at the point (’%, ﬂ—i) with ordinate greater than 1.
The reason behind this assumption will be discussed in
Sect. 3.

Some basic properties of the system are presented
below.

Lemma 1 The first quadrant Rﬁ_ is invariant under the
3 3
flow generated by the vector field F = f 5. + €g R
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Proof The first quadrant Rﬁ_ is invariant because the x
and y axes are invariant under the flow.

Lemma 2 The system (5) is a bounded system.

Proof We have already shown that Ri is invariant
under the flow. We now consider the line

L1={(x,y)eRi|x=k,yzo}. (10)
We then have

d
E(x—k):—ky<0,x< 1,

=—-y,x>1

Thus, any trajectory in ]Ri cuts the line L; inward.
Next, we consider the following line

L2=[(x,y)eRi\y=ak+b,05x5k}. (11)

Then,

a(x — k) -

0.
ax +b

d
E(y—ak—b) = ¢e(ak + b)

Thus, any trajectory in Ri cuts the line L, inward.
Hence, any trajectory in R%r is confined in the rectangu-
larregion R = {0 <x <k,y=0;x=k, 0<y<
ak +b;y=ak+b,0<x<k;x=0,0<y<ak
+b} in forward time. Now, one can analytically extend
the systems (8) and (9) to the Poincaré sphere and it can
be shown that the singularities at infinity correspond to
the points along x and y directions. We know that the
x- and y-axes are invariant, along the x-axis we have
fi—f < 0 for x > k, and along the y-axis, % < 0 for
y > b. Thus, the singularities at infinity which lie along
the x and y directions are not attractors. Hence, all the
solutions in Ri for the system (5) are bounded and

enters the rectangular region R in forward time. O

Figure 1 illustrates the rectangular region R bounded
by the axes along with two lines L and L, as defined
in Lemma 2. Figure demonstrates that any trajectory
starting from an interior point of ]R?F is confined in the
rectangular region R.

Lemma 3 The system (5) has no periodic orbit lying
entirely in the region X ™.



Slow—fast analysis of a modified Leslie-Gower model

4535

e
TITIT T AT
N
2{ R N
\
L N
1 \ i
] X
X
i B
: .
0 1 2 3 4 5
z—

Fig.1 The rectangular region R is positively invariant. The ver-
tical line L is given by the equation x = k for y > 0, and
the horizontal line L, is given by the equation y = ak + b for
0 < x < k. The vector field points inward on the boundary of R.
The parameter values are a = 0.527,b = 0.05,k = 5,¢ = 0.1

Proof Since the region X'~ is simply connected and
in X7, the system (5) is governed by the smooth flow
generated by the vector field F_ = f_ 3% + egaiy, we
will be using the Dulac’s criteria to show that the system
(5) has no periodic orbit lying entirely in the region X .
We consider the Dulac function D : ¥~ — R, given
by D(x,y) = xLy We have

div(DF_)

8D + 8D
a( f-) 65( g)

1 €
(—+—" V<o
Qy+mM+m><

Hence, by Dulac’s criteria, the system (5) has no
periodic orbit lying entirely in the region X ~. O

Thus, we see that if there exists a periodic orbit for
the system (5), then it will lie either entirely in the
region XF or part of it will be in X+ and part of it will
bein X'~ crossing transversally the switching boundary
2.

2.1 Existence of equilibria and their stability

The equilibria for (5) are the intersection points of
prey and predator nullclines, i.e. the equilibria can be
obtained by the solutions of the equations

f-(x,y)=0=g(x,y) or fi(x,y)=0=g(x,y).
(12)

Now, if f_(x,y) = 0 = g(x, y), then the equilib-
rium is said to be an admissible equilibrium if x < 1
and virtual equilibrium if x > 1 and vice versa if
fr(x,y) = 0 = g(x,y). An equilibrium is said to
be a boundary equilibrium if fix,y) = fy(x,y) =
g(x,y) = 0 and also lies on the switching boundary
X,

The model system (5) has trivial admissible equilib-
ria Ep (0, 0), Ex(k,0), and E(0, b). The equilibrium
Ey is an unstable node, and the boundary equilibrium
Ey is asaddle point having the x-axis as the stable man-
ifold. The equilibrium E}, is a saddle point for b < 1
having the y-axis as the stable manifold and a stable
node for b > 1. For b = 1, the equilibrium Ej is an
attracting saddle-node [25].

We now consider the parametric region

D:{oz(a,k,b)eRi:a>o,b>o,k>4}

(13)

and the following subregions of D
Di={o=(akb)eDla=1b>1, or

a<1,b>1,20—-a)? <4kb], (14a)
Dy={o=(akbeD|lb<la>lorb<la<l,

K2(1 — a)? < min (4kb, (1 +kb)2}}, (14b)
Dy={o=(a.k,b)eDla<1b

> 1,k2(1 - a)? >4kb}, (14¢)
D4={(r=(a,k,b)eD|a <1,

b<1,4kb < k>(1 —a)? < (1+kb)2}, (14d)
Ds={o=(a.k.b)eDl|a<1,

b<lk(l—a)=1+kb>2}, (14e)
Dg={o=(ak,b)eD|a<]1,

b<1,k(1—a)>1+kb}, (14f)
D;={o=(akbeD|a<]l,

b<l,k(l—a)=1+kb<2}, (14g)

Dg:{a:(a,k,b)eD}a< 1,
b> 1,k2(1—a)2:4kb}, (14h)
Dy ={o =(a,k,b)e D|a <1,

b< 1,k2(1—a)2:4kb>4}, (14i)
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Dm:{a:(a,k,b)epu—%<a<1,b<1}. (145)

Now, we have the following trivial results on the exis-
tence of admissible interior equilibria:

Lemmad (i) If o € Dy, then there does not exist
any admissible interior equilibrium point.

(ii) If 0 € D>, then there exists only one inte-
rior equilibrium point, say E1(x1, y1) where x| =
kl(_lgcl;)’ y| = ]f‘j:]gs The equilibrium lies in X~
where the prey and predator nullclines intersect.

(iii) If o € D3, then there exist two admissible inte-
rior equilibrium points E>(x2, y2) and E3(x3, y3)

k(1—a)—+/k2(1—a)2—4kb
5 ,

in X7 and xo =

6 (1-%) 5 =
6 (1 %),

(iv) If o € Dy, then there exist three admissible inte-
rior equilibrium points E1(x1, y1),E2(x2, y2) and
E3(x3, y3) where Eq lie in ¥~ and E», E3 lie in
>t

(v) Ifo € Ds, then there exist two equilibrium points
of which the equilibrium E.(x., y.) is a boundary
equilibrium lying on X where x, =1, y. =1 — %
The other admissible equilibrium E3(x3, y3) lies in
YT, where x3 = kb, y3 = ax3 + b.

(vi) If o € Dg, then there exists only one admissible
equilibrium point E3(x3, y3) in X 7T.

(vii) If 0 € D7, then there exists only the boundary
equilibrium point E.(x., y.) at the corner on X.

(viii) If o € Dg, then there exists only one admissible
equilibrium Ey(xy, y) lying in X7 where x, =
Lz_a), Y« = axy + b. The existence of E, occurs
when the two admissible equilibria Ey and E3 in
Xt get merged.

(ix) If o € Dy, then there exist two admissible equi-
libria E1 lying in X~ and E, lying in X 7.

(x) If o € Do, then varying ¢ = kl(_l@z), there

exists one admissible interior equilibrium point,
say, E(x,y) such that E = Ej| when ¢ < 1;
E = E. whenc = 1; E = E3 when ¢ > 1.
Thus, it follows that D19 C D> U D¢ U D7 and
as the parameter c is varied the admissible equilib-
rium becomes virtual when collides with the bound-
ary equilibrium E.. We then have boundary equi-
librium bifurcation which we have investigated in
Sect. 6.

k(1—a)++/k2(1—a)>—4kb
2 ’
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The number of interior equilibrium points can be stud-
ied from the intersections of the non-trivial predator
nullcline y = ax + b and non-trivial prey nullcline

B :1 —x/k,  x<1

S lx=x/k), x>1
non-trivial predator nullcline is the straight line passing
through the (0, b) with the slope a. In the first quad-
rant, the non-trivial prey nullcline is a continuous curve
passing through the points (k, 0) and (0, 1), and it is dif-
ferentiable for all x > 0 except at (1, 1— %) On the
interval 0 < x < 1, the non-trivial prey nullcline is
a linearly decreasing straight line, and on the interval
1 < x <k, itis a parabolic curve with a maximum at
Q(%, f—‘). Mutual position of the prey and predator null-
clines of the system (5) is illustrated in Fig. 14, and it
describes that there can be 0, 1, 2 or 3 interior equilibria
corresponding to coexistence of prey and predator pop-
ulations of the system. We have observed four different
mutual positions of the prey and predator nullclines of
the system for four different ranges of b.

