Nonlinear Analysis 71 (2009) 2667-2687

Contents lists available at ScienceDirect x o
Nonlinear
e
Nonlinear Analysis
journal homepage: www.elsevier.com/locate/na s

On the dynamical behaviour of FitzHugh-Nagumo systems: Revisited”
M. Ringkvist, Y. Zhou*

Department of Mathematics Stockholm University, SE-10691 Stockholm, Sweden

ARTICLE INFO ABSTRACT

Article history: The purpose of this paper is to analyse a general form of the FitzHugh-Nagumo model

Received 28 May 2008 as completely as possible. The main result is that no more than two limit cycles can be

Accepted 15 January 2009 bifurcated from the unique fixed point via Hopf bifurcation, and there exist parameters
such that this upper bound is attained. For these parameters, the stability of the inner

Keywords: and outer cycle, together with the unique fixed point is also established. The results

FitzHugh-Nagumo equations

Lyapunov coefficients are approached through Lyapunov coefficients and rely on a theorem by Andronov and

G . Aleksandrovic [A.A. Andronov, A.A. Aleksandrovic, Theory of Bifurcations of Dynamical
ingular perturbation . . . . .
Bifurcation System on a Plane, Wiley, 1971]. Based on singular perturbation theory a sufficient
Periodic solution condition for existence of a unique stable limit cycle is given under certain assumptions.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Stability of nonlinear systems is one of the central topics in dynamic systems and control theory. For example asymptotic
stabilisation plays an important role in control theory. Most work in control theory is on stabilisation of nonlinear systems
around a fixed point, see e.g. [1] where necessary and sufficient conditions for feedback stabilisation using continuous
feedback is given for two-dimensional control systems. Quite recently attention has also been brought to the stabilisation
of limit cycles, e.g. [2]. This amounts to a study of the stability of limit cycles. Consequently it becomes important to know
the existence and numbers of limit cycles.

In this paper we consider the FitzZHugh-Nagumo class model

dx

— =—C—Axx—-Bx—A)+1
v (x —dy)

ac~° ’

with non-zero parameters A, B, C, §, €, A, where I is en external force, commonly referred to as the magnitude of the
stimulating current, which can be a function of t.

Our motivation for studying this system is that this system is frequently used, e.g. in brain research, and to some extent
in modelling cardiac movements; it is of great importance to get a good understanding of its dynamics. This is reflected in
the number of articles written in this area, see for example [3-11] and the references therein. A short but rather complete
description of the physiology behind the biological neuron and the corresponding derivation of the Hodgkin-Huxley model
and its simplified version, the FitzHugh-Nagumo model, can be found in [9].

This paper attempts to describe the different dynamical behavior exhibited by (1), in terms of the six parameters, as
completely as possible. We hope to gain an analytic insight of this widely used system as much as possible. Although
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the FitzHugh-Nagumo system is a well-studied object (see e.g. [12,13,11,14,14,15]), there are several other reasons that
motivate the current study.

It is of mathematical interest to know the number of limit cycles for a polynomial system although we do not have the
ambition to solve this problem completely. A classical solved example is the van der Pol equation without external force for
which we know that there is only one stable limit cycle. It was claimed in [16] that the number of limit cycles of a special
setting of the FitzHugh-Nagumor system would be bifurcated from a fixed point in a manner of 2*. In this paper we prove
that such a number is 2.

It is also of interest to give a satisfactory picture of how bifurcation takes place and which parameters (of the six) play
a role in the bifurcation. According to our knowledge, the parameters are essential in biology and different application
areas need different parameters. This is one of the reasons we do not a priori assume the values of some parameters. We
want to point out that there is still no definite answer, in some parameter settings, to the question that the solution of
FitzHugh-Nagumo equations converges to a fixed point or to a limit cycle [13].

Since the FitzHugh-Nagumo model, defined by (1), is used for the investigation of a single neuron, in reality we have to
study the interconnection and coupling of neurons. In other words, a chain of such systems will be used in more realistic
models for instance, [ 17]. Therefore we believe that a full description of dynamical behavior of the FitzHugh-nagumo system
will benefit to understanding more complicated systems based on the FitzHugh-Nagumo system.

It is often and popular in doing dynamical analysis using computer simulations (even with little analysis behind), and
research areas such as computational biology is well-established nowadays. Nevertheless some precautions have to be kept
in mind. In [13], it was noted that a certain bifurcation could take place in a very narrow interval (of the magnitude of 10~/
of values of I). It is clear that a rigorous mathematical analysis, if possible, is highly demanded in such a case.

This paper is organized as follows: The second section contains some well-known classical results, covering the areas of
singular perturbation theory (e.g. [18]) and Lyapunov coefficients (e.g. [19]). Since our interest is on bounded solutions we
prove the boundedness of solutions in the end of Section 2. In Section 3 conditions on some of the parameters are presented
ensuring existence of a unique limit cycle as a result of singular perturbation theory. The main results in Section 4 is an upper
bound of the maximal number of limit cycles that can be bifurcated from the origin via Hopf bifurcation and determination
of the sign of the second Lyapunov coefficient.

2. Preliminaries

In this section we first collect some notions and results and reformulation of these on discontinuous periodic solutions
based on singular perturbation theory and Lyapunov coefficients [24,25]. Then we study the boundedness of solutions to
the (1).

