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Abstract—This paper studies quasi-periodicity phenomena appearing at the transition from
spiking to bursting activities in the Pernarowski model of pancreatic beta cells. Continuing
the parameter, we show that the torus bifurcation is responsible for the transition between
spiking and bursting. Our investigation involves different torus bifurcations, such as supercritical
torus bifurcation, saddle torus canard, resonant torus, self-similar torus fractals, and torus
destruction. These bifurcations give rise to complex or multistable dynamics. Despite being
a dissipative system, the model still exhibits KAM tori, as we have illustrated. We provide
two scenarios for the onset of resonant tori using the Poincaré return map, where global
bifurcations happen because of the saddle-node or inverse period-doubling bifurcations. The
blue-sky catastrophe takes place at the transition route from bursting to spiking.
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1. INTRODUCTION

We are sincerely grateful to the Editors who curated this special issue dedicated to
the 70th and 80th birthdays of two exceptional mathematicians, S. V. Gonchenko and

V. N. Belykh. One of us, A.L.S., has had the honor of knowing both personally and
professionally for an extended period of fast-flying time.

Sergey Gonchenko has emerged as a rightful leader and scientific authority within
the L. P. Shilnikov school of bifurcations in dynamical systems with complex chaotic
dynamics.

Vladimir Nikolaevich Belykh truly stands as “the last of the Mohicans” of the
Gorky school of dynamical systems and oscillations. A. L. S. expresses deep gratitude
to him for his wisdom, unwavering support, and for being a role model of a
distinguished academician, as manifested by his long and unique trajectory in research
and mentoring.

Pancreatic beta cells produce and secrete insulin to regularize the blood glucose level [1-5].
Beta cells display bursting oscillations in the presence of glucose. Bursting are oscillatory rhythms
where some variable alters between silent and active phases. The active phase experiences rapid
oscillation of the membrane potential, in contrast to the silent phase, where slow changes occur.
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Many biophysical models are proposed to describe oscillatory activities in these cells, e.g., Chay —
Keizer [2] and Sherman — Rinzel - Keizer (SRK) models [5]; see [6, 7] for a review of the mathematical
modeling of beta cells. The equations of the biophysical models being complicated, the researchers
developed circuit analog models to better analyze the oscillatory dynamics. The Pernarowski
system, a simple polynomial model, is such an analogous system to the biophysical models describing
the oscillatory dynamics of beta cells. In the same way, the Fitzhugh —Nagumo model [8] is an
analogous model to the Hodgkin —Huxley system explaining the oscillatory activities in the squid
giant axon, and the Hindmarsh and Rose system [9] is analogous to the Plant-Kim model explaining
the bursting activities of the Aplysia neuron. The simplicity of the polynomial functions used in
analog models allows much of their analysis to be done through analytical means. The analog
models have fewer dependent variables and parameters than the corresponding biological models.

This paper examines the Pernarowski system dynamics as it relates to the process of transitioning
from spiking to bursting. The model has already been studied by the authors in [10]. They analyzed
its fast subsystem bifurcations across various parameters. In that study, the goal was to expect
possible bursting types using Izhikevich’s classification method. This method categorizes burst
activity according to the bifurcations that start and end rapid spiking, returning to the initial resting
state [11, 12]. In an earlier study, the authors showed the period-doubling cascades of canards as the
mechanism describing the transition from spiking to bursting in this model [13]. The Pernarowski
system has not been examined for global bifurcations that result in the shift between oscillatory
types. This paper investigates global bifurcations leading to multiple quasi-periodicity oscillations,
self-similar torus fractals, and multistability in the Pernarowski model. The classification of the
oscillatory patterns transitions is a basic problem in dynamical systems theory and neuroscience.
More complex bifurcation structures are observed in the transition route from bursting to spiking,
especially in neuronal systems [13-16]. Such bifurcations include, e. g., homoclinic bifurcations [17—
19], torus canard [20], torus break-down [21-23], and blue-sky catastrophe [24-28]. There exists an
incomplete explanation of the possible transitions between oscillatory rhythms.

We show that a saddle torus canard causes the transition between bursting and spiking. During
the spiking window, the stable periodic orbit is surrounded by resonant tori because of global
bifurcations of saddle-node (fold of periodic orbit) or inverse period-doubling. The number and
topology of torus orbits are varied by adjusting the system parameters. Some intriguing situations
present the coexistence of several resonant tori with distinct periods. In the presence of several
attractors, the Pernarowski system exhibits multistability for the same parameter values that are
affected by changes in initial conditions. There is a competition among the attractors to define
their basin of attraction. In some situations, Kolmogorov — Arnold - Moser (KAM) tori [29] enclose
the stable periodic orbit.

KAM tori appear frequently in integrable Hamiltonian systems. KAM theory studies the
persistence of these quasi-periodic oscillations in integrable Hamiltonian systems subjected to
perturbation [30, 31]. Here, the main question is to determine the fate of these quasi-periodic
solutions with a perturbation in the structure of Hamilton’s equations. Specifically, they will be
destroyed or survive, becoming deformed. Kolmogorov [32] showed that, for near-integrable systems,
almost all quasi-periodic oscillations persist as invariant KAM tori. However, the quasi-periodic
trajectories on the resonant tori are less robust to survive rather than those on the nonresonant
tori. The existence of KAM tori in dissipative systems is seldom reported in the literature. Since
the fast subsystem of the Pernarowski system is integrable [33], this model can show KAM tori
despite being a dissipative system. Here, we prove that this is the case and this system exhibits
KAM tori surrounding the spiking periodic orbit.

We demonstrate that certain situations exhibit a self-similar phenomenon, revealing fractals
near the saddle torus canard, where the dynamical regime around each stable periodic orbit on the
resonant torus is like the original one. Parameter variation causes the spiking periodic orbit to lose
stability and transits to an ergodic torus. The torus starts out smooth, but becomes nonsmooth
as it approaches the saddle orbit on the surrounding torus. Then it breaks down by a homoclinic
bifurcation.