" in the interior of R%r. The

2.2 Linear stability analysis

Let J_ and J4 be the left and right Jacobian matri-
ces evaluated at the interior admissible equilibrium
Ej(xj,y;) which lie on X~ and X, respectively.
Then,

J - |:fix(xj7)’j) fiy(xwyf')], (15)

ae —€

We note that the Jacobian matrix for the boundary
equilibrium point E. is not defined. We now have the
following results on the stability of various equilibrium
points.

(1) The equilibrium point E is a stable node or
a stable focus depending on weather A =
(% - 6)2 —4ax1e > or <O.

(ii) The equilibrium point E; is saddle point.

(iii) The equilibrium point E3 is a stable equi-

librium point if the point coincides with the
maximum point, i.e. x3 = % of the prey null-
cline in X7 or lies to the right of this max-
imum point, i.e. x3 > % In this case, E3 is
either a stable node or a stable focus if
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Ay = <(Tr J}r)2 — 4det J}r]

{(-37) - 4] )

or <O0. (16)

Now, if E3 lies to the left of the maximum point in
>t ie. ifxz < % then E3 can be a stable or unstable
equilibrium point if 7r J3 = (1 — zkﬁ) —e<0or >
0 and then it will be either node or focus depending on
the sign of A,.

In this case, we note that with the variation of param-
eters, Tr J_i can be made equal to 0 and consequently,
a smooth Hopf bifurcation around E3 may take place
which will be studied in detail in the frame of slow—fast
dynamics in the next section.

We know that the Jacobian matrix for the boundary
equilibrium E (1, 1— %) on X is not defined and corre-
spondingly following [6] we consider the generalized
Jacobian

Je=(1-0)J_+0J4, 0<06<1 (17)

which is a convex combination of the left and right
Jacobian matrices in (15). Here, we assume that either
o € D5 or 0 € D7 so that we can have always the
existence of the boundary equilibrium £, on X.

The generalized Jacobian evaluated at E. is given
by

c=[9(1—%)—%—1} (18)

1 1

1 1
deth=—e{9<1—%>—E}+ae>O. (20)

Now, varying 6 in the interval [0, 1], we see that the
eigenvalues of the Jacobian J. trace a path in the com-
plex plane. When a pair of complex conjugate eigen-
values cross the imaginary axis as 6 varies from 0 to
1 during the jump, a bifurcation occurs and is known
as discontinuous bifurcation or boundary equilibrium
bifurcation.

The path of the eigenvalues of the generalized Jaco-
bian (17) is depicted in Fig. 2.

2.3 Saddle-node bifurcation

We assume the parametric conditionsa < 1 and b > 1.
Then for k2(1 — a)? > 4kb, there exist two admissi-
ble interior equilibrium points in X+, namely E, and
E3 where E; is a saddle point; for k*(1 — a)? = 4kb,
the two equilibrium points coalesce at the degenerated
equilibrium point (saddle-node) E,(x,, yx) in 1 and
for k?(1—a)? < 4kb there exists no equilibriumin X +.
Thus, we have S-N (saddle-node) bifurcation of equi-
libria and the S-N curve is given by k*(1 —a)? = 4kb,
ie.b=bs = w. Now, it can be shown that vary-
ing the parameter b there may take place subcritical
smooth Hopf bifurcation around E3 and one may ask
about the existence of relaxation oscillation in such a
case. We have seen that for b = by = %, the
equilibrium points E> and E3 coalesce at E, which
is a saddle-node singularity. Further, we see that for
a = ag = e, the singularity E, is a Bogdanov—
Taken (BT) singularity. One thus has to consider the
BT-bifurcation phenomena arising in slow—fast sys-
tem varying the parameter (a, b) in a neighbourhood
of (ay, by). We may have various phenomena which
occur in case of co-dimension 2 BT-bifurcation. We
will not consider the detailed study of BT bifurcation
in this article and leave it for future work.

The possible types of phase portraits and bifurca-
tion diagrams are drawn corresponding to two different
cases namely the number of feasible interior equilib-
rium points is either one or three. Varying slopes of the
predator nullcline determined by the parameter value a
and b = 0.05, k = 5, ¢ = 0.1, the phase portraits and
bifurcation diagram in the case when there exists only
one interior equilibrium point lying in ¥~ (o € Dy)
or corner point on X (6 € D7) orin XV (6 € Dg) of
the system (5) are illustrated in Fig. 3. Possible phase
portraits and bifurcation diagram by varying the param-
eter b in the case of existence of three interior equilibria
(0 € Dy) of the system (5) are illustrated in Fig. 4. The
equilibrium point E (0, 0) is unstable node, Ej (k, 0) is
a saddle, and E(0, b) is a saddle (here b < 1). The
nature of stability of the interior equilibrium point(s)
is mentioned in the caption of Figs. 3 and 4. Bifurca-
tion diagram with a as the bifurcation parameter for the
case when the number of feasible interior equilibria is
one is drawn in Fig 3. Here, a is along horizontal axis
and the x component of the unique interior equilibrium
point is along the vertical axis. The blue curve is the

@ Springer
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Fig.2 Paths of the eigenvalues of the generalized Jacobian (17).
The arrows indicate the direction of eigenvalues that start from
an open circle corresponding to ¢ = 0 and end at an open square
where ¢ = 1. The blue and red solid circles are the two eigenval-
ues of the generalized Jacobian (17). (a) The eigenvalues do not

stable branch, and red curve is the unstable branch of
the x component of the equilibrium point. The figures
in Fig. 3b to Fig. 3d are associated with the bound-
ary equilibrium bifurcation which we have studied in
detail in Sect. 6. When the number of feasible inte-
rior equilibria is three, we take b as the bifurcation
parameter, and the bifurcation diagram of the system
is shown in Fig. 4e where b is along the horizontal axis
and the x components of the equilibrium point E3 are
along the vertical axis. Stability changes from unstable
focus to stable focus through a Hopf bifurcation when b
crosses a critical value by = 0.5625. A unstable limit
cycle emerges for b < 0.5625. This limit cycle expands
and continues to exist until b crosses a critical value
by = 0.5449542, and the unstable limit cycle disap-
pears through Homoclinic bifurcation. For b < by,
the Homoclinic orbit disappears and system exhibits
bistability of the coexistence equilibrium points £ and
E5. The stable manifold of the saddle equilibrium point
E» is the separatrix curve (black) which separates the
phase plane into two basins of attraction of the two sta-
ble equilibria £1 and E3. Trajectories which initiated
from one side (or opposite side) of separatrix curve are
attracted to E (or E3), respectively (see Fig. 4b). This
suggests that solutions close to the separatrix curve are
quite sensitive to the initial sizes of prey and predator
populations.
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cross the imaginary axis (black vertical line) as ¢ varies from 0
to 1 for e = 0.9 (b) The eigenvalues cross the imaginary axis as
g varies from 0 to 1 for € = 0.1. The other parameter values are
a=075b=005k=5

3 Dynamics of the slow—fast system

By a time rescaling T = et, the system (5) changed to
the following system in terms of t:

dx X
e =x(1- %) —$ )y, (21a)
dy Y

dr _y(l ax+b)’ (210)

subjected to nonnegative initial condition where ¢ (x)
is defined in (6). Under the condition that the parameter
€ is sufficiently small, system (5) or (21) is a standard
form of slow—fast system with ¢ as the fast time scale
and 7 as slow time scale, respectively. We refer x and y,
respectively, as fast and slow variables. Evidently, sys-
tems (5) and (21) are equivalent for € # 0. To under-
stand the dynamics of system (5) or (21) for0 < € < 1,
we now examine the limiting systems obtained from (5)
and (21) by setting ¢ = 0. For € = 0, the system (5)
becomes a fast subsystem given by

@ =x(-7) -

dy
dt

Uforx <1 (22)
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Fig. 3 Phase portraits and bifurcation diagram by varying the
parameter a in the case of existence of only one interior equi-
librium point lying in ¥~ or on X or in X T of the system
(5). (a) Eq lying in X~ is stable for a = 0.99. (b) Two limit
cycles exist enclosing the stable equilibrium point Eq lying in
X'~ fora = 0.95. The outer limit cycle (green) is stable, and the
inner (black) one is unstable. (c) One stable limit cycle (green)
for a = 0.75 around the equilibrium point E.(1, 0.8) at the
corner on X. (d) One limit cycle at the right branch for the
parameter values a = 0.6 around the unstable equilibrium point

E.(1.8660, 1.1696) lyingin X T. (e) Two limit cycles at the right
branch for the parameter values a = 0.5275 around the spirally
stable equilibrium point E,(2.25140, 1.2376) lying in XT. (f)
One interior equilibrium point (stable focus) lying in X+ for
a = 0.51. (g) One parameter bifurcation diagram with a as the
bifurcation parameter. The x-component of the unique interior
equilibrium point is depicted by blue (corresponding to stable
branch of the interior equilibrium point) and red (correspond-
ing to unstable branch of the interior equilibrium point) colour
curves. All other parameter values are b = 0.05,k = 5,¢ = 0.1
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Fig. 4 Phase portrait and bifurcation diagram by varying the
parameter b in the case of existence of three interior equilib-
ria of the system (5) where E; and E, are always stable and
saddle, respectively. (a) E3 is unstable focus for b = 0.57, (b)
Hopf bifurcation arises for b = by = 0.5625, and a unsta-
ble limit cycle (black) exists for b = 0.55 < by surrounding
the stable equilibrium point E3. (c) As b decreases, the unsta-
ble limit cycle expands and for b = by; = 0.5449542, the
unstable limit cycle disappears through Homoclinic bifurcation.
(Homoclinic orbit is shown by the black curve.) (d) By further
decreasing b, say b = 0.54, the homoclinic orbit disappears and
bistability appears. The stable manifold of the saddle equilibrium

and

dx X

dx (1= X) =

di (1=%) forx > 1 (23)
dy -0

E — Y,

which is often called a ‘layer system’ describing the
dynamics on the fast timescale.