2.1. Singular perturbation analysis and discontinuous periodic solutions

This section is concerned with periodic solutions of planar systems of the form

)
& )
ar =gx,y),

where 0 < ¢ « 1. In the case where ¢ >> 1 the rescaling of time t = ¢t transforms (2) into

d

= =fxy)

o (3)
ar =gk, ),

wheref = g « 1, and thus is not necessary to analyse this case separately. Before further discussions and giving a definition
of discontinuous periodic solutions, DPS, and the possible existence of limit cycles of system (2) we start with a sketch of
the behaviour of its solutions. Assume that we start at a point (o, ¥o) such that f(xq, yo) 7 0. Since ¢ is very small, the
trajectories (x(t), y(t)), of (2) will move with almost zero velocity in the y-direction in comparison to the velocity in the
x-direction. This type of motion will continue until a point (x(t;), y(ty)) is reached such that f (x(t;), y(t;)) is of the same
order as €. Thus for t € [0, t{] the following approximation of (2) makes sense.

dx
Sa :f(xsyo)
8§ (@)

dr —
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The fixed points of the approximated system are given by the set F; = {(x,y) € R?|f(x, ) = 0} and the stability is
determined by the sign of % along S where S is given by

s=Js.
JeR

Thus the trajectories of (4) will approach points of S such that % < 0. Close to such points the velocities of x(t) and y(t)
will be of the same order and thus the position of the fixed points of (4) will start to move, i.e the fixed points will change
continuously between different branches of the graph F; of S. Therefore, the trajectories will lie in a small neighbourhood

of S until a point (x(t;), y(t;)) is reached where W = 0 and w # 0.Fort € [ty, t;] the following
approximation, also referred to as the reduced system, of (2) is valid,

{fd(x,y) =0 )
Y _
a =gk, y).

At the so-called break point (x(ty), y(t>)), the stability is disturbed and the trajectories of (2) are again approximated by
(4) and everything is repeated until the trajectories either reach a fixed point of (2) or there are no break points and the
trajectories are trapped in a small neighbourhood of the set S. The motion of system (4) is called fast flow while the motion
of the system (5) is referred to as slow flow. Now it should come with no surprise that under certain conditions, system (2)
has a family of periodic solutions, L., parametrised by ¢. In order to state the major theorem of this section we first need
to define the concept of discontinuous periodic solutions, DPS. We start by introducing the following sets, already mentioned
above:

e S={(.q € R*f(p,q) =0},
o K ={(p.q) € 5|2LL2 = 0},

o L={(p,q) e S|¥LL <0},

For the sake of exposition we make the following remarks about solutions to the approximated systems (4) and (5)
respectively.

Remark 1. Given a point (xg,yo) € R? \ S, there exists a unique solution xg(t) to the approximation (4) satisfying
(x¢r (0), ¥o) = (o, ¥o) and

lim (xg (t), yo) € L.
t—o00

Remark 2. By assumption, the Implicit Function Theorem can be applied to the equation f(x,y) = O in the above
approximation. This gives the existence of a function

h:U—>V
such that x = h(y), where U C R and C R. Thus Eq. (5) may be rewritten as

Y _ o 6
a—g( W, y. (6)

For (xo, yo) € L there exists a unique solution, ysz(t), to Eq. (6) for t € [0, T, y,)) where T, y, satisfies the condition

lim  (h(ysr (1)), yse (1)) € K

t=Txg,v0)

and (h(ysr(0)), ysr(0)) = (X0, Yo)-
With these preparations, the definition of DPS is rather straightforward although rather lengthy.

Definition 1. Construct a sequence {p’(‘x‘y)} of points in R? in the following way.

(i) Letpl, ) = (x,y) € R'S.
(ii) Letp,,, = (x1,¥) € L, where

X1 = lim XFF(t)
t—00
and xgx(t) is the solution to the approximated system (4) with initial condition xz(0) = x, (see Remark 1). Define
FFy = {(xg£ (t), Y)|t € [0, 00)}.
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(iii) Letpf, ,, = (h(¥2), y2) € K, where
Y2 = lim yse (t)
t—T
and ysg (t) is the solution to the approximated system (5) with initial condition ysr(0) = y, (see Remark 2). Define

SF; = {(h(ysr (1)), yse ()|t € [0, T)}.
(iv) Let pfw) = (x3,¥2) € L, where

X3 = lim XFF (t)
t—00
and xg (t) is the solution to the approximated system (4) which has the property that
lim xg () = h(y2)
t——00
(see Remark 1). Define

FF = {(xm (1), y2) |t € R} U {h(y2), y2}.

The sequence { p’(‘x,y)} is now continued in exactly the same way. System (2) is said to have a DPS, I, if there exist m, n € N*
such that m < nand

m _oan
Pixy) = Py

for some (x, y) € R2. Furthermore, this DPS is given by

n
Iy = U(FF,( U SFy).
k=m

Finally all preparations have been made in order to state the following theorem by Mishchenko and Rosov, Theorem 14
in [20].

Theorem 1. Let

dx
£ =fxy
a =g,y

be a dynamical system on the plane and assume that the following conditions are satisfied:

(i) All second derivatives of f and g are continuous at each point in the plane.
(ii) At all points of S it holds true that

@&y + £y > 0. ®)
(iii) For all points in K it holds that

3*f(0.q)

T 70 (9)

(iv) There are no fixed points in the set K U L.
(v) System (7) has a DPS, denoted L,.

Then for each sufficiently small € system (7) has a unique stable limit cycle, L., and furthermore
lim L, = L. (10)

e—0

2.2. Lyapunov coefficients

Now we turn to a theoretical background to the theory of Lyapunov coefficients that will be used in Section 4 for analysis
of our specific class of FitzHugh-Nagumo systems. As a starting point we assume that a dynamical system is given in the
form

dx
X =fxy, 1
t (11)
dy
— =gx,y, n),

dt



M. Ringkvist, Y. Zhou / Nonlinear Analysis 71 (2009) 2667-2687 2671

where f and g are real valued analytic functionson U x V x W < R and that (0, 0, 1o) is a fixed point of (11). Associated
with (11) and this point is the system matrix, 4, defined by

af of
_|ox oay|._(a b
= k)= 2
dx dy

where all derivatives are calculated at the fixed point.