The time scale disparity between ion channels leads to beta cell activities being described as
fast-slow systems. Trajectories in fast-slow systems are close to slow-motion manifolds most of the
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time. There are two such manifolds in cell models: quiescent (M.,) and tonic spiking (M,,). The
quiescent manifold makes up the equilibrium states of the system, and the spiking one comprises
its periodic solutions. Bursting activity is associated with a solution that switches between these
manifolds. The system solution spiraling around M,y,, without visiting the quiescent phase relates
to the continuous spiking, which may be periodic or aperiodic.

We point out that the slow-motion manifolds are specified without decomposing the fast-slow
system. Using the decomposition method, the singular limit € = 0 freezes the slow variable as the
control parameter of the fast subsystem to continue the critical manifolds of equilibria and periodic
orbits. The slow-fast decomposition of the system cannot explain the variety of observed dynamics
resulting from new bifurcations in the full model such as the blue-sky catastrophe [27]. In [19], the
authors used the slow-motion manifolds of the full system as an alternative approach instead of
the fast subsystem [26-28]. In this technique, the slow-motion manifolds are attained by selecting
a suitable slow parameter and continuing it rather than the slow variable [19]. The critical point
of the full system is achieved when the equilibria manifold intersects with the slow nullcline. Using
an averaging technique, we can predict the place of spiking periodic orbits on the tonic-spiking
manifold.

The oscillatory character of the bursting activities and tonic spiking makes a compelling case for
the use of the Poincaré return mappings to reveal the mechanisms of transitions between activity
types. The Poincaré return map is a useful tool to study the dynamics near the tonic-spiking
manifold. The successive maximum of the voltage variable will construct the Poincaré map. First,
we determine the spiking manifold in the phase-space of the system. We follow the branch of the
periodic orbits, continuing a control parameter applying a parameter continuation technique that
yields a parametric foliation of the aforementioned manifold by many periodic orbits. Next, we
determine the maximum of the voltage variable on each periodic orbit that is used as an initial
phase point for integrating the solution. Then we follow the next maximum of the voltage.

The paper is organized as follows: first, we introduce the Pernarowski model in Section 2. In
Section 3, we describe the phase space of the model and its bifurcations. In Section 4, we study
the bifurcations of resonant tori. The focus of our discussion is the self-similarity of dynamical
regimes inside the resonant torus. In Section 5, we investigate the mechanism of torus break-down.
In Section 6, we discuss another scenario for the torus bifurcation that takes place near the fold of
the tonic-spiking manifold. We summarize the results in the conclusion section.

2. THE PERNAROWSKI MODEL OF A BETA CELL

A general model describing the activity of a single beta cell (see [34] and references therein) can
be written as
du

OE = — gk I (u,v,2z), (2.1a)
dv  veo(u,z) — v
—_—= 2.1b
dt T(u,z) (2.1b)
dz
pri eh(u,v,z), where zecR". (2.1c)

Here, C' is the cell membrane capacitance, the dynamic wu-variable represents the membrane
potential, I} stands for an ionic current flowing through a k-type channel across the cell membrane,
the v-variable represents the activation probability of the potassium channel, and ¢ is a small
parameter. The vector z defines the condensation of agents such as an intracellular calcium, and
the calcium in the endoplasmic reticulum to regulate the bursting electrical activity in the model.
Note that the last equation in the system (2.1) describes the calcium dynamics, which varies slowly
due to small €. Depending on what hypotheses were made while deriving the model equations,
different forms can be defined for the nonlinear functions in Eqgs. (2.1) above. Some other models
of a single beta cell can be also formalized as follows:

= f(u) —v—g(2), (2.2a)
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. Uso(u) —w
0= (@) (2.2b)
z=¢eH(u,c) =e(Bh(u) — z), (2.2¢)

where ¢ < 1 is a singular parameter, while § is a finite constant. The nonlinear functions g(z),
flu), Too(u), voo(u), and H(u,z) in system (2.2) can be calibrated to describe various channel
conductances and ionic currents in each specific model depending on its biological interpretation.
Here, the dynamic variable u defines the membrane potential as above, and z describes the
intracellular concentration of agents related to calcium ions that regulate the bursting activities in
the cell and its model. Equations (2.2) can be further transformed into the following Lienard form
by differentiating the u-variable twice and thus eliminating v as follows:

i + F(u)tu + G(u, 2) = eg'(2)H (u, 2), (2.3)
where
1 /!
F(u) = ) f(w), (2.4a)
Gl1:2) = s (0(0) + 9(2) — (). (2.40)

Commonly, the beta cell literature examines Eq. (2.3) rather than Eqgs. (2.2) since the term F'(u)d
turns out to become small in models featuring bursting activity, and therefore it can be omitted.
Both model representations were studied in [35] in the particular case referred to as a Pj;,,-model,
where the functions F(u), G(u, z), and H(u, z) were defined as polynomials in the u-variable of
degrees [, m, and n, respectively. Here, we present our study of a specific Pbg;-model known as the
Pernarowski model [10] in which those polynomials (as indexed by p) are given by

Fy(u) = a((u—a)* =), (2.5a)
Gpu,2) = z +u® — 3(u+1), (2.5b)
Hy(u,z) = B(u—a) —z, (2.5¢)

with the parameter vector A = (a,n, 4, 8, u4,¢). The Pernarowski system is defined as
i+ Fp(u)t + Gp(u, 2) = eHp(u, 2). (2.6)

The fast subsystem in equation (2.6) can be obtained by setting ¢ = 0 in the singular limit. This
lets us define the parameters a, 1, and @ as fast ones as they belong to the fast system only, whereas
we will refer to  and 8 as slow variables. The biological meaning of the slow parameters has to do
with the glucose level in the beta cell; dynamically, their variations make the corresponding model
switch its activity behaviors, including tonic-spiking, bursting, and nonoscillatory activity. In this
study, we assume that the parameters (a,a, 3, €) = (0.02,0,4,0.005) remain fixed, respectively.