For € = 0, the system (21) becomes the slow sub-
system given by
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point Ez(x2, y2) € X is the separatrix curve (black) dividing
the phase plane into two basins of attraction of the two stable
equilibria E(xy,y;) € ¥~ and E3(x3,y3) € X¥T. (e) One-
parameter bifurcation diagram with respect to the parameter b.
The x-components of the three interior equilibria Ey, E2, and
E5 are depicted by blue (corresponding to stable branch of the
interior equilibria) and red (corresponding to unstable branch of
the interior equilibria) colour curves. The heavy red curves lying
between two black parallel lines x = by and x = by repre-
sent the maximum and minimum of the amplitude of the periodic
orbit. The other parameter values area = 0.3,k =5,¢ = 0.1

forx <1 24)
_i'} =Y (1 axy+b) ’
and
=x(1-%)-»
d (1 y ) forx > 1 (25)
dt y ax+b )’
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which is often called a ‘reduced subsystem’ describing
the dynamics on the slow timescale. We have f4 = f_
for (x,y) € X. The slow flow is constrained on the
critical set M given by f = 0 = f_ and comprises of
two kinds of critical manifolds given by

Mo = {(x,y)|x =0}, (26a)
Mo ={ |y =y-) =1-T.x
51andy=1//+(x)=x(1—%),le}.
(26b)

Further, we decompose the critical manifold My
into the following branches

Mz_o=C8_={(x,y)|y=w_(x),0<x<1},

MT = C6={(x,y)|y=¢+(x)71<x<1§}’
* Cg+={(x,y)|y=1ﬁ+(x),’%<x<k}.

Now, we state the following result:
Lemma 5 Consider 0 < € < 1. Then,

(i) My looses its normal hyperbolicity at P (0, 1) and
k k
0(3.%)
(ii) The branches C§~ and C§* are normally hyper-
bolic attracting, and C{j is normally hyperbolic
repelling.

. af— X
Proof (i) We have == = —7 and
f 0 R CRVANES)) k
ot — 1 — 2% Evidently, %= =
RN k ¥ e
and zg_;‘ N 0. Therefore, % has zero
Q(i»Z)

eigenvalue at P and % has zero eigenvalue at Q,
respectively, and consequently, My( looses its nor-
mal hyperbolicity at P and Q.

(ii) Clearly, %‘ < 0, for0 < x < I;
Y W |y
s > 0, for1l < x < X and
O Gy (1)) ’ 2
At < 0 for % < x < k. Thus,

L ERTANES)
the branches Cj~ and Cj* are normally hyper-

bolic attracting whereas C) is normally hyperbolic
repelling.
]

The slow flow that evolves on a continuous and
piecewise—smooth manifold My = MZ_OUM;(') is given

A
4

N

N
vy ¥V Y

P
/4\

27 ]Ej A A
S

T —

Fig. 5 The dynamics of the fast subsystem (22)-(23) and of the
slow subsystem (24)-(25). All the three possible interior equi-
librium points Eq, E, and E3 are shown by solid red circles.
P and Q (solid blue circle) are the two non-hyperbolic points.
The branches C§~ (from P to the corner point on X) and Cj*
(from the corner point on X' to Q) of the critical manifold Mg
(red curve) are normally hyperbolic repelling, and Cjj (from Q
to S) of the critical manifold M is normally hyperbolic attract-
ing. Manifold Mg is along the positive y-axis. Double arrows
on the horizontal lines indicate fast flow, and single arrows on
the critical manifolds indicate slow flow

by,
(14ak)(1—%) (x—x1)
dx —W, forx < 1,
E = x(l—';)(x—xz)(x—)g)’ forx > 1. 27

k(ax+b)(l—27")

The slow flow is not defined at the point Q, and
Fig. 5 indicates the direction of the flow on the critical
manifold M»>g. Now for0 < € « 1, Fenichel’s theorem
tells us that Cgi and C}, can be perturbed to C¢* and
C! which are within O(e) distance from C(‘)‘i and Cy,
respectively.

We now consider the asymptotic expansions of the
perturbed manifolds C¢~ and C/, given by

Yo (x) = ap(x) + €ar (x) + O(?), (28a)
y_(x) = bo(x) + b1 (x) + O(e2), (28b)

where ag(x) = x (1 — %) for I <x < K and bo(x) =
l—3for0<x<1.
Now,

Y (x) = aj(x) + ed} (x) + O(e?) (29)
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which leads to

ap(x) + ea)(x) + O(€?)

( )
(x (1 — %) —ap(x) —eay(x) — 0(62)>
=€ (ap(x) + €ai(x)+

1
O (1 - (a0) +ear ) + O(e%)) .

(30)
Comparing the powers of € of (30), we get
ap(x) = x (1 — %) ,
al(X)——x(l_%) (x = %) (zx—x3) (31a)
(ax +b) (1 - =)
Similarly,

o x (U +ka) (1= 7) (= xp)
bo(x)—l—z, bi(x) = — b

(32a)

Clearly, ag(1) = bo(1) buta; (1) # b1 (1) and hence
y+ (1) # y—(D).

Thus, we have that the perturbed manifolds C¢™~ and
C! do not create a continuous manifold across X' and
the size of discontinuity is O(€).

Similarly, if we consider the asymptotic expansion
of C4* and CZ, it can be shown that the expansion is
not valid in a neighbourhood of the fold point Q. This
has been shown in [21] using blow-up techniques intro-
duced by [9,11] that such perturbed manifolds C/ and
Cgi can be continued beyond the non-hyperbolic fold
point Q and for some parameter values may get con-
nected forming a maximal canard. In the next section,
we will carry out a detailed analysis of singular Hopf
bifurcation occurring for the slow—fast system (5) in a
neighbourhood of the fold point Q and the formation
of canard cycles.

4 Relaxation oscillation

In this section, our aim is to show the existence of relax-
ation oscillation for the slow—fast system (5) assuming
0 < € < 1. A relaxation oscillation for the system (5)
is by definition a closed orbit Iy which converges to
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a piecewise—smooth singular periodic orbit /7 consist-
ing of slow and fast segments as € — 0 in the Haus-
dorff distance. We assume that the system parameters
{a, b, k} belong to one of the parametric regions D;
or Dg or D7, 1i.e. 0 € Dy U Dg U D7. In such cases,
we have the existence of only one admissible interior
equilibrium E; or E. or E3. We further assume that
the admissible interior equilibrium E3 should lie to the
left of the maximum point Q(%, ]‘—i) of the branch of
the prey nullcline in X, ie. 0 < x3 < % whenever
it exists. Under the above parametric restrictions, we
now intend to show the following results regarding the
existence of relaxation oscillation for the system (5) for
€ very small.

1. The existence of the admissible interior equilibrium
E5 or the boundary equilibrium E, implies the exis-
tence of a relaxation oscillation I, which is stable.

2. The existence of the admissible equilibrium E;
implies the existence of exactly two relaxation
oscillations I, and y. of which I is stable but
Ye 1s unstable.

We will use the entry—exit function technique which
plays a key role in showing the existence of periodic
orbits which exhibit relaxation oscillations for slow—
fast systems.

4.1 Entry—exit function

We know that the critical manifold Mo, i.e. the y-axis,
is normally hyperbolic attracting for y > 1 and nor-
mally hyperbolic repelling for y < 1. We consider the
system (8) and observe that for € = 0, the y-axis con-
sists of equilibria, attracting for y > 1 and repelling
for y < 1. For € > 0, very small a trajectory starting
at (xo, ¥0), xo > 0 very small, yo > 1 gets attracted
towards the y-axis and then drifts downward and when
cross theline y = 1 gets repelled from the y-axis. Thus,
fore > 0 very small, the trajectory re-intersects the line
X = xp at (xo, pe(yo)) such that Eh_r)no Pe(¥0) = po(yo),
where po(yp) is determined by

/‘Po(yo) 1 — y J 0 (33)
——dy=0.
0 y( - %)

The function yg — po(yo) defined above implicitly is
known as the entry—exit function in the literature.
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Lemma 6 There exists a unique y', where b < y' < 1
such that

J():f ——dy=0aty=y (34)
V= osasp® y=y

Proof We have,

J()_/yl——yd _(b_l)/yLd
YE)ya=pT T gy—by

7

~

Yy
+[k —dy - 400 as y — b™.
Ly

14

Further,
b(l —
J’(y)=M<0 forb<y < 1.
y(b—y)

Hence, J(y) decreases strictly for b < y < 1. We also
have,

1 _ k _
J(DZ/ Mdy__frudwo.