Remark 3. The eigenvalues of 4 solves the equation
s> — o (10)s + A(o) = 0,
where o (o) = trace(s) and A(ug) = det(A).

It is a well known fact that the origin is structurally stable iff 2R(s;(to)) # 0, the real part of s;(14q), where s;(uo) are the
eigenvalues of 4 fori = 1, 2. To put it in another way, for all values of u close to (o the solutions of the perturbed systems
restricted to a small neighbourhood of the origin are topologically equivalent if 9R(s;(1¢0)) # O.

Definition 2. Given a real analytic dynamical system

Ay
—_ = X,
5. ldt y
| dl—(><)
dt - g !y
we say that another system
dx -
- di = f(X7 y)
B : t
& =g(x,y)
dt - g sy
is § close up to order k to system B in G C R? if
Di<$, i=1,2 (12)
where
— T+s _ Frts —
D1_($§1;(G oy fX,yS , rT+s=0,1,...,k (13)
and
_ r+s _ gr+s _
Dz—&ﬁgmm; Sryl, T+s=0,1,... k. (14)

Thus bifurcation can only occur when at least one of the eigenvalues has zero real part. We are going to study the case

where s;(jtg) = £1A (o), where r> = —1, with A(ug) > 0. To this end we assume that the eigenvalues of 4 are given by
s(u) = a(n) £iB(wn) and that

o(uo) =0

{A(Mo) >0 (1)

for some parameter value 4 = . By Remark 3 and assumption (15) 8() > O for all x in a small neighbourhood of
o since B(i) = /4A(u) — o2(u) and the determinant and trace functions are continuous. With these assumptions, the
system defined by (11) can be put in the canonical form (see proofin [21])

dg
det
dn
dt
by the real non-singular transformation

=a(uwé — B(wn+fE&,n, 1w

=Bé +a(uwn+gé&,n, 1

§=(a—a(u)y+cx

n = B(uy. a7
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By introducing a complex variable z = &£ + in system (16) is transformed into a single complex differential equation
z4+z z—-12Z ; z24+z z—-2Z
2 7 2 2 2i

)

z = (a(u) +ip(u)z +f ( ) =s(u)z+H(z,Z, n) (18)

where H must be analytic since both f and g are.
The following two lemmas show that in a neighbourhood of the origin (18) can be put in a canonical form by a smooth
change of coordinates.

Lemma 2. Let

2 =s(wz+ca(Wz’z + - w2z + hz, z, ), (19)
where
_ z'z8
h@zow = ) hs(o) 5o (20)
ris!
r+s>2(k+1)

Then there exists a smooth change of variables

z=w+ Y (w,w,un (21)
such that
W = s()w + c; (w2 + - - - + () w Dk 4 o(jwPEFDFT), (22)
where
_ wrw
Y= Y U)o (23)
r+s=2(k+1) rs:

Proof. We assume that there is a change of coordinates satisfying (21) and (22). Using (19) and (21) we obtain
z = s +yw,w, W)+ (W + ¥ W, w, ))? (@ + P (w, W, 1)) + - -
+a(w)w + ¥ (w, , )@ + P (w, w, p)"
+ Z hrs(,LL) (w‘f‘l/f(w,lb, M))r(lZ}—Fl}(w,lZ), :u’))s

r+s>2(k+1) ris!
I K w'w® k
= 50w + (WD + -+ G T £ YT SOP() + () —o- +o(wPEP.(24)
r+s=2(k+1) rs:
On the other hand taking derivatives of (21) and using (22) yields
Z =+ Y () (w, ) + Y (W) (w, W)
w'w®

= sGw + (W'D + - + (w4 Y Y () Is(w) + s5() +o(lwPMhHh. (25)

Is!
r+s=2(k+1) r's:

Comparing (24) with (25) gives following expression for v/s(i)
hs (1)

= —. 26

Vs (1) (r — 1s(u) + s5(w) (26)
Since

(r — Ds(t0) + ss(io) = iB(o)(r — 1—5) = iB(1o)2(k + 1) — 25 + 1)) #0 (27)
the change of variables is smooth for | — o] small. Eq. (22) now follows from (26) and (23). O
Lemma 3. Let

7 =s(wz+ 12’2+ -+ 2 + h(z, 2), (28)
where

- - 2'Z

h@z, 2) = Z s ——. (29)

ISl
rps=20 41 S
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Then there exists a smooth change of variables

Z=w+ ¢(w, w) (30)
such that
W = s(u)w 4w + - + w1k + Ck+1wl<+2a)k+1 + O(|w|2("+2)), (31)
where
w'w?
pw, )= Y bs (32)

r+s=2(k+1)+1

Proof. Using the same method as in the preceding lemma gives

hrs
C(r = Ds(u) +s5(u)

The big different here is that the denominator is zero forr = k+2 and s = k+ 1. In order to get a smooth change of variables
we put @yi2.,+1 = 0. This results in

brs (33)

h
Chpr = ——r2ldl (34)
k+ 2!k + 1)!

proving the lemma. 0O

Note that by using Lemmas 2 and 3 alternately all Lyapunov coefficients can be calculated via Eq. (34).
When determining the number of limit cycles of system (16) in a small neighbourhood of the origin the following lemma
is useful since it shows that the number remains the same if the higher order terms are dropped.