3. PHASE SPACE AND BIFURCATION ANALYSIS

To explain the bifurcations revealing different oscillatory types in the Pernarowski model, we
can use the geometric fast-slow decomposition, as depicted in Fig. 1. The decomposition relies
on dissecting the dynamics into fast and slow sections. In our system, the variable z is the slow
variable, while the others are fast. Figure 1 illustrates the (u,y, z) phase space projection for fixed
n = 1.2, showing bursting and tonic spiking orbits superimposed in the slow-motion manifolds: 2D
tonic-spiking manifold M,,, and 1D quiescent curve M,,. The quiescent manifold is an S-shaped
curve that has saddle points in the middle and stable points in the upper and lower segments. A
stable limit cycle on M, that is created by a Hopf bifurcation loses its stability through a torus
bifurcation and collides with a saddle point via a homoclinic to the saddle point after experiencing
a period-doubling bifurcation. A similar manifold takes place near the right knee, which endows the
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model with another hysteresis that generates symmetric and asymmetric bursting oscillations. The
existence and location of the torus and successive period-doubling (flip) bifurcations, as reported
in [36], represents the physiological bounds of ion gradient variation that can cause significant
alterations in spiking oscillations frequency and structure.

To create the slow-motion manifolds, we use a parameter continuation approach to detect
equilibria and the periodic orbits of the system. We use u as the primary bifurcation parameter
since it is the offset of u, which affects only the slow variable z. Varying @ shifts the slow nullcline
2’ = 0 in the phase space, as a result, the crossing point between the equilibrium curve (M,,) and
the slow nullcline shifts to achieve the tracing of M,,. We could trace the other manifold M,, by
following the same method described in [19]. We note that a new method is being used to localize
slow-motion manifolds. The conventional decomposition method follows the equilibria or tonic-
spiking manifolds by freezing the slow variable as the control parameter. The essence of the new
method lies in the application of the parameter continuation technique to the full model equations
instead of the fast subsystem. This method has the advantage that it directly produces the desired
manifolds rather than just those of the fast subsystem, which supplements the conventional method
without neglecting the slow dynamics. Multiple time scales in high-dimensional models make the
dissection method problematic, which is where this method becomes precious. This method can
detect and describe nonlocal bifurcations that are due to reciprocal interactions of fast and slow
dynamics.

We will exhibit the multistable nature of the model, which includes a small spiking window,
resonance torus states, and bursting oscillations. Different states are identified as the slow nullcline
moves with the alteration of the parameter u. The system undergoes tonic spiking when it has a
stable periodic orbit on M,,. When the slow nullcline 2’ = 0 does not cross the stable parts of My,
and M., manifolds, the system shows bursting behavior and both manifolds become transitive. A
system variable changes between a silent phase on a branch of M., and an active state on the
tonic-spiking manifold M, to represent bursting. The number of spikes per burst is determined by
the rotations around each branch of M. Longer burst duration implies a large revolution number.
The slow-motion manifolds in Fig. 1 exhibit a symmetric bursting. During symmetric bursting, a
variable in a system will visit two silent and active phases before returning to its start state. At
the same saddle point, we can see two homoclinic bifurcations in Fig. 1. Large amplitude spiking
rhythms appear per each burst, as the slow-nullcline crosses the average curves at the same saddle
point (e.g., at u ~ —0.7). The mixed-mode rhythms have both bursting and spiking oscillations.
As the revolution number increases, the system continues spiking at « = —0.73. Also, the transition
between bursting and spiking in the Pernarowski model exhibits a blue-sky catastrophe. We will
review this in the upcoming sections.

We use a bifurcation diagram to show how spiking transits to bursting by changing the
parameters u and 7. Here, @ is the main parameter that changes fixed points and periodic orbit
positions by altering the slow nullcline. In Fig. 2, the yellow curves show Andronov—Hopf (AH)
bifurcations with a critical point labeled GH. The criticality means that either an unstable or a
stable limit cycle appears. It collapses into the critical point, passing through the corresponding
portion of the AH-curve. Bautin was the first to study this bifurcation and found out that it
involves a saddle-node of the limit cycle bifurcation. This happens when the saddle and stable limit
cycles merge from subcritical and supercritical Hopf bifurcations. The saddle-node of the limit cycle
bifurcation is the so-called fold bifurcation. It happens on the tonic-spiking manifold, determined by
the limit cycles of the full system using parameter continuation. When a fold bifurcation is reached,
a spiking periodic-orbit can turn into bursting through a torus or period-doubling bifurcations. A
torus can occur when passing from tonic-spiking to bursting because of the fold bifurcation from
the Bautin point. The authors of [22] have reported evidence of this phenomenon in the Purkinje
cell model. The Pernarowski model exhibits this phenomenon as well.

Continuing « at each fixed 7 value starts the tonic-spiking manifold from the Andronov—Hopf
bifurcation point. The manifold ends either with a homoclinic bifurcation at each fixed value of n
between 0 and 1.4 or with fold bifurcations between 1.4 and 1.7. After that, it finishes at the right
Andronov — Hopf bifurcation. See Fig. 2. The system dynamics are symmetric near the knees. There
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Fig. 1. (a) 3D phase space of the Pernarowski system at n = 1.2 achieved by continuing . Slow-motion
manifolds include 1D quiescent Me, made of equilibria of the model, and 2D tonic-spiking My, spanned by its
periodic orbits. Both branches, top and bottom, of M,, terminate at the homoclinic saddle at the origin on
Mg through which the slow nullcline (grey surface) labeled as 2’ = 0 passes. The model is bistable as it can
exhibit symmetric mixed-mode oscillations composed of alternating bursting or coexisting periodic spiking
ones. (b) Time series corresponding to the tonic spiking oscillations and mixed-mode bursting of the matching

colors.
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Fig. 2. Dynamical regimes of the Pernarowski model. (a) The (u,n)-bifurcation diagram including the
Andronov - Hopf (AH) bifurcation curves (yellow) with codimension-2 Bautin points (GH). The purple lines
correspond to the torus bifurcations (TB); the blue ones correspond to period-doubling (PD) bifurcations,
while the green lines labeled by LPC and originating from the symmetric cusps indicate the saddle-node
(fold) bifurcations of periodic orbits, whereas the black lines (Hom) correspond to homoclinic bifurcations. (b)
Evolution of oscillatory patterns with increasing @-values at fixed n = 1.2.