Eyb-y) T y(b—y)
Thus, it follows that there exists a unique y’ where
b <y < 1suchthat J(y') =0. |

The critical manifolds My and My, cease to have
normal hyperbolicity at P (0, 1) and Q(%, %). The point
P is termed as transcritical point as it corresponds to
transcritical bifurcation for the subsystem (22), and the
point Q is termed as fold point as it correspond to fold
bifurcation for the subsystem (23). We also have

s
dy

=—-1<0.
o

and as we have assumed 1 — % < a < 1, it follows that

k (kQ2a —1)+4b
glo=-\—7—7F5—)>0.
4 ka +2b

We also see that

2
=—=<0

Q k

O fr
ax2

Hence, Q is a generic fold point for the system (9)
and is also a jump point as at this point the fast flow
(23) is moved away from the critical manifold M»y.
The fast flow then intersects the switching manifold ¥

transversally following which the fast flow is governed

by the fast subsystem (22) and gets attracted towards

the attracting branch of the critical manifold M.
Similarly, for the transcritical point P, we have

of-| _ o - 2f] _ 2,
Er2 PRk e PR el Ml S
P ylp X7 lp
1
=1--<0,
glp b=
and
f 2f
9x2  dxdy _
&azf_ = 1<O,

3)63}’ 3y2 P

and consequently, P is a generic transcritical point for
the system (8). The point P is also a jump point as
at this point fast flow (22) is moved away from the
critical manifold M1g. The fast flow then intersects the
switching manifold X transversally following which it
is governed by the fast subsystem (23) and gets attracted
towards the attracting branch of the critical manifold
M>g.

We now consider a singular slow—fast cycle I as

follows: From S(O, ’45), follow the slow flow (24) down
the y-axis to T(0, y’), follow the fast flow (22) to the
right to intersect the switching manifold X' and then
follow a layer of the flow (23) to intersect the attracting
branch Cg+ at T'(x),, ¥'), follow the slow flow along
Cg+ to Q(%, ﬁ—i); follow the fast flow (23) to the left to
intersect X' and then finally follow the fast flow (22) to
the left to S(0, %). Thus, we have a singular orbit I
consisting of slow and fast segments for which 7', Q are
jump points and 7', S are drop points as at these points,
the fast flow is moved towards the critical manifolds
(see Fig. 6).
Theorem 1 Let 0 € Dg U D7, x3 < % and N be
a tubular neighbourhood of Iy. Then, for each fixed
0 < € K 1 there exists a unique limit cycle I C N
which is strictly attracting with characteristic multi-
plier bounded by —K /e for some constant K > 0.
Moreover, the cycle I'c converges to I in the Haus-
dorff distance as ¢ — .

Proof The conditions mentioned in the theorem ensure
the existence of only one admissible equilibrium point,
either E3(x3, y3) in X+ which lies to the left of the
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T(0,y") T'(x},,y')

Fig. 6 Existence of a stable relaxation oscillation ¢ (thick red
curve) surrounding the unstable coexistence equilibrium point
E3. The singular slow—fast cycle I is represented by thick blue
curve such that I, — I as € — 0 in the Hausdorff distance.
Coordinates of various points are explained within the text. Dou-
ble arrows stand for the direction of fast flow, and single arrows
represent the direction of slow flow

point Q or the boundary equilibrium E.. For ¢ > 0
very small, following Fenichel’s theorem C;j *and C(')Ir
(Car is the attracting branch of the critical manifold
Mg, ie. C§ = Mo N {(x,y) € R% : y > 1} perturb
to nearby slow manifolds C¢* and C/” and by theorem
(2.1) of [21], the slow manifold C#* can be continued
beyond the generic point Q and by theorem (2.1) of
[22], the slow manifold C;" can be continued beyond
the generic transcritical singularity P. The slow mani-
fold C4™ (resp. C.1) lies close to C§ ™ (resp. C) until it
arrives at the vicinity of the generic fold point Q (resp.
generic transcritical point P) and then follow roughly
a layer of the flow (23) (resp. a layer of the flow (22)
intersecting X above E, (resp. below E.) and then fol-
low a layer of the flow (22) (resp. a layer of the flow
(23)) until it reaches the attracting slow manifold C;"
(resp. C4T).

We consider a small vertical section A = {(xo, y)|y
€ [%—eo, §+eo]}wher60 <x0<1,0 <¢ 1. .We
know that for every point (0, yp), yo € [% — €9, % +€pl
we can define po(yo) such that b < po(y9) < 1 by the
result derived in lemma 6.

We now follow tracking two trajectories Fel 2 start-
ing on A at the points (x, yl’z). For0 < e <« 1,it
follows by Fenichel’s theorem that '} get attracted
towards the slow manifold C." exponentially with a
rate O(e~!/€) and move downward slowly. Then by
theorem (2.1) of [22] I 61’2 pass by the generic trans-
critical singularity P contracting exponentially towards
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each other and then leave the repelling branch Cj

(CO_ = MippN {(x, y) € Ri Ty < 1}) of the critical

manifold M at the points (0, pg (y'?)) and then jump

horizontally to (xq, pe (y'2)) where lin}) pe(yl’z) =
€—>

po( yl’z). The trajectories then intersect X following a
layer of the flow (22) and then follow a layer of the flow
(23)) until they arrive at a neighbourhood of C g+. Now
by Fenichel’s theorem, Fel'z are attracted towards the
slow manifold C¢* and pass the generic fold point Q
contracting exponentially until they arrive at a neigh-
bourhood of C; and thus finally return to A.
Tracking the forward trajectories, we thus have a
return map I7 : A — A inducted by the flow of (5) for
0 < € < 1. The returned map I7 is a contraction map
as the trajectories contract towards each other with the
rate O(e~!/€) and by the contraction mapping theorem
IT has a unique fixed point which is stable. This fixed
point is the desired limit cycle e which exists in a tubu-
lar neighbourhood of the singular slow—fast cycle I,
and as the contraction is exponential, the characteristic
multiplier of I, is bounded above by — K /¢ for some
K > 0. Again applying Fenichel’s theorem, theorem
(2.1) of [22] and theorem (2.1) of [21], we conclude that
the periodic orbit I, converges to the singular orbit 17
as € — 0 in the Hausdorff distance. O

For a geometrical description of the proof of theorem
1, see Fig. 6.

Theorem 2 Let o € D>. Then for each fixed 0 < € K
1 there exists exactly two limit cycle I'c and ye of which
Ic is stable but y, is unstable. Moreover, the cycle I
(resp. ve) converges to Iy (resp. yo) in the Hausdorff
distance as € — 0.

Proof The conditions mentioned in the theorem ensure
the existence of only one admissible interior equilib-
rium E7 in ¥~ and following the stability analysis
as presented in Sect. 2 the equilibrium is stable. For
0 < € « 1, proceeding in the same fashion as in the-
orem 1 we can show the existence of stable relaxation
oscillation I¢ in a neighbourhood of I such that I¢
converges to I as € — 0 in Hausdorff distance. Thus,
we have the existence of a stable equilibrium point sur-
rounded by a stable cycle I, and correspondingly, the
region bounded by the basins of attraction of the stable
cycle I'; and the stable equilibrium is negatively invari-
ant. Hence, by the Poincaré-Bendixson theorem there
exists at least one limit cycle in the region. We intend to
show here that there exists exactly one unstable cycle
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in the region which is the desired relaxation oscillation
ye for0 < e <« 1.

We consider the dynamics of the slow—fast time-
reversal system obtained from (5) replacing ‘¢” by ‘—¢’.
We observe that for the system the stable branches of
the critical manifolds My and M»>on become unstable
and vice versa. Let y” be such that 1 < y” < ]43 and

"

Yoo l—y
JO" = f L gy
Ly =D

The existence of y” is unique and is guaranteed follow-
ing lemma 6. We now consider the singular orbit y; for
the time-reversal system as follows:

From S;(0, 1 — %), follow the slow flow (24) above
the y-axis to S5(0, y”), follow the fast flow (22) to the
right intersecting the switching manifold X' and then
follow a layer of the flow (23) to S3(x/, ¥”') ; follow the
slow flow along the branch Cjj to S4(1, 1 — %) and the
finally follow a layer of the flow (22) to S1. We observe
that the directions of the singular orbit y will be reverse
if we consider it for the system (5) (see Fig. 7).