Lemma 4. The system

b = s(w +a(Wwo + - + g wk + o(lwP) (35)
has the same number of limit cycles as

= s(w + o (Wwo + - + gk (36)

in a small neighbourhood of the origin.

Proof. Introduce the notation ¢, («) = a,(«) + ib, () and convert (35) into a system of differential equations in polar
coordinates

F=ar+ar+- - qr®* + o, 0) -
O =p+bir* +- br** +w(r,0),
where @ (r, 8) = O(r[**+V) and ¥ (r, @) = O(|r|***"). Eliminating the time dependence we get
dr ar+air’ - qr?t + o(r, 0)
do o ﬂ+b1r2+...bkr2k+w(r’0)
_ ar+alr3 +...akr2k+] +(p(r,9) 1 (38)
B 1+ %(bl 4o b2 4 wrrz.e))‘

Since we are interested in the behaviour in a small neighbourhood of the origin r is assumed to be very small. Furthermore,
we have by assumption that 8 # 0. Thus we can use the formula for geometric series on the last term in (38).

1
1+ %(bl + - byr2e=1 W)

r? ¥ 2 i (BT 0\
=1 — b"l b r2 ny .. b r2(k 1)\nk
"B <n1,...,nk+1> v (Bar e (e r2

sty ]
ny g =2

k n
re k _ BU(r,0)\ "™
+ = + by (bar?)™ - - (byr®* ““k()
(/3) nlz (nl"-~ynk+1> 1 (ar) (i ) r2

----- Mk+1
ny+--+ngp1=k

+ 0@y, (39)
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Inserting the above expression in (38) gives

dr 1

— = —(ar+yr’ +- +nur* 4R, 0)), (40)
o B

where the coefficients y; neither depend on ¥ nor & and R(r, #) = 0(r>®+V). Let r(8; ro) be the solution to (40) with initial

value ry. Since the origin is assumed to be a fixed point r(6; 0) = 0. Thus the Taylor expansion of r(6; ry) around the origin

is given by

16, 10) = U1 (O)ro + - - - + Uz 1(O)r T+ 0(|rp 24 D). (41)

Differentiating (41) and using (40) shows that the differential equations for us(6) is independent of the term R(r, 6). The
number of periodic orbits can now be determined as the number of positive real fixed points, rg, of r(27, rp). Since the
functions u,(6) are independent of R(r, 6) the number of small positive real fixed points will be the same when the term
O(|ro|*** D) is dropped in Eq. (35). O

Remark 4. From (37) we see that the trajectories will move in a counter-clockwise direction since (i) > 0 for all u close
to wo by assumption and r is assumed to be small.

The following corollary, saying that the behaviour of the system is determined by the the functions ¢, («) at 4 = o and
further that it is only necessary to compute the first nonzero coefficient, is useful in applications.

Corollary 1. In order to study the bifurcations of a general system

K fexy.
— =Jxyun
& (42)
-, = Xv )
ar — Sy
in a neighbourhood of the bifurcation value u = . it is sufficient to calculate the first nonzero coefficient c, (o).
Proof. Since all changes of variables transforming (11) into
F=aww+mww+~nmwﬂ“+¢mau) )
0 = B(1) +bi(r + - - b r* + ¥ (r, 60, )

are smooth the functions ¢, (1) = a, (1) +ib, (1) are also smooth. Thus for u close to o the leading terms in the expressions
for  and 6 are given by a, (o) and by (o) respectively where ¢ () is the first non-vanishing coefficient at u© = .

Definition 3. Let ¢, (1t9) = am (o) + ibm (o). Then the real number a;, (i1o) is called the m-th Lyapunov coefficient often
denoted by L,.

Note that this definition is not the exact notion by Andronov em et al. [19]. Nevertheless, we can show that they are the
same modulo a positive multiplicative constant by straightforward yet tedious computations. Thus the sign of the Lyapunov
coefficients are preserved, using different form of definitions.

Definition 4. The origin is said to be a focus of multiplicity m of system (16) if L, is the first non-vanishing Lyapunov
coefficient.

Let us now turn to the question about how many limit cycles that can bifurcate from a focus of a certain multiplicity. This
question is answered by the following two theorems that can be found in [19].

Theorem 5. If 0(0, 0) is a multiple focus of multiplicity k (k > 1) of a dynamic system (A) of class N > 2 + 1 or of analytical
class, then

1. there exist &, > 0 and 8y > such that any system (A)38q-close to rank 2k + 1 to system () has at most k closed paths in
UEO (O);

2. forany e < soand § < &, there exists a system (A) of class N or (respectively) of analytical class which is §-close to rank
2k + 1 to (A) and has k closed paths in U, (O).

Theorem 6. Let O(0, 0) be multiple focus of multiplicity k of a dynamic system () of class N > 2k + 1 or of analytical class,
and let eq and &y be positive numbers defined by the first part of Theorem 5 and such that any system (A4)8q-close to (4) has a
single equilibrium state in U, (0) which is a focus. Then

1. forany e and 6,0 < ¢ < €3,0 < § < 8¢, and for any s, 1 < s < k, there exists a system (8B) of class N (or respectively,
analytical) which is §-close to rank 2k + 1 to system () and has in U, (O) precisely s closed paths.
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Table 1

Hopf bifurcation table for system (11).
< Lo = o > o

Ly > 0,0'(uo) >0 Origin stable Origin unstable Origin unstable
Unstable L.C No L.C. No L.C.

Ly >0,0'(ug) <0 Origin unstable Origin unstable Origin stable
No L.C. No L.C. Unstable L.C.