are two sets of torus bifurcations labeled TB (purple curves). First one starts in the fold bifurcations
at 7 ~ 1.7 and continues for higher n values. The second set splits off from the curves labeled AH
at the GH points. The periodic orbit born at the supercritical Hopf point loses stability through
either a torus bifurcation or a period-doubling one. The type of bifurcation would be expected by
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the nonlocal properties of the flow: when the phase space volume contracts, the tonic spiking limit
cycle can undergo a period-doubling bifurcation. Otherwise, it undergoes a torus bifurcation. In the
region enveloped by AH and TB lines, a variety of states might appear. Such states include stable
periodic orbits, resonant tori, self-similar torus fractals, KAM tori, and large amplitude bursting
oscillations.

The small spiking window separates from the bursting state via a saddle torus canard, wrapping
the periodic orbit. Inside the spiking window, multiple resonant tori emerge through saddle-node
or inverse period-doubling bifurcations. There are situations where the system is bistable between
bursting and tonic-spiking where both states can be generated by the model relying on initial
conditions, as depicted in Fig. 3 on the n = 1.4 pathway at « = 0.32. The saddle torus canard is
responsible for the system transitioning to bursting. A basin of attraction of the spiking state is
surrounded by the saddle torus that separates it from that of the bursting state. The same bistability
is also seen in the FitzHugh — Nagumo — Rinzel model, the Purkinje cell model, and parabolic burster
models [22].

(a)

WA
’H\‘l“ll ; e

T
“u,m i o«m»w,..“v

g

Fig. 3. (a) Phase space projection illustrating the bistability in the model at n = 1.4 and @ = 0.32 where the
basin of a stable spiking periodic orbit PO, is bounded by a repelling saddle torus canard (purple orbits) from
that of a coexisting bursting one (shown in brown) near the slow-motion manifold My,. The orange line is
the average curve of M,,, whose intersection with the slow nullcline 2’ = 0 finds the location of the periodic
orbit. (b) Time series of bursting and spiking orbits.

Quasi-periodic oscillations replace the small spiking window when the periodic orbit becomes
unstable through a torus bifurcation. Multiple quasi-periodic oscillations, along with bursting
oscillations, create a multistable model that is influenced by an ergodic torus and several resonant
tori. The transition to bursting is also caused by a saddle torus canard. We examined this scenario
in the n = 1.4 pathway at u = 0.29, where the tonic-spiking limit cycle loses its stability to form
a 2D torus through a supercritical torus bifurcation. It separated a small basin of attraction of
the born torus from that of bursting through a saddle torus, as illustrated in Fig. 4. We have
examined the torus stability by tracking the stable state of the system by varying the initial value
of u € (2.07,2.08) at fixed y = —0.5158, z = 3.8337. Simulations were long enough under each initial
condition to achieve some steady states. We then displayed the stable states by maximal values
of the variable u, as shown in Fig. 4c. The phase portrait, trajectories, and the Poincaré map
relating to the two stable states and the dividing saddle torus are illustrated in Figs. 4a—4c. Also,
the corresponding time series is shown in Fig. 4d.
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Fig. 4. (a) 3D phase space at n = 1.4 showing the slow-motion manifolds including the tonic-spiking manifold
Mpo with an unstable periodic orbit PO, at the location of the torus bifurcation and the saddle torus
superimposed on it, as well as the quiescent manifold M., with unstable (dashed) and stable (solid) portions
divided by the supercritical Hopf bifurcation. The yellow surface z’ = 0 is the slow nullcline, whose intersection
with the average curve (u) finds the location of PO, on M,,. (b) 2D saddle torus (grey, 7%) surrounding the
stable torus (blue, T%) enclosing the unstable periodic orbit (red point PO,) at @ = 0.29. (c¢) The Poincaré
map depicting the maxima of each tori corresponding to inset (b). (d) Time series of each tori in (b).

Zn

4. QUASI-PERIODICITY THROUGH A RESONANT TORUS

Figure 5 shows a 1:3 resonant torus with a pair of limit cycles, stable and saddle, superimposed
on it. The torus surrounds a stable periodic orbit. A saddle torus canard is present around it.
The stable periodic orbit on the resonant tori is determined by the filled nodes on the Poincaré
map. Unfilled nodes relate to the saddle torus canard. A small basin of attraction of the stable
periodic orbit on the torus achieves quasi-periodicity oscillations. Bursting with high amplitude
and symmetry can occur beyond the saddle torus canard. Leaving the saddle periodic orbit on the
torus can lead to the appearance of small periodic oscillations.

Saddle-node or inverse period-doubling bifurcations result in a resonant torus near the saddle
torus canard. Figure 6 shows the (u,y,z)—phase space projection at n = 1.102 with the stable
periodic orbit (blue curve), quasi-periodicity (light blue curve), and the saddle torus canard (red
curve) superimposed on the slow-motion manifolds at « = —1.35011. The resonant torus contains a
quasi-periodic orbit with a period of 11, which was discovered earlier through a sequence of inverse
period-doubling bifurcations (z = —1.351378). At u = —1.35002847, a saddle-node bifurcation will
cause the torus to vanish. Figure 6d shows Poincaré return maps of the periodic orbit and the
invariant tori on a cross-section, defined on maximum values of u by continuing a small range of
initial values to reveal the dynamics. The stable periodic orbit on the stable torus corresponds
to the blue period-11 points. Observe the stable fixed point marked in blue at the center of
the diagram, with blue and red period-11 points around it that correspond to stable and saddle
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Fig. 5. An illustration of a saddle torus canard surrounding a 1:3-resonant torus with a pair of periodic orbits,
stable and saddle, on it that correspond to stable and saddle period-3 points in the Poincaré return map on
a cross-section transverse to the tori.

orbits, respectively, in the 3D phase space. Here, grey lines connect successive iterates, turn

107

ing

counterclockwise in the return map. The torus moves away from the saddle torus canard and

vanishes through a saddle-node bifurcation as @ increases.