Now, by applying theorem 1 it follows that there
exists a unique stable cycle y. in a tubular neigh-
bourhood of y; for the time-reversal system such that
Ye — Yo as € — 0 in the Hausdorff distance. Thus,
replacing ‘t’ by —¢t’ again in the time-reversal system
we conclude that for 0 < € <« 1, y. is the desired
unstable relaxation oscillation for the system (5) such
that e — 9 as € — 0 in the Hausdorff distance. O

For a geometrical description of the proof of theo-
rem 2, see Fig 7. The non-smooth functional response
is responsible for the existence of two relaxation oscil-
lations simultaneously: one of them is stable, and the
other one is unstable.

We have shown earlier the existence of relaxation
oscillations for 0 < € « 1 whenever we have the
existence of only one admissible equilibrium point E;
or E. or E3,i.e.0 € DyUDgU D7 such that x3 < % In
the next, we will show that there will be no relaxation
oscillation whenever ¢ € D1 U D3 U D4y U D5 U Dg U
Dg for 0 < € < 1. In such cases, there will be no
interior equilibrium or the existence of more than one
admissible interior equilibrium or the existence of only
the degenerate equilibrium E..

Proposition Leto € Dy U D3 U DgU DsU Dg U Do.
Then, there do not exist any relaxation oscillation for
the slow—fast system (5) for 0 < € < 1.

T, y')

Fig. 7 The unique coexistence stable equilibrium point E; is
surrounded by an unstable relaxation oscillation y, (thick black
curve), nested within a stable relaxation oscillation I (thick
red curve) for small € > 0. The singular slow—fast cycles yg
(inner) and I (outer) are represented by cyan and blue curves,
respectively, such that Iz, — I and ye — yp as € — 0 in the
Hausdorff distance. Double arrows stand for the direction of fast
flow, and single arrows represent the direction of slow flow

Proof By the Hopf’s theorem, a periodic orbit for a
planar flow must enclose at least one equilibrium point.
Now, if 0 € Dy, then there does not exist any interior
equilibrium point and correspondingly, the slow—fast
system (5) has no periodic orbit in the interior of Ri
and hence no relaxation oscillation.

Let 0 € Ds3. Then, there exist two admissible inte-
rior equilibrium points £, and E3 lying on the right
branch X+ of the prey nullcline. The equilibrium E; is
always a saddle point, whereas E3 can be either a stable
or an unstable equilibrium point. The Poincaré indices
of E; and E3 are -1 and +1, respectively. Therefore,
by the Hopf’s theorem there cannot be a periodic orbit
enclosing only the equilibrium E> and also enclosing
both the equilibrium points E; and E3. So, we now have
the possibility of having a periodic orbit enclosing E3.
The emergence of a periodic orbit due to Hopf bifur-
cation around E3 has been shown in the next section.
However, in this case, such a periodic orbit will not be a
relaxation oscillation. To be a relaxation oscillation, the
periodic orbit should converge to a singular piecewise—
smooth closed orbit of type I constructed to prove the
theorem 1 as € — 0 in the Hausdorff distance. Now, if
we construct such a singular piecewise—smooth closed
orbit enclosing E3 and consisting of attracting slow—
fast segments, then it also encloses the singularity E»
and hence the relaxation oscillation if exists should also
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Fig. 8 Relaxation oscillations for the system (5) with 0 < € K
1. (a) Two nested relaxation oscillations surrounding a stable
equilibrium point E7 lying in X'~ for the parameter values a =
0.99. The unstable relaxation oscillation (black curve) is nested
within a stable relaxation oscillation (green curve). (b) Unique
relaxation oscillation (green curve) surrounding the corner point

enclose both the equilibrium points £, and E3 which
contradicts the Hopf’s theorem.

Let o € D4. Then, there exist three admissible inte-
rior equilibrium points Eq, Ez, and E3 . The equilib-
rium point E7 is always a stable equilibrium point, E;
is a saddle point, and E3 can be either a stable or unsta-
ble equilibrium point. We have already shown with the
help of Dulac’s criteria that the system (5) has no peri-
odic orbitenclosing £ and lying entirely in ¥ ~. By the
Hopf bifurcation theorem, there cannot exist a periodic
orbit enclosing E;; enclosing E and E;; enclosing E|
and E3; and also enclosing E> and E3. By the same
argument as above, we cannot have a relaxation oscil-
lation enclosing E3 only. Therefore, we have the pos-
sibility of having a periodic orbit enclosing either E
or a periodic orbit enclosing all the equilibrium points
Ei, E;, and E3.

Assume that there exists a periodic orbit enclosing
E1. Then, the periodic orbit will be an unstable periodic
orbit and as the region R is invariant, by the Poincaré—
Bendixson theorem there will also be a stable periodic
orbit enclosing the unstable periodic orbit and E;. We
have shown earlier the existence of stable and unstable
relaxation oscillations assuming the existence of only
the admissible equilibrium £ but, in this case, we have
the existence of the equilibrium points £, and E3 as
well. Now, as E» is a saddle point, a part of the stable
or unstable separatrix of E, will be along the repelling
branch Cjj of the slow manifold Mg for 0 < € < 1.
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E. lying on X for the parameter value a = 0.75 (c) Unique
relaxation oscillation (green curve) surrounding the unique inte-
rior equilibrium point E, lying in £ for the parameter values
a = 0.6. The other parameter values are b = 0.05,k = 5 and
€ =0.001

Consequently, the stable or unstable separatrix of the
saddle point E, will intersect the periodic orbit and
this violates the fundamental existence and uniqueness
result for the slow—fast system (5). Thus, there does
not exist a periodic orbit and hence a relaxation oscil-
lation enclosing E. Similarly, if we assume that there
exists a periodic orbit enclosing the equilibria E1, E7,
and E3, then following the same argument as above in
this case also there will be a violation of the fundamen-
tal existence and uniqueness result for the system (5)
and consequently there will be no relaxation oscillation
enclosing the equilibria E, E; and E3.

Leto € Ds. Then, in this case we have the existence
of the two equilibrium E. and E3 of which E, is the
boundary equilibrium and E3 is the stable equilibrium
lying to the right of the point Q on the branch X* of
the prey nullcline. Following the results of the bound-
ary equilibrium bifurcations as carried out in Sect. 6 it
follows that the boundary equilibrium E. is an unsta-
ble equilibrium point and consequently there does not
exist a periodic orbit enclosing both the equilibria E,
and E3. Thus, there may exist a periodic orbit enclos-
ing either E, or enclosing E3. Assume that there exists
a stable periodic orbit enclosing E.. Now, depending
on the nature of the slow—fast flow, the only possibility
that this stable periodic orbit will be a stable relaxation
oscillation provided it converges to a singular slow—
fast cycle of type I as € — 0 in the Hausdorff dis-
tance. Now, as E3 is a stable singularity, any trajectory
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approaching the attracting branch Cf of the slow man-
ifold M>o must tend to E3 as t — oco. Consequently,
there will be no stable relaxation oscillation.

Assume that there exists an unstable periodic orbit
enclosing E3. Then in this case also by the Poincaré—
Bendixson theorem, there will be at least two periodic
orbits, stable and unstable periodic orbits. But, as men-
tioned above that to be a stable relaxation oscillation
this stable periodic should converge to Iy as € — O.
Thus, for 0 < € « 1, the stable relaxation oscillation
will enclose both the singularity E. and E3. But, we
have already claimed that there cannot be a periodic
orbit enclosing both E, and E3. Hence, there also does
not exist any relaxation oscillation enclosing E3.

Let 0 € Dg. Then, there exists only one admissi-
ble interior equilibrium point E, which is by nature
a degenerate equilibrium, in fact, a saddle-node equi-
librium having Poincaré index 0. Consequently, there
does not exist a periodic orbit enclosing E and hence,
no relaxation oscillation.

Let 0 € Dg. Then, there exist two admissible inte-
rior equilibrium points £ and E, of which E is stable
equilibrium point and E, is a degenerate equilibrium
point. Now, if we assume that there exists a periodic
orbit enclosing E, then for 0 < € < 1 the separatrix
along the repelling branch Cj of the slow manifold M»q
of the degenerate equilibrium E3 will intersect the peri-
odic orbit and consequently, the fundamental existence
and uniqueness result for the slow—fast system (5) will
be violated. Hence, there will be no relaxation oscilla-
tion enclosing E1. We have already claimed that there
cannot be a periodic orbit enclosing the saddle-node
equilibrium E,.