L <0,0'(g) >0 Origin stable Origin stable Origin unstable
No L.C. No L.C. Stable L.C.

L1 <0,0'(uo) <0 Origin unstable Origin stable Origin stable
Stable L.C. No L.C. No L.C.

2. if system (B) is 8o-close to rank 2k + 1 to system () and has k limit cycles in Uy, all these cycles, and likewise the focus of
system (8) lying in U, are structurally stable (simple) i.e. they are either stable or unstable.

Applying the above theorems to (16) gives the bifurcation table, see Table 1.

We have seen that the Lyapunov coefficients play a crucial role for the behaviour of solutions of a system with a pair of
purely imaginary eigenvalues. Explicit formulae are given in [22] and are shown in Appendix, due to access limitation of the
reference.

Remark 5. The exact expressions of the Lyapunov coefficients can be different by different transformations of coordinates.
However the signs are invariant.

2.3. Boundedness of solutions

In this section we are going to present necessary conditions under which our system

d

& —Cy —Ax(x—B)(x — L) +1
v e(x — 8y)

dt

has bounded solutions. This analysis depends on the construction of a Lyapunov function. We will restrict to the case I = 0.
By making the change of variables

u=y
v =¢e(x—4y), (45)
the system can be written in the Liénard form
du
——u
ddf) (46)
T —vf (u, v) — g(u),
where
2 35u—(B+A 382 28(B+ A 8 + ABA
fu,v) =¢A v—+$ v+ —u’ - B+ )u+8 b
&3 g2 € € As (47)
. C + ABS».
g) = —-Asu()u" —56"B+MNu+ —.
Define
U2
V(u,v) = -+ G(u), (48)
where
u
G(u) = / g(s)ds. (49)
0

Then, with some restrictions on the parameters, V is a Lyapunov function on the whole R? except for a bounded set by the
following lemma.

Lemma 7. Let
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i)A>0

(ii) e >0
(iii) § > 0
ThenV(u, v) = % + G(u) is a Lyapunov function on R? except for a bounded set.
Proof. Using the given assumptions, the proof of Corollary 1 in [23] goes through.
Corollary 2. The solutions to system (44) are bounded if A > 0,& > 0,6 > 0.

3. Analysis of a class of FitzHugh-Nagumo systems with respect to singular perturbation theory

In this section we are going to find conditions on the parameters such that Theorem 1 is applicable. In order to transform
our system to the canonical form in the previous section we make the time scaling T = et and assume that 0 < ¢ <« 1. This
leads to

d
gﬁ =~ +AxB -0 x— 1) =f(xy)

B (50)
q; Xy =g y).
T
In the sequel the symbol t will be replaced by t. The verification of the first two conditions of Theorem 1 is easy since
(i) The functions f and g are polynomials and therefore have continuous second derivatives.
(ii)
fRx.y) +f2(x,y) = A2 (¢ + 4(L + B)>) > 0. (51)

Thus in order to apply Theorem 1 it remains to find conditions on the parameters such that the remaining conditions are
satisfied. For this particular system the sets S, K and L are given by

S={(xy) e Ry = —2x(x —B)(x— 1) = F(x)}

K = {(x1, F(xn)). G FGo)) 52
L= (Lsy- UlLy+),
where x; are the real roots of F/(x) = 0 fori = 1,2 and
Li- ={(x,y) e R}y = F(x),X; < X < X5, A < 0}
and
Lir ={(x,y) e R¥ly =F(x),Xx <X; VX > X5, A > 0}.
The approximation (5) of system (50) can be written as

for (x, y) € L and where F(x) is defined in the expression of S.
The following lemma gives necessary conditions for system (50) to have a DPS.

Lemma 8. If system (50) has a DPS then

(i) B—A)?+Br >0
(i) A> 0
(iii) & > 0, x < x;

)

dr
(iv) &

clr<O,X>X2

Proof. Let Iy be a DPS of (50). Since the minimum number of sections a DPS can be composed of is four, two slow and
two fast, we conclude that system (50) must have at least two breakpoints, i.e. the cardinality of K, |[K| > 2. But from the
definition of K we know that |K| < 2 and thus we have shown that |K| = 2. This however is equivalent to the first condition.
From the fact that |[K| = 2 we know that I is composed of exactly two sections of slow flow and two sections of fast flow.
From the definition of DPS we know that these are disjoint sets and that the sections of slow flow are subsets of L. IfA < 0
then L consists of only one connected component. This contradicts that the sections of slow flow are disjoint and separated
by at least one breakpoint. Thus by assumption that all parameters are nonzero we deduce that A > 0. Since F(x;) < F(x3)
for A > 0 and I5 is the DPS the remaining two statements hold true. O
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That the above conditions are not sufficient can be seen from the fact that there might be a fixed point of (50) on L making
a DPS impossible. A more exact answer is given by the following lemma.

Lemma 9. Let «; be the roots of x — 8F (x), x; be roots of F'(x) and let p; satisfy F(x;) = F(p;). Then system (50) has a DPS iff

(1) o & [p2, X1]
(ii) o & [X2, p1]
(iii) (B—A)>+Br >0
(ivyA>0
(V) $>0x<x
(vi) % <0,x>x

Proof. By Lemma 8 conditions (iii)-(vi) are necessary for existence of a DPS. With the extra conditions (i)-(ii) a DPS is
given by

2
o =|_J(SF U FR)
k=1
where

SFy ={(x,y) € R*ly =F(x),p, <x <x;}NL
FF; = {(x,y) € R?|x; <X < X2,y = F(x1)}
SF, = {(x,y) € R*ly =F(x),x; <x <p;} NL
FF, = {(x,y) € R?|x; <x < s,y = F(x)}.