(a)

Saddle torus -

Torus '«
aay M,

saddle

t: 1-1000

Fig. 6. (a) 3D phase space depicting the bottom sections of the slow-motion manifolds, 1D quiescent manifold
Meq and 2D tonic-spiking manifold M., superimposed with stable tonic-spiking (blue curve), stable quasi-
periodic orbits (light blue curve), and saddle torus canard (red curve) at n = 1.102 and 4 = —1.35011 that
are highlighted in inset (b). The grey surface z’ = 0 is the slow nullcline whose intersection with the average
curve (u) (the orange line) approximates the position of the spiking periodic orbit PO on Mpy,. (¢) Time series
of spiking and quasi-periodic orbits. (d) Poincaré return maps defined on the maxima of u at n = 1.102 and
u = —1.35011 achieved by sweeping the initial conditions. The grey lines connect successive iterates, turning
counterclockwise in the return map. The stable limit cycle is denoted by blue circles and the saddle one by
red squares.

In what follows, we use the first Poincaré return map to analyze the dynamics. We will apply

continuation techniques to the Poincaré return maps. The numerical results of the Pernarow
model investigation show that the system is extremely sensitive to the assigned paramet

ski

ers

and initial conditions. The saddle torus canard drives the system towards the bursting basin
of attraction, rendering continuation methods ineffective in revealing its dynamics. Hence, it is

necessary to change the existing initial values in order to stay within the saddle torus. The key
grasping the torus lies in closely monitoring the stable points as we enter its attraction basin.

to

We decrease @ on the n = 1.102 pathway. As shown in Fig. 7, there are four striking spiraling
shapes surrounding the stable point. As @ decreases, its iterates converge clockwise to the stable

fixed point with a Floquet multiplier with the imaginary part close to 27/10 as shown
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the corresponding 10 sleeves at u = —1.34 (see Fig. 7a). The convergence shape crossing 27/11
resonance is displayed in Figs. 7TB-7C at © = —1.35 and @ = —1.350800944. At the saddle points,
the points accumulate and eventually converge to the stable point at u = —1.35. A slight decrease
in the value of u makes the solutions stay close to nested saddle points, shown in Fig. 7c. Figure 7d
displays the slow iterates converging to a weakly stable focus at ©« = —1.3219. Depending on the
conditions or parameter values, the trajectories may shift to bursting, tonic spiking state or resonant
tori.

0347 () P 034 (1)

-0.3457

-0.357

Un+1

-0.355

-0.36

~0.365 -
0.365 —0.36 035:2 0.35 —0.345 —0.34 “038 —0.37  -036 035 —034
n

-0.34} (c) P\
-0.35

-0.36

Un+1

-0.37 &
i

~0.38 (4%

-0.38 037 036 -0.35 0.34 0.345 -0.34 0.335 0.33 0.325
Un, Un

Fig. 7. Torus bifurcations in the 1D Poincaré return map: u, — un+1 displaying the maxima of the variable
u. The grey lines show connecting successive iterates, which turn counterclockwise. (a) Its iterates converging
to a stable fixed point with a Floquet multiplier with the imaginary part close to 7/5 as indicated by the
corresponding 10 sleeves of the fixed point at & = —1.34, next (b) crossing 27/11 resonance at @ = —1.35,
and (c) at & = —1.350800944. (b) Saddle points corresponding to a saddle orbit lying down on a resonant
torus. (c) The situation depicted in inset (c) illustrates that a small decrease in @ leads to the appearance of
nested resonant tori that are self-similar. (d) Inset (d) depicts a slow convergence to a weakly stable focus at
u = —1.3219. We see a multiple resonance convergence that brings out the existence of multiple resonant tori
surrounding the stable periodic orbit.

The surrounding stable points exhibit dynamic patterns similar to the original one. The spiral
shapes look similar to those presented in Fig. 7, forming self-similar nested resonant tori. Figure 8a
displays a regular spiraling when u is equal to —1.324794. The system enters a resonance state
at u = —1.3262, (refer to Fig. 8b). Each resonance state is present at nearby saddle points. As @
increases further, the convergence shapes alternate between ergodic and resonance states.

Further, we sweep the parameter u to reveal the dynamics of the fractals. We examine the
dynamical rhythms around the fixed points created through a period 8 limit cycle. This torus has
appeared through a saddle-node bifurcation. As shown in Fig. 9a, the revolution around stable
points is regular for parameter values within the range of u € (—1.32465, —1.3245). We apply a
continuation technique on the Poincaré map to extend @ within the above-mentioned interval. One
can observe that the saddle torus canard is far from the resonant torus. Hence, we see a petal shape
surrounding the spiking periodic orbit. As the parameter decreases, the system spirals towards the
fixed points in a resonant manner. This is demonstrated in Fig. 9b for w € (—1.32599, —1.32597).
Here, the torus exhibits two levels of self-similarity. Observations show that fractals are visible when
the resonant tori are located extremely close to the saddle torus canard. Several resonant tori with
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Fig. 8. A stable 1:8-resonant torus at n = 1.102. (a) The period-8 stable points on the Poincaré return map
defined on the maxima of u show regular convergence. Inset (a) shows the torus at @ = —1.324794 due to the
loss of smoothness after the multipliers of the stable periodic points become complex conjugate, soon followed
by the formation of homoclinic curves of the saddle ones in between as indicated by a sharp angle of the
converging spiral in the inset. (b) Similar dynamics at & = —1.3262 with a weaker convergence to the stable
periodic orbit depicting self-similarity in some range of u. Here, the grey lines connect successive iterates,
turning counterclockwise in the return map.

different periods can coexist in intriguing situations. However, the fractals are the closest to the torus
canard. Figure 9c shows a nine-prong star in the Poincaré return maps, where the original stable
point is a resonant focus in the parameter range u € (—1.3366, —1.3356). Star prongs formation
is due to the presence of saddles that impress a convergence or divergence shape. It is interesting
to note that star prongs appear near each fixed point within the range of u € (—1.3262, —1.3259)
as shown in Fig. 9d. Figure 9 depicts two levels of self-similarity observed in the fractal of nested
resonant tori.