Assume that there exists a periodic orbit enclosing
both the equilibrium points E; and E,. Then, the sep-
aratrices corresponding to the degenerate equilibrium
E. will intersect the periodic orbit violating again the
fundamental existence and uniqueness result for the
slow—fast system (5). Therefore, there does not exist
a relaxation oscillation enclosing both the equilibrium
points £ and E,. O

5 Singular Hopf bifurcation and canard orbits

We assume the parametric restrictions a < 1,0 < 1
and kl(i-;Z) > 1 so that we have the existence of only
one admissible equilibrium point E3 lying in X+. For
k(1 —2a) = 4b, i.e. forb = b* = M, the singu-

larity E3 passes through the fold point Q. We also see
the following conditions hold:

Afy
ftlo=g; =0. 8lo=p; =0. —- oot
=L3
9 92 2
_o, ey B2
dy 9x2 k

Under the above conditions, the singularity Q is a
generic folded singularity. We now restrict our analysis
in a neighbourhood of the folded singularity Q. To use
the theory as developed in [23], we use the following
transformation X = x —x3,Y = y—y3,u = b—>b*to
write the system (9) into the following standard slow—
fast normal form near the folded singularity Q.

dx ,
E:_th(xs Ya M)+X h2(X9 Y?M’E)

+eh3(X, Y, u,¢€) (35a)
ay

+Yhe(X, Y, 1)) (35b)

where h; =1, hp = —%,h3 =0, hy =a—4%X+
OX. Y. ), hs = =14+0(X. ¥, 1), he = 1+ X —
%Y + O(X, Y, n). Now, by the formulae of (3.12) and
(3.13) of [23] we have

Ohs (0,0,0) =0 (36a)
ar = —— WU, U, =Y, a
= 9x
=M 000=0 (36b)
a2 - 8X £ ) - £
h
a3 = a—Xz(o, 0,0) =0, (36¢)
4 00,0y = 4 (36d)
a4 = —— , U, = -,
YT k
as = he(0,0,0) = —1, (36e)

8a?
A= —ap +3a3 — 2a4 — 2a5 = T+2>O. (36f)

Thus, following the formulae (3.15) and (3.16) of
[23] we have the singular Hopf bifurcation curve u =
UH (ﬁ) = % + O(e3/?) and maximal canard curve

= pe (Ve) = ﬁ (k — 4a®) € + O(€3/?) for the sys-
tem (35). The singular Hopf bifurcation curve p 7 (1/€)
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and the maximal canard curve (. (\/E) can also be writ-
ten as

bi (V) = b* + % + O, (37a)

1
be (Vo) =07 + o (k—4a?) e + 0D (37b)
4k
Now, following the formulae in [23], the first Lya-
punov coefficient is given by

A
[ = gVe+ 0 (38)

We always have A > 0, and consequently, the Hopf
bifurcation is subcritical. Thus, the canard cycles that
emerge through this Hopf bifurcation are unstable. The
canard orbit exists for b < by (y/€) in an O(e) range.

Thus, we have shown that for b = by (/€), a sub-
critical Hopf bifurcation takes place resulting in the
existence of unstable canard orbits for b = b, (ﬁ) <
by (ﬁ) in an O(¢e) range. The equilibrium point E3
is a stable focus surrounded by unstable canard orbits
forb = be (V€) < by (V€) inan O(€) range, and for
b>by (ﬁ), the equilibrium point E3 is an unstable
focus. Hence, we see that unstable canard orbits exist
prior to the bifurcation which get destroyed after the
bifurcation.

We have shown earlier in Sect. 2 that the following
rectangular region R = {0 <x <k,y=0;x =k,
O<y<ak+b,y=ak+b,0<x <k;x=0,

0 <y <ak + b} is forward invariant, and one can
made the region R as large as possible to investigate
all possible dynamics of the system (5). Let y be the
periodic orbit (unstable canard orbit) which emerges
prior to the bifurcation for b = b, (\/€) < by (/€) in
O(e) range. Let V be the region enclosed by y. Tra-
jectories starting in V will remain in V and approach
the equilibrium in forward time. Trajectories outside V
will remain outside V. Thus, R\V is positively invari-
ant. Now, under the given parametric restrictions, the
trivial equilibrium E is an unstable node and the axial
equilibria £, and Ej are saddle points having the y-
and x-axes as the stable separatrices. Consequently,
a trajectory I’ will approach to the axial equilibria
Ep and Ej in forward time provided the trajectory I"’/
gets started from y- or x-axis. Now, by the Poincaré—
Bendixson theorem, if we start a trajectory 1"’ from an
interior point in R\V, then the w-limit set of I, i.e.
w(I""), will be either an equilibrium point or a peri-
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Fig. 9 There exist two periodic orbits y and I". The unstable
canard orbit y emerges prior to the Hopf bifurcation, and V
is the region enclosed by y. The stable periodic orbit I" exists
due to global property of the system. The parameter values are
a=0527,b=0.05,k=5,¢ =0.1

odic orbit or a graphic. But, the equilibria Eq, Ej, and
E} cannot be its w-limit and similarly, no graphic join-
ing the equilibria can be its w limit set. Thus, by the
Poincaré—Bendixson theorem, the only possibility of
being the w limit set of the trajectory I'’ is a periodic
orbit I' (see Fig. 9). Hence, there exists an attracting
periodic orbit in R\ V which will be the w-limit set of
the trajectory I"” and as this periodic orbit is bounded
away from the repelling branch of the critical manifold
M, it is a relaxation oscillation for 0 < € < 1.

Similarly, for b > by in O(€) range, the equilibrium
E5 is an unstable focus and following the same argu-
ment as above, we have an attracting periodic orbit in
R and also following the same argument as in theorem
2, the attracting periodic orbit is a relaxation oscillation
for 0 < € « 1. Thus, we have seen that for b < by in
O(e) range, we have the existence of a stable equilib-
rium point, unstable canard orbit, and stable relaxation
oscillation and for b > by in O(¢€) range, we have an
unstable equilibrium point surrounded by an attractive
periodic orbit which is a stable relaxation oscillation.

By numerical simulation, we exhibit the relaxation
oscillations and canard cycle for the system (5) in Fig.
10 when 0 < € < 1.

6 Boundary equilibrium bifurcations

A boundary equilibrium bifurcation (BEB) is said to
occur for a piecewise—smooth system when an admis-
sible equilibrium collides with a switching boundary
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Fig. 10 Relaxation oscillations and canard cycle for the sys-
tem (5) for 0 < € <« 1. Unique stable relaxation oscilla-
tion (green curve) surrounding the folded singularity E, for the
parameter values a = 0.48, b = 0.05115063. The inner black
curve is the unstable canard cycle which emerges due to singu-
lar Hopf bifurcation around E,. The other parameter values are
k=15,e=0.001

upon varying a parameter and following a BEB there
shall be the creation of some invariant sets (equilibria
and limit cycles for two dimensional systems). In this
section, we will show the phenomena of BEBs for the
system (5). We assume 1 — % <a<landb < 1
so that there exist only one admissible interior equi-
librium point E(x, y) such that E = E; when ¢ < 1;
E = E.whenc = land E = E3zinwhenc > 1, where
¢ = 5122 The equilibria E,, E and E3 liein ¥~ ¥
and X7, respectively. Thus, the boundary equilibrium
E.(1,1— %) for ¢ = 1 is an admissible equilibrium
for both the left and right-half systems. Generically,
there can be two scenarios regarding co-dimension—
one BEB: both the equilibria coexist in one of the half
systems, collide at the boundary equilibrium, and anni-
hilate known as a non-smooth fold or one equilibrium
is admissible on each side of the bifurcation known as
persistence. Consequently, for the system (5) we have
the phenomenon of persistence as forc < 1(c > 1) we
have the existence of admissible equilibrium E(E3)
for the left-half (right-half) system. In the following,
we will be discussing the following two cases: (i) per-
sistence with different stability and emergence of limit
cycles which is the non-smooth analogue of Andronov—
Hopfbifurcation, (ii) persistence with different stability
and emergence of a limit cycle known as supercritical
super-explosion bifurcation.

For ¢ # 1, the Jacobian matrices for the right and
left half systems at the equilibrium E (X, y) are given

Now, as ¢ — 1%, the eigenvalues of J4 tend to

Y+ /04 and y_ £./6_ (41)
1—2—¢
where, y;+ = S , 04 = %{( —%+e)2
—4ae}; and y— = _% (E + %)7 - %{(G _ %)2
—4dace}.
We always have y. > y_, 64 > §_,detJ_ > 0
and because of the parametric condition a > 1 — %

we also have det J; > 0. This shows that the bound-
ary equilibrium E. is an isolated hyperbolic equilib-
rium for both the left-half and right-half systems. The
equilibrium E; whenever admissible is always a stable
equilibrium point; we also have shown in Sect. 5 the
smooth Hopf bifurcation results in the vicinity of the
admissible equilibrium E3 around b = by (y/€) and
consequently, in the following we assume that yy > 0
so that E3 is an unstable equilibrium point. We then
have the following theorem regarding the non-smooth
analogue of Hopf bifurcation.