The SF; are the sections of slow flow and the SF; are the sections of fast flow fori = 1,2. O

3.1. A unique fixed point

When the origin is a unique fixed point of (50), i.e
4C
B—3)>—— <0 54
( ) YT (54)

the calculations are quite straightforward. From Lemma 9 we know that the sign of x is crucial for the existence of DPS and
from (53)

sign (%) = sign(x — 8F(x))sign(F'(x)). (55)

An analysis of the separate parts of the above expression shows that

. 3A
—sign | — forx <0

sign(x — 8F(x)) = oA
sign (

(56)
—) forx > 0,
C

and

A
—sign <E> forx < x{, orx > x;
sign(F/(x)) = (57)

sign (E) forx; < x < x;.

Combining (57) and (56)we end up with the following expression for sign(%):
. dx\ [sign(8) forp, <x <x
sigh (clt) - {—sign((S) forx, < x < ps. (58)

By application of Lemma 9 we have thus shown the following Theorem:

Theorem 10. Let the origin be a unique fixed point of system (50). Then it has a DPS iff the following conditions are fulfilled

(i) Condition (iii)-(iv) of Lemma 9.
(ll) X1 < 0< X2
(iii) § > 0.
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3.2. Three fixed points

Now we shall determine conditions under which (50) has DPS while at the same time it has three distinct fixed points.
This assumption requires an extended analysis of sign(xq — 8F (xo)). Let I, = (ay, by) where

—o00 k=1
k= {oek_l k=234 (59)
and
ag, k=1,2,3
Then
. e ((8A
sign(x — §F(x)) = (—1)"sign <) x €. (61)
Lemma 11. Define p, and p, by f(x;) = f(p;) for i = 1,2 respectively. Assume further that all elements in § =

{x1, X2, a1, @z, a3} are different where «; are the zeros of x — §F(x). A necessary condition for (50) to have a DPS is that the
elements of & divide the interval [p,, p1] into an even number of subintervals.

Proof. First note that X only changes sign at points of 4. Since they are different by assumption, corresponding to each of
these elements there is a change in sign for exactly one of (x — §F(x)) and F’(x). By Lemma 9 it is necessary that x have
opposite sign in the intervals [p;, X;] and [X,, p1]. Thus X must shift sign an odd number of times. But this is equivalent to §
dividing [p,, p1] into an even number of subintervals. O

Using Lemma 11 yields four possibilities for the existence of a DPS emerging from the cases of three and five elements of §
lying in the interval [p,, p1]. These are

Ci: X1 < a1 < xpand oy, a3 > pq;

Cz: X1 <0y <Xy al'ldOll < D2, 03 > D1,
C3: X <03 <X andou,ozz < P2;

Cy X1 <0 <0 <03 <Xy

In these cases sign(x) can be described as follows

. (— 1)@~ sign(8) forx € [pa, x1]
signy — | = i(Co)
dt (=" sign($) for x € [x2, p1]

where i(Cy) := k. Thus we see that § has to be greater than zero in the cases with an even number and less than zero for the
odd numbered cases in order for a DPS to exist. Therefore we have shown the following theorem.

(62)

Theorem 12. Assume that system (50) has three fixed points. Then it has a DPS iff the following conditions are fulfilled

(i) Condition (iii)-(iv) of Lemma 9.
(ii) One of the cases Cy holds
(iii) § < O for k even and § > O for k odd

3.3. Unstable periodic solutions

Letting T = —t in (50) leads to

d -~
gdi =0 —AXB - )X — 1) =f(x.y) = —f*xY)
f ~ (63)
i +8y =8gx,y) = —gKx,y).

Proceeding as earlier we get the approximation (5) of system (63) to be
dx _ x—0Fx) dx
dr — F(x) ~ dt’

for (x,y) € L.In this case

of _of . of _[sign(@),  x<=xi,x>x
T ax o en <x> - {—sign(A), X] <X <Xy (65)

(64)
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Using that

sindx—sindx
\ar ) = 7 &

Eq. (58) yields that

. dx —sign(8) forp, < x < x;
stgh (E) - {sign(s) forx; < x < p; (66)
if the origin is the unique fixed point. Furthermore, applying (62) to this system gives that
o 9X (—1)"“Psign(8) X € [p2, x1]
) = . ’ ’ 67
e (dr {(—1)‘(Ck>“sign(6), x € X, pil, (67)

if there are three fixed points. In analogy with Theorems 10 and 12 the following conclusions hold true:

Theorem 13. Let the origin be a unique fixed point of system (63). Then it has a DPS iff the following conditions hold true
(i) B=A)?+Br>0

(ii)A<0

(iii) 6 <O

Theorem 14. Assume that system (63) has three fixed points. Then it has a DPS iff the following conditions hold true
(i) B=X)2+Br>0

(ii)A<0

(iii) One of the cases Cy holds

(iv) § > Ofor kevenand 6 < O for k odd

Remark 6. Since A has to be greater than zero for positive time and less than zero for negative time, stable and unstable
periodic solutions to (50) emerging from DPS cannot coexist.

3.4. Analysis for large values of &

What about the case ¢ >> 1? A scaling of time, t = e, transforms (50) to

% = —Cy+AX(B —X)(X_ )") :=f(X7y)
dr (68)

dy
00— =x—38y = ,
it gx,y)

where 0 = % <« 1. For this system the sets S, L and K are given by

s={ey ewly = g =Fw)
K=4¢ (69)
L={(x,y) €S]8 > 0}.