5. QUASI-PERIODICITY THROUGH TORUS BREAK-DOWN

The model behavior is richer and more complex near the torus bifurcation. Several windows
of phase-locking appear when the parameter alters within the torus bifurcation interval. As the
parameter increases, the small spiking periodic-orbit becomes quasi-periodic through a torus
bifurcation. The system remains multistable, with multiple tori and bursting. Different tori include
a stable ergodic torus and several resonant tori. The new born torus is ergodic first: then it grows up
and breaks down through a homoclinic to a saddle bifurcation. Then the system will either converge
to a resonant torus or approach to the bursting, depending on the initial conditions. Figure 10
shows four pivotal stages from torus onset until its break-down on the pathway n = 1.102. This
figure shows parameter situations in which the torus is ergodic (part (a) at u = —1.321093), and
also shows a situation where the torus deforms (insets (b)—(c) at u = —1.321092, z = —1.3210919),
getting close to the seven saddle points corresponding to a period-7 saddle periodic orbit, or the
situation where the torus has already collided with the saddles (d). The pathway can exhibit a
resonance torus with period 28, as depicted in Fig. 10d.

Figure 11 displays a gallery of invariant circles that correspond to the growth of the ergodic
stable torus emerging from a stable periodic orbit at (a) n = 1.102 and (b) n = 1.07. The torus
is smooth first and becomes nonsmooth later, coming close to the saddle points. Then it breaks
down. The collision with a period 4 saddle resonant torus leads to torus destruction at n = 1.07.
The Poincaré map in Fig. 12 displays the saddle points as red squares outside the ergodic torus. The
existence of saddle points is established by continuing in the initial values of u of the Pernarowski
system. As shown in the figure, the trajectories at the saddle tori can either approach a stable
torus or escape towards large scale (stable) bursting oscillations along the unstable manifolds (or
set) of the resonant saddle periodic orbits on the invariant circle. One can verify the approach of
the ergodic torus to the saddle by observing the time that the system spends at each part of the
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Fig. 9. Evolution of stable resonant tori in the 2D Poincaré return maps generated by solutions of the
Pernarowski model on the n = 1.102 pathway. (a) A stable 1:8-resonant torus appears by a saddle-node
bifurcation at u ~ —1.326, where it is located far away from the saddle torus canard. The red squares in
the Poincaré map correspond to saddle tori, whereas blue circles relate to stable periodic orbits. Grey lines
are used to show the movement of the trajectories between points. A regular convergence toward the stable
points gets a petal shape for parameter values in the interval 4 € (—1.32465, —1.3245). The original stable
point has regular spiraling. (b) Inset B shows two levels of self-similarity observed in the fractal decreasing u
in the interval (—1.32599, —1.32597). We see that the fractal is located near the saddle torus canard. Also, the
original stable point exhibits resonant spiraling. (¢) A nine-prong star continuing @ € (—1.3366, —1.3356). (d)
Similar stars near the stable points on the tori at a € (—1.3262, —1.3259).

= stable
- saddle

torus. As the torus becomes more destroyed, the trajectories spend more time in the vicinity of the
saddles. The authors in [23] reported the same scenario for torus destruction.

The system’s behavior is richer in the n = 1.102 pathway. KAM tori, a resonant torus together
with self-similar nested resonant tori, are surrounding the ergodic torus. Despite its dissipative
nature, this system exhibits a curious phenomenon with the coexistence of KAM tori and a
fractal. Here, a feature of integrable Hamiltonian systems is present in dissipative systems. Each
invariant set competes with others, capturing its attraction basin, so the system is sensitive to
initial conditions. The ergodic torus is smooth first. It becomes nonsmooth, reaching seven saddle
points on the KAM tori. Then it collides with the saddles and breaks down. The closer the torus
approaches the saddles, the more the time the trajectories spend near the torus corners. Figure 12a
shows the dynamics. We display the saddles (red squares) and the routes that depart from the
saddles and return to them close to their unstable manifolds. Suitable initial conditions cause the
placement of resonant and self-similar tori around the ergodic torus.

The self-similar nested resonant torus shown in Fig. 12a has appeared before the torus
bifurcation, so it coexists with the spiking periodic orbit. As stated, the behavior of the nested
fixed points is similar to that of the original point. Fach node becomes repelling, forming a nested
ergodic torus when « increases near the torus bifurcation. The new torus follows a similar pathway
as the original one from its onset to its break-down. A typical evolution of the nested ergodic and
resonant torus is illustrated in Fig. 13, altering @ in the interval (—1.321107,—1.32106), which
reveals an intriguing phenomenon occurring near the nested tori. The convergence to the fixed
points is slow near the torus bifurcation occurring at 4 = —1.321107 as illustrated by Fig. 13b. The
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Fig. 10. Pivotal stages depicting different stages from the ergodic stable torus emergence until its break-down
on the 7 = 1.102 pathway. Inset (a) shows the Poincaré map defined on the maximum values of u just near
the torus bifurcation at u = —1.321093, where an ergodic torus appears. The grey lines connect successive
iterates, turning counterclockwise in the return map. (b)—(c) The torus grows up and deforms, getting close to
the seven saddle points corresponding to a period-7 unstable saddle orbit at u = —1.321092, u = —1.3210919.
(d) A resonant torus surrounding the ergodic torus. Destroying the torus causes the system to approach a
resonant torus around it or go towards the bursting relying on initial conditions.

fixed points become repelling and form a nested ergodic torus that starts out smooth but becomes
nonsmooth. It then breaks down like the original torus. Nested saddle points seem to have affected
the smoothness of each resonant torus.