Theorem 3 For the system (5), with the following
parametric restrictions 1 —,% <a < 1,b < 1,
0 < € < 1, y+ > 0, there emerges a periodic
orbit in the vicinity of the boundary equilibrium E,
through a bifurcation as ¢ passes through ¢ = 1
(b=by=1—a— %). The bifurcation is described by

the following

(i) If 5+ < 0and 6— < O, then there is a non-smooth
Hopf bifurcation. The bifurcation is supercritical

if A > 0 and subcritical if A < 0 where A =
Y+ + Y—
oy o
(ii) if 84 > 0 and 6 < O, then the bifurcation is a

supercritical Hopf like bifurcation; the stability of
the limit cycle is same as that of the equilibrium
node.
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Proof (1) If 54 < 0 and §_ < O, then there exists a
unique admissible equilibrium in a neighbourhood
of (1,1 — ,lc b,): a stable focus for the left-half
system and an unstable focus for the right-half sys-
tem. Thus, as ¢ increases through 1 (b decreases
through b.), small enough, we have the transition
from stable focus to unstable focus. Hence, follow-
ing [40] there is a non-smooth Hopf bifurcation and
the criticality is measured by A. (See Fig. 11.)

(i) If 64+ > 0 and § < O then as ¢ increases through
1 (b decreases through b,), small enough, the
unique admissible equilibrium in a neighbourhood
of (1,1 — % b,) has a transition from stable focus
for the left-half system to unstable node for the
right-half system. Following [40], there emerges
a limit cycle for ¢ < 1 (b > by), i.e. the Hopf
like bifurcation is a supercritical bifurcation (see
Fig. 12). Let y be the unstable periodic orbit
which emerges due to the bifurcation as ¢ decreases
through 1 (b increases through b,), small enough
and let V be the region enclosed by y. Trajecto-
ries starting in V will remain in V and approach
to the equilibrium stable focus for the left-half sys-
tem in forward time. Trajectories outside V will
remain outside V' and consequently, R\V is pos-
itively invariant and by the same argument as in
Sect. 5, there exists an attractive periodic orbit I in
the interior of R\ V. Thus, we see that as ¢ decreases
through 1, (b increases through b,.), small enough,
there exists an attracting equilibrium, a repelling
periodic orbit y, and an attracting periodic orbit I";
the two such periodic orbits give rise to unstable
and stable relaxation oscillations for 0 < € < 1
whose existence we already have shown in Sect.
(4). Now, if we increase b further, then the unsta-
ble limit cycle y collides with the coexisting sta-
ble limit cycle I" and then annihilates following a
saddle-node bifurcation of limit cycles.

We also see that 6 > 0 whenever 6_ > 0 and cor-
respondingly, the unique admissible equilibrium in a
neighbourhood of (1,1 — %, by) cannot have a transi-
tion from a stable node for the left-half system to an
unstable focus for the right-half system (See Fig.13). O

Thus, we have discussed the Hopf-like bifurcation
scenarios for the piecewise—smooth continuous sys-
tem (5) except considering the case in which we have
the transition of the equilibrium point from stable
node to unstable node. We assume that § > 0, i.e.
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4dae < min [(1 — % + 6)2, (6 — %)2} including the
other parametric conditions as mentioned in theorem 3.
It then follows that there exists a unique equilibrium in
aneighbourhood of (1, 1 — % b,): a stable node for the
left-half system and an unstable node for the right-half
system. Thus, as ¢ increases through 1 (b decreases
through b,), small enough the equilibrium point has
a transition from stable node to unstable node. This
case does not resemble a non-smooth analogue of Hopf
bifurcation because of the absence of a focus equi-
librium, but there may emerge large amplitude limit
cycles due to super-explosion bifurcation of the sys-
tem. Super-explosion bifurcation is a characteristic of
a non-smooth system in which at the bifurcation value
there exists a nested family of homoclinic orbits and as
the bifurcation parameter increases through the critical
value, there appears a limit cycle [33,34]. Here, we fol-
low the same argument as in [33,34] to investigate the
super-explosion bifurcation of the system (5).

Letv; = (p1, q1), v2 = (p2, q2) be the eigenvectors
of J4 for the eigenvalues 0 < A1 < A2 and v (p], ¢}),
v5 (P, q5) be the eigenvectors of J_ for the eigenvalues
A} <1} < 0. Then, we have

L ji=12. (42

Thus, the slope of the eigenvectors can be made very
small for € small enough. As c increases through 1 (b
decreases through b,), 0 < € « 1, the unstable tra-
jectory leaves the critical manifold My to the right of
the fold point O (4, %) and then follows the attract-
ing branch C(‘)‘Jr of the critical manifold M»q, passes
the point O, and enters in the region X'~ intersecting
the switching boundary X' transversally and then gets
attracted towards the attracting branch of the critical
manifold Mo and then following it moves to the right
until it crosses the switching boundary X again below
the corner point E. (1,1 — %) and then intersects the
predator (slow) nullcline. Let V be the region enclosed
by the trajectory and the slow nullcline. Then, trajec-
tories outside of V will remain outside of V and con-
sequently, R\V is positively invariant, the region V is
negatively invariant and by the same argument as in
Sect. 5, there must exist a stable periodic orbit in the
interior of R\V which gives rise to a stable relaxation
oscillation.
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Fig. 11 Phase portraits for boundary equilibrium bifurcations
(BEBs): the unique admissible equilibrium point has a transi-
tion from stable focus to unstable focus as b decreases through
bs. The piecewise—smooth slow—fast systems (5) experience a
supercritical (A = 1.18 > 0) non-smooth Hopf bifurcation for
b = b* = 0.1. (a) For b = 0.08 < b*, the equilibrium unsta-
ble focus at the right branch of the prey nullcline is enclosed
with a coexisting stable limit cycle. (b) As b increases through
b = b, = 0.1, the admissible equilibrium has a transition from

Fig. 12 Phase portraits for boundary equilibrium bifurcations
(BEBs): the unique admissible equilibrium point has a transi-
tion from stable focus to unstable node as b decreases through
bs. The piecewise—smooth slow—fast systems (5) experience a
supercritical non-smooth Hopf bifurcation for b = b* = 0.1.
(a) For b = 0.08 < b*, the equilibrium unstable node at the
right branch of the prey nullcline is enclosed with a coexisting
stable limit cycle. (b) As b increases through b = b, = 0.1, the
admissible equilibrium has a transition from an unstable node to

At the bifurcation point ¢ 1 (b = by), when
we view the boundary equilibrium E. from the right-
half system, it is an unstable node and when we view
it from the left-half system it corresponds to a stable
node and correspondingly, at the bifurcation point, the
strong unstable trajectory enters the region ¥~ and
then returns to the boundary equilibrium following
Cgf. Hence, at the bifurcation point ¢ = 1 (b = b,),
there is a formation of a homoclinic orbit. The region
inside this separatrix cycle consists of a nested collec-
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an unstable focus to stable focus and for b = 0.106 > b* there
emerges an unstable limit cycle. The inner black limit cycle is
unstable, and the outer green one is the coexisting stable limit
cycle. (c) As the value of b is increased further, the inner limit
cycle collides with the outer stable limit cycle for b = 0.107719
and then disappears following a saddle—node bifurcation of limit
cycle (SNLC) for b = 0.11 > 0.107719. The other parameter
valuesarea = 0.7,k =5,¢ =0.3
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stable focus and for b = 0.144 > b*, there emerges an unsta-
ble limit cycle. The inner black limit cycle is unstable, and the
outer green one is stable limit cycle. (c) As b is increased further,
the inner limit cycle collides with the unstable limit cycle for a
critical value of b = 0.146549 and then disappears following a
saddle—node bifurcation of limit cycle (SNLC) which occurs for
b = 0.15 > 0.146549. The other parameter values are a = 0.7,
k=5¢e=02

tion of homoclinic orbits whereas trajectories outside
this region tend to the coexisting stable limit cycle in
forward time as t — oo. Now, as ¢ decreases through
1 (b increases through b,), there emerges an unsta-
ble periodic orbit y enclosing the equilibrium stable
node, i.e. the system undergoes a bifurcation known as
a supercritical super-explosion bifurcation in the liter-
ature and does not occur for smooth systems.