Remark 7. Since K is empty there cannot exist any DPS.

3.5. A unique limit cycle

After the investigation of occurrences of DPS for the system, if we put the pieces together we arrive at the following
theorems for one and three fixed points respectively.

Theorem 15. Let the assumptions of Theorem 10 hold. Then for ¢ sufficiently small, system (50) has a family of limit cycles L..
Furthermore, these limit cycles are unique for every such ¢ and

limL, = Ly (70)
e—0
where Ly is the DPS of the system.

Theorem 16. Assume that system (50) has three fixed points and that
(i) Condition (iii)-(iv) of Lemma 9.
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(i) i <1 <y <03 <Xy

(iii) § < 0

Then for ¢ sufficiently small, system (50) has a family of limit cycles L.. Furthermore these limit cycles are unique for every such

g and

limL, = Ly (71)
e—0

where Ly is the DPS of the system.

Both theorems are proved by verification of the conditions in Theorem 1. Notice that the possible cases C;, C; and C; for DPS
do not satisfy the fourth condition in Theorem 1. Thus they have to be pulled out. Finally, observe also that the conditions
on A and § in the above theorems are very natural since they ensure boundedness of the solutions by Corollary 2.

4. Hopf and Bautin bifurcation

In the previous section we deduced conditions ensuring a unique limit cycle. Although this is a very nice result it has
the drawback that & was assumed to be very small. Natural questions to ask are if there exist limit cycles not occurring as a
result of singular perturbation and how many there are and their stability. A standard method frequently used to answer the
first question is the Hopf Bifurcation Theorem. In order to find some answers to the remaining ones it is very useful to use
the theory of Lyapunov coefficients introduced in Section 2. It should be remarked that all analysis in this section is focused
on the behaviour in a neighbourhood of the origin.

41.1=0

The class of FitzHugh-Nagumo systems that we are interested in are, as stated before, of the form

dx

— =—Cy—Ax(x—B)(x—X)

gt (72)
Yy _ —8y)

ar e(x —8y).

The system matrix for this system is given by

4 (—ABA —C) .
e —d¢

First of all one verifies that 0 = —ABA — &§ and A = ABSs) + ¢C. Since we are interested in the case when (72) has a pair
of purely imaginary eigenvalues, the following restriction on the parameters must hold
5_ e _ABA
{ e (73)
A= —A’B*)* 4+ Ce > 0.

An application of Hopf Bifurcation Theorem shows that our system has a periodic solution for all sets of nonzero parameters
(A, B, C, 4, e, A) satisfying (73) and ¢ £ 0. For a more thorough investigation we use the theory of Lyapunov coefficients in
Section 2. The first Lyapunov coefficient is given by
—AT  an.3 20242 253

5 [2A"BA” + A°B°A° + 2A°B°)A + 3C¢e] = 3
4A2 4A2
An easy computation shows that cf‘—x(p]()h)) does not have real zeros since —11A*B* < 0 for all non-zero parameters

A, B, C, . Thus, for every ¢, C, there exists a unique real zero A = A(e, C) to the equation L; = O for every ¢ and C. From
(74) the sign of L can be decided by

—Am

Li(6%) = p1(). (74)

sign(L;) = —sign(A)sign(B)sign(A — X) (75)
and thus there are eight possibilities:

LA>0,B>0andx < A;
II. A>0,B<0andA > A;
. A<0,B>0andA > A;
IV.A<0,B<0and X < A;
V.A<0,B<0and A > A;
VL. A<O0,B>0andX < A;
VI. A>0,B<0and A < A;
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Table 2
Hopf bifurcation table for system (72).
s < b= 5>
CasesI-IV,e < 0 Origin stable Origin unstable Origin unstable
Unstable L.C No L.C. No L.C.
Cases [-IV,e > 0 Origin unstable Origin unstable Origin stable
No L.C. No L.C. Unstable L.C.
Cases V-VII, ¢ <0 Origin stable Origin stable Origin unstable
No L.C. No L.C. Stable L.C.
Cases V-VII, ¢ > 0 Origin unstable Origin stable Origin stable
Stable L.C. No L.C. No L.C.

VIIL. A>0,B>0and A > A.

Application of Table 1 on our system gives the bifurcation table, Table 2. See Figs. 1-7. At the parameter value A = A, the first
Lyapunov coefficient can not be used to draw any conclusions. In this case the second coefficient, L,, has to be calculated.

TABA -, 5 9ms - TABA -
[, = ————[16A?BA® + 23A%B?A? + 16A’B°1 + 9Ce] = ————p2 (A). (76)
24A2 2443

Theorem 17. If A, B,C, &, A # 0,8 = =22 (o = 0) and —A*B?A? + Ce > 0(A > 0) the origin of system (72) is a multiple
focus of order not larger than two.

Proof. The conditions on o and A are equivalent to saying that the origin is a multiple focus. From (74) and (76) and the
assumption of nonzero parameters it follows that

Ly=0 p1=p1(A,B,C,e, 1) =A’BL(2A%2 + BL +2B*) +3Ce =0 77)
I[,=0 P2 = p2(A, B, C, &, ) = A°BA(16A% + 23BA + 16B%) + 9Ce = 0.
From this we conclude that; = [, = 0 = A = —Bby elimination of the term Ce. Replacement of A by —B in the expression

for p; gives that A2B* = Ce. But this contradicts the assumption that A > 0. Thus we conclude that L; and L, cannot be zero
simultaneously and by definition the origin cannot be a multiple focus of order greater than two sincel; =0 =L, # 0. O

Corollary 3. Let the assumption of Theorem 17 hold. If Ly = O thenL, < 0 for A > OandL, > 0 for A < 0.