Figure 14 shows a bifurcation diagram displaying the Poincaré return maps of the consecutive
maxima of u sweeping @ at n = 1.102. The thin line in the diagram shows the dynamical regimes
near the periodic orbit and the ergodic torus after it appears from the torus bifurcation. Multiple
branches highlighted in Fig. 14a correspond to a resonant torus. The earlier emerging torus grows
and breaks down suddenly to a large amplitude bursting oscillation on the right. Here, a KAM torus
surrounds the stable ergodic torus. Two sets of saddle points encircle the new torus. Also, a self-
similar nested resonant torus, together with another resonant torus, is located there. In Fig. 12a,
we examined this scenario. The switching mechanism in the left part of Fig. 14a is due to the saddle
torus canard, although the self-similar torus covers the periodic orbit. As the parameters vary, the
trajectories fall into the attraction basin of the bursting to manifest burst oscillations. Several points
below and above the thin line in Fig. 14 refer to symmetric bursting orbits. Bursting oscillations
can be stable if their branches are uninterrupted. They can be chaotic, entering regions where the
number of spikes increases through period-doubling bifurcations. Figure 14b depicts several spike-
adding mechanisms in the bursting oscillations. To the left of the thin line, the Pernarowski model
also produces large-amplitude bursting oscillations. The trajectories pursue the unstable manifolds
of the saddles to leave towards the chaotic bursting. Figure 14 shows a transient route between
chaotic and regular bursting.

6. BLUE-SKY CATASTROPHE

Next, we consider the nn = 2 pathway. Figure 15 depicts the slow-motion manifolds comprising
2D tonic-spiking manifolds and a 1D quiescent one. The tonic spiking starts with a subcritical
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Fig. 11. Evolution of a stable invariant curve (resp. a stable torus) in the 1D Poincaré return map
T:uly — ulbll as @ increases from —1.321093 through —1.3210919 at 7 = 1.102 in Panels A and from
—1.281 through —1.28 at n = 1.07 in panels B. (A2-3) A smooth round circle increases in size and becomes
nonsmooth with a weak resonance. (B2-3) It quickly becomes of a “square-shape” form corresponding to a

stable 1:4 resonant torus in the Pernarowski model.

(a) A (b) :
\ 7
-"'/' =
/i .
Un, ' Un — stable torus
— stable torus | S = saddle
Zn = saddle Zn :
Fig. 12. Poincaré return maps defined on the consecutive maxima of v at n = 1.102, . = —1.321092 in panel A

and at 7 = 1.07, @ = —1.2805 in panel B. (a) An invariant KAM torus [29] coexisting with a stable resonant
torus (blue curve), self-similar resonant tori (turquoise blue), and a saddle torus canard (red curve) surrounds
the ergodic torus; the torus grows and breaks down, colliding with the saddle points. In the return map,
successive iterates are connected by grey lines that turn counterclockwise. (b) A square-shape stable torus
(blue curve) grows in size and breaks down, reaching the saddle torus canard (red curve).

Hopf bifurcation, where a repelling periodic orbit emerges. The periodic orbit gets stable through
a fold bifurcation and then loses its stability by a torus bifurcation. Then it becomes stable with
the second torus bifurcation. This manifold draws back off (green branch), so that its stable part
(not represented here) ends with another torus bifurcation on the right. The purple line depicts
the average curve of the tonic-spiking manifold. A torus bifurcation occurs after the collision of the
slow nullcline with the purple line at its fold, resulting in the creation of a stable periodic orbit
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Fig. 13. Typical evolution of dynamical regimes in the indicated box on the self-similar tori varying
@ € (—1.321107, —1.32106). (b) weakly convergence towards the stable points on the tori at @ = —1.321107,
where the torus bifurcation has not occurred. (¢) Saddle torus canard is the switching mechanism towards the
bursting at & = —1.3211. (d) Inset (d) shows the emergence of a nested stable ergodic torus at & = —1.321097,
where the torus bifurcation has occurred. Insets (e)—(h) represent a different evolution of the dynamical regimes
in the indicated box, increasing @. The grey lines indicate the movement of the trajectories between the points
on the map.

with a large amplitude from a stable torus. The stability of the torus is due to the fact that, on
average, the trajectories spend more time on the stable branch of M, than on the unstable one.
As n decreases, the torus bifurcation at the fold is replaced with a fold bifurcation, so the stable
periodic orbit loses its stability to a bursting. When the slow nullcline collides with the fold point
near the saddle-node periodic orbit, the trajectories are captured and the limit cycle period and the
amplitude increase. This induces a peculiar bifurcation, called the blue-sky catastrophe, that leads
to long spiking in bursting activities. The blue-sky catastrophe is a codimension-one bifurcation
that describes a reversible and continuous transition between bursting and spiking [14, 26, 27, 37—
39]. Figure 16 represents this scenario in the n = 1.6 pathway at @ = —0.00499. The resulting torus
is irregular and persists as the saddle-node periodic orbit disappears.