Let V' be the region enclosed by the unstable peri-
odic orbit y which emerges through the bifurcation as
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Fig. 13 Phase portraits for boundary equilibrium bifurcations
(BEBs) of the piecewise—smooth slow—fast systems (5): the
unique admissible equilibrium point has a transition from stable
node to unstable node as b decreases through b,.. The piecewise—
smooth slow—fast systems (5) experiences a supercritical super-
explosion bifurcation for b = b* = 0.1. (a) For b = 0.08 < b*,
the equilibrium unstable node at the right branch of the prey
nullcline is enclosed with a coexisting stable limit cycle. (b)
Existence of a family of homoclinic orbits around the bound-
ary equilibrium point for b = b, = 0.1. The black vertical line

b increases through b.. Then, the trajectories starting
in V/ will remain in V’ and approach the equilibrium
stable node for the left-half system in forward time.
Trajectories outside V’ will remain outside V' and con-
sequently, R\ V' is positively invariant and by the same
argument as in Sect. 5, there exists an attractive peri-
odic orbit I" in the interior of R\V’. Thus, we see that
as c¢ decreases through 1, (b increases through b,),
small enough, there exists an attracting equilibrium,
a repelling periodic orbit y and an attracting periodic
orbit I; the two such periodic orbits give rise to unsta-
ble and stable relaxation oscillations for 0 < € <« 1
whose existence we already have shown in Sect. 4. O

7 Discussion

The study of piecewise—smooth predator—prey mod-
els is an emerging area of research in recent years to
capture nonlinear phenomena observed in a real-life
context. In this paper, we consider a modified Leslie-
type prey—generalist predator system with a piecewise—
smooth Holling type I functional response term that
yields a piecewise—smooth slow—fast system. The basic
model represents the interaction between prey and
its generalist predator which has an alternative food
source. The model admits stable steady state as well as
oscillatory coexistence scenarios depending upon the
magnitudes of parameters.
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X is the switching boundary. The two samples of the family of
Homoclinic orbits are presented by magenta and black curves.
The black homoclinic orbit is the largest separatrix cycle. For
b > b*, there emerge two limit cycles and for b < b*, only one
limit cycle emerges. (c) For b = 0.14 > b*, there emerges an
unstable limit cycle. The inner black limit cycle is unstable, and
the outer green one is stable limit cycle. It is to mention that the
two limit cycles do not collide within the admissible range (tran-
sition from stable node to unstable node) of b € (0, 0.2828235].
The other parameter values are a = 0.7, k =5, € = 0.01

We have divided the parameter space into nine differ-
ent regions D;,i = 1,2, ...,9 and shown the various
results on the existence of admissible interior equilibria
as the parameters are shifted from one region to another.
We have investigated the stability of each equilibrium
including the boundary equilibrium point. We have
studied how eigenvalues jump at the corner of the prey
nullcline by analysing the generalized Jacobian matrix.
In the case when € is not comparatively small, the var-
ious bifurcations are observed such as the saddle-node
bifurcation, Hopf bifurcation, and Bogdanov—Takens
bifurcation. The existence of various types of local
bifurcations indicates the complex dynamics exhibited
by a simple model involving Holling type I functional
response having only one non-smooth point. This type
of functional response represents the saturation of con-
sumption of prey by the predator within the setup of
the Holling type I function.

The main contribution of the present work is a
detailed study of the system dynamics in the presence of
a slow—fast time scale of a modified Leslie—-Gower sys-
tem consisting of prey and generalized predator species
having a non-smooth functional response. We have
studied the detailed dynamics of such a non-smooth
slow—fast system by employing geometric singular per-
turbation theory and the blow-up technique. This study
mainly concerns the existence of singular Hopf bifur-
cation, canard orbits, multiple relaxation oscillations,



Slow—fast analysis of a modified Leslie-Gower model

4553

and boundary equilibrium bifurcations. We have shown
the emergence of an unstable canard cycle around the
folded singularity prior to the bifurcation surrounded
by a stable limit cycle which gives rise to a stable relax-
ation oscillation for 0 < € < 1. It has also been shown
that there exist two relaxation oscillations, stable and
unstable for 0 < € « 1 whenever the parameters
belong to the region D>, i.e. the unique admissible equi-
librium lies on the left branch of the prey nullcline. We
have also identified parametric regions for which there
is no relaxation oscillation for 0 < € < 1.

We have also studied all the possible scenarios that
may occur due to a boundary equilibrium bifurcation
(BEB) for the slow—fast planar piecewise—smooth sys-
tem under consideration. We have shown that upon
varying the parameter b, an unstable focus or unstable
node after colliding the switching boundary X' becomes
a stable focus and the instability is transferred to an
unstable limit cycle. This phenomenon is also known
as non-smooth Hopf bifurcation in literature. Geomet-
rically, it can be interpreted as the magnificent bifurca-
tion scenario that arises when the non-trivial predator
nullcline crosses the point of non-differentiability on
the non-trivial prey nullcline. The unstable limit cycle
arising through the BEB is surrounded by a stable limit
cycle due to a global bifurcation of the system, and
the two limit cycles give rise to relaxation oscillations,
respectively, for very small €. We have also investigated
the case when there is a transition from a stable node to
an unstable node upon passing through the switching
boundary X' This is not a non-smooth analogue of Hopf
bifurcation as either of the equilibrium is not a focus
equilibrium. In such a case, it has been shown that there
emerges an unstable limit cycle due to super-explosion
bifurcation of the system. In all the cases of BEBs, we
have observed that upon varying the parameter b, the
stable and unstable limit cycles collide with each other
and disappear through a saddle-node bifurcation of the
limit cycle.

It also follows trivially that when the parameters
belong to the region D3, we have the basins of attrac-
tion for the admissible interior equilibrium E3 and the
axial equilibrium E}, separated by the stable manifolds
of the saddle point E>. Geometrically, this implies that
if initially, the prey species lie to the left of the stable
separatrix of E;, then in the long run the prey species
will die out otherwise both the species will coexist. The
prey species will die out in the long run if the parame-
ters belong to the region Dj.

The transfer of the stable and unstable manifolds of
various equilibrium points leads to some global bifur-
cations, and such bifurcations are generic in nature with
respect to the difference of time scale. (They exist for
€ = laswellas fore < 1.)

Hopf-bifurcating periodic solutions exhibit relax-
ation oscillation when the magnitude of the slow—fast
time scale parameter is reduced. This time scale param-
eter sometimes alters the Hopf bifurcation threshold
[3,36]. Most of the investigations for canard cycle,
relaxation oscillation, and singular Hopf bifurcation are
performed with the models which exhibit super-critical
Hopf bifurcation and result in a stable limit cycle. How-
ever, no canard explosion occurs for the slow—fast sys-
tem (5). The main contribution of this work is to study
the change in dynamic behaviour due to the presence of
slow—fast time scale, and the model is capable to gener-
ate a stable and unstable limit cycle simultaneously. We
have shown that the particular choice of parameter val-
ues and for the appropriate magnitude of the slow—fast
time scale parameter can capture the existence of two
relaxation oscillations: one is stable, and the other is
unstable. It is important to note that the existence of two
limit cycles is not due to the saddle-node bifurcation
of limit cycles rather one of them is generated through
boundary point bifurcation. The presence of boundary
point bifurcation is due to the consideration of a non-
smooth functional response. Change in system dynam-
ics due to the boundary point bifurcation with the vari-
ation of the slow—fast time scale parameter is another
significant contribution of this work. Our future goal
will be to check the structural sensitivity of the obtained
results for other models of interacting populations
which exhibit sliding mode bifurcations, which is pro-
totypical dynamics produced by Filippov-type models.

Acknowledgements The first author acknowledges the finan-
cial support from the Department of Science and Technology
(DST), Govt. of India, under the scheme “Fund for Improvement
of S&T Infrastructure (FIST)” [File No. SR/FST/MS-1/2019/41].

Data availability Data sharing is not applicable to this article as
no datasets were generated or analysed during the current study.

Declarations
Conflict of interest The authors declare that they have no con-

flict of interest.

Appendix

@ Springer



4554 T. Saha et al.
15 15 15 15
[
0 v 0 é
1 1 1 1
1 i 1
Bl B Y
05 05 05 05
) L L )
0 0 0 0
0 1 2 3 4 5 01t 2 3 4 0t 2 3 4 5 0 1 2 3 4 5
= = T =
(a) (b) (©) (d)

Fig. 14 The mutual position of the prey and predator nullclines
of the system (5). The red curve is the prey nullcline, and preda-
tor nullclines are plotted for various values of a. Depending on
the slope and position of the predator nullcline, there can be 0, 1,
2, or 3 interior equilibria. (a) It illustrates that there exists unique
interior equilibrium point in X, corner point on X and in X
for parameter values b = 0.05,k = 5, € = 0.1 with three dif-
ferent positions of predator nullcline for a = 0.65 (blue line),
0.75 (green line), and 0.98 (black line). The parameters belong
to the region Djo. Geometrically, as we increase the slope of the
predator nullcline keeping b small, the parameter ¢ = "fi}?
decreases, and as it decreases through 1, the position of the inte-
rior equilibrium changes from X+ to X ~. (b) With five different
positions of predator nullcline, the figure illustrates that the sys-
tem can have 1 (one in XF), 2 (one at the corner point on X,
i.e. the boundary equilibrium, and one in X 1), 3 (one in ¥~ and
twoin £1), 2 (one in each X*), or 1 (in ¥ ) equilibrium points
for the parameter values b = 0.7, k = 5, ¢ = 0.1 with different
values of a given by 0.05 (magenta), 0.1 (blue line), 0.17 (green
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