As before, we use the phase portrait of the system to reveal the slow-motion manifolds topology
and the slow nullcline 2’ = 0. When the nullcline is slightly below its location shown in Figs. 15
and 16, there will be a stable limit cycle on M,y,,. As the nullcline shifts up, the stable limit cycle
approaches the fold where its stability is lost through a fold bifurcation (Fig. 16) or a supercritical
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Fig. 14. Poincaré return map of the consecutive maxima of v with fixed initial conditions on the n = 1.102
pathway. (a) The thin line corresponds to the dynamical regimes around the periodic orbit. The highlighted
multiple branches correspond to a resonant torus state. The dense points on the line correspond to various
convergence shapes before the torus bifurcation. They resemble the ergodic tori after its occurrence. On the
right side the switching mechanism is due to the homoclinic to a saddle bifurcation. The switching mechanism
in the left part of Fig. 14a is due to the saddle torus canard. (b) The number of revolutions at each burst
increases through cascades of period-doubling bifurcations.

torus bifurcation (Fig. 15). The trajectories oscillate between stable and unstable portions of My,
near the fold. Since they linger (on average) longer on the stable branch rather than on the unstable
one, each of the regular (Fig. 15) and deformed (Fig. 16) tori is stable. The system shows bursting
oscillations, as the torus breaks down by further shifting up the slow nullcline.

(a)

U

t: 1-25000

Fig. 15. (a) The phase portrait of the system on the n = 2 pathway shows a stable torus (blue line) on the
fold of the spiking manifold, M., overlaid on the slow nullcline, 2’ = 0, and the quiescent manifold, M¢q. The
Poincaré section transversal to the torus at its top and bottom highlights two stable circles (black circles).
The purple line (u) is the average curve whose intersection with the slow nullcline determines the location
of the unstable periodic orbit at the torus bifurcation point. (b) Modulated time series corresponding to the

torus in (a).
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t: 1-25000

Fig. 16. (a) The phase portrait of the system on the n = 1.6 pathway shows the blue-sky catastrophe (brown
curve) on the fold of the spiking manifold, M,,, overlaid on the slow nullcline, 2’ = 0, and the quiescent
manifold, M. The Poincaré section transversal to the orbit at its top and bottom highlights two broken
circles (black circles). The blue line (u) is the average curve whose intersection with the slow nullcline finds
the location of the saddle-node periodic orbit at the fold of M,,. (b) Modulated time series corresponding to
the orbit in (a).

With further decrease in 1 < 1.5, the outer branch of the tonic-spiking manifold splits into two
branches, colliding with the quiescent manifold by a homoclinic bifurcation. The inwards branch
shrinks near the Hopf point on the quiescent manifold. At about n = 1.2, both inner homoclinic
bifurcations occur at the same saddle point. This was shown in Fig. 1 as evidence of a blue-sky
catastrophe.

7. DISCUSSION AND FUTURE RESEARCH

In this study, we have examined the Pernarowski system, focusing on global bifurcations that lead
to quasi-periodicity and blue-sky catastrophe. Our exploration involves a range of torus bifurcations,
including a supercritical torus bifurcation, a saddle torus canard, a resonant torus, self-similar
nested resonant tori, torus destruction, and invariant KAM tori. At the transition route from
bursting to spiking, the blue-sky catastrophe occurs.

Beta cells experience burst activities which are categorized into fast, medium, and slow
bursts [40-44]. Slow burst activities are distinguished by their extended periods compared with
medium or fast bursts. Our interest lies in the mechanisms that result in slow burst observations.
The homoclinic bifurcation to a saddle point may explain the mechanism of these oscillations [44].
We expect to use the blue-sky catastrophe observed in the Pernarowski model as a foundation to
comprehend such scenarios and to propose an avenue for future research.

Besides, we have found a proof of torus and successive period-doubling (flip) bifurcations in this
model. The recent study [36] has demonstrated that the existence and location of these bifurcations
set physiological boundaries for ion gradient variation, affecting membrane voltage sensitivity and
simulation variability. Physiological models of beta cells will investigate the ion gradient bounds
by analyzing the torus and consecutive flip bifurcations.

8. CONCLUSION

We have considered and analyzed the Pernarowski model describing bursting activities in
pancreatic beta cells, which features torus bifurcations on the tonic-spiking manifolds. In the model,
we have shown kinds of stable, resonant, saddle torus canard, and KAM tori. The question of
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determining the stability of a torus through a torus bifurcation is a complicated problem compared
to the canard appearing in 2D systems whose stability can be determined by the properties of
the functions on the right side. To prove the existence of a saddle torus canard, we employed the
Poincaré return map of the maximum values of the variable v and the parameter sweep algorithm
to find two initial conditions for which one trajectory goes inside the torus to approach the nested
stable periodic orbit or stable torus, while the other trajectory converges to the other attractor. This
proves the existence of a saddle torus. Although continuation software, such as MATCONT, applies
to detect torus bifurcations, it is inadequate in analyzing resonant torus bifurcations and torus
break-downs. A Poincaré return map is a rigorous tool for analyzing dynamics in such situations.

Our approach illustrates the coexistence of resonant and KAM tori as well as the self-similarity
of nested resonant tori around a stable periodic orbit, resulting from fold or inverse period-doubling
bifurcations. Through torus bifurcation, we have found that a stable node can produce a stable
torus, which starts out smooth and becomes nonsmooth, converging with existing saddle points.
There is evidence that a similar phenomenon occurs around the nested newborn tori. Here, an
intriguing phenomenon is the occurrence of multistability involving the coexistence of multiple
resonant tori, and invariant KAM tori in the Pernarowski model which is a dissipative system.
These phenomena are typically seen in integrable Hamiltonian systems, but also occur in dissipative
Systems.

We would like to highlight that we have applied an alternative method that examines the system
behavior by utilizing critical slow-motion manifolds of the full model rather than the fast subsystem.
By using the average curve, we studied the dynamics in the vicinity of a tonic-spiking manifold. This
approach allowed us to uncover evidence of blue-sky catastrophe in the Pernarowski model. Torus
and period-doubling bifurcations resulted in the loss of stability of the periodic orbit in the model
considered. The recent work [36] reported that the location and existence of these bifurcations act
as physiological limits on ion gradient variability and might affect the frequency and the shape of
neural mass spiking rhythms.
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