Proof. By the Routh-Hurwitz test we can show that the unique real solution A of the polynomial equation p; (1) = 0 is
negative if B > 0 and positive if B < 0, that is AB < 0. Thus the sign of L, is determined by the sign of Ap, (1) by (76). A
straightforward calculation shows that p,(A) = 8p;(A) — 154 = —15A < 0sincep;(A) = 0. Hence sign(L,) = —sign(A).

Theorem 18. Let the assumptions of Theorem 17 hold and assume that L; = 0. Then

(i) There exist parameters such that two limit cycles bifurcate from the origin and this is the maximal number of bifurcating limit
cycles.

(ii) Assume the parameters are given such that there exists two limit cycles and also assume that A > 0. Then the origin is stable
and the inner cycle is unstable while the outer is stable.

(iii) Assume the parameters are given such that there exists two limit cycles and also assume that A < 0. Then the origin is
unstable and the inner cycle is stable while the outer is unstable.

Remark 8. The existence of parameters fulfilling (ii) or (iii) above is ensured by (i).

Proof. (i) Apply Theorems 17 and 5, together with Theorem 8.2 in [19].

(ii) By Corollary 3 and (37) the origin is stable. Thus the inner cycle is unstable from the inside. Since the parameters are
given such that two limit cycles exists the inner cycle is also unstable from the outside by Theorem 6 part 2. Application
of Theorem 6 part 2 twice more shows that the outer cycle is stable.

(iii) Imitate the proof of (ii) with the origin being unstable. O

Remark 9. When L; = 0, the bifurcation is also called Bautin bifurcation or generalized Hopf bifurcation. The points in the
parameter space where Bautin bifurcation takes place are said to be Bautin points.
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4.2. 1 is a non-zero parameter

Now we turn to study the full system

d
& —Cy —Ax(x—B)(x — L) +1
dt (78)
Y- sy)
— =¢&(x—8y).
dt
The equilibrium points of (78) are given by the equations
X =134y
A I (79)
=—=x(x—B)(x—A -,
y c ( )( )+ c
which is equivalent to
A+ B ABAS + C I
k(y) =y’ — Y+ (80)

5 as VT Ay
Restricting to the case of a unique fix point is equivalent to saying that k’(y) does not have any real zeros, i.e. the parameters
must satisfy the condition

AS(\ — B)? + ABAS — 3C
<0

81
e (81)
Now, let (xg, ¥o) denote the unique fixed point and make the change of variables
S (82)
y=Y—JYo.
In these coordinates the system takes the form
x=—Cj —Ap(®
f - (83)
{y = e(x —4y),
where
¢(R) = —AF) +X* (3% — (A + B)) +X(3x2 — 2x(B + 1) + BA). (84)
Depending on the value of x, two different cases appear. First assume that
X € (@ —B,a+p), (85)
where
A+B
o= 3
= V(A —B)?2 + BA (86)
= 3 .
In this case there exist y; and y;, the zeros of the polynomial ¢, such that
PR = —AXEX — y1)(X — 72) (87)
and which are given by
yi+7v¥2=—3%+ (A +B) (88)
Y1¥a = 3%5 — 2x9(B + A) + BA.
Thus (78) can be written as
{f = (Y = ARE—yDE—72) (89)
y=e&—134y)

and therefore the analysis of this system is exactly the same as for the case I = 0. The consequence of this observation is
summarised as the following theorem.
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Fig. 1. The parameter valuesare;A=B=C = 1,8 = 0.5,¢ = 0.015 and A = —0.01. Thus the origin is a unique unstable fixed point,L; < 0and § < §*.
Furthermore, X, = 0.15 and yo = 0.02.

2
Theorem 19. Let A, C, ¢ be non-zero. Assume that 3x3 — 2xg(B + 1) + BA # 0,8 = —w, and —A*(3x5 —

2xo(B + A) + BA)? 4+ Ce > 0. Then, the unique fixed point (xo, yo) is a multiple focus of order at most two. Consequently, if
the first Lyapunov coefficient is zero, then the second Lyapunov coefficient is less than zero for A > 0, and the second Lyapunov
coefficient is greater than zero for A < 0.

Furthermore, if the first Lyapunov coefficient is zero, then

(i) There exist parameters such that two limit cycles bifurcate from the fixed point (xo, yo) and this is the maximal number of
bifurcating limit cycles.
(ii) Assume the parameters are given such that there exist two limit cycles and also assume that A > 0. Then the fixed point
(X0, Yo) is stable and the inner cycle is unstable while the outer is stable.
(iii) Assume the parameters are given such that there exist two limit cycles and also assume that A < 0. Then the fixed point
(X0, yo) is unstable and the inner cycle is stable while the outer is unstable.

We leave the the other case for further investigation.

5. Conclusions and further discussions

The main result of this paper is that the FitzHugh-Nagumo system with I being zero has at most two limit cycles that
can be bifurcated from origin, the unique fixed point, via Hopf and Boutin bifurcations. In connection to this we have also
shown that if the first Lyapunov coefficient is zero then the second one is always less (greater) than zero ifA > 0 (A < 0). A
consequence of this is that the origin has to be stable (unstable) if two limit cycles are to bifurcate from it. Further, if there
is such a bifurcation the outer (inner) limit cycle is stable while the inner one is unstable (unstable).

These results hold true for non-zero constant I under an assumption on the parameters such that the cubic polynomial,
resulting from a translation of the variable changes, has three real zeros.

In the particular case of one special parameter being very small we provided sufficient conditions for the existence of a
unique stable limit cycle for I being zero. It is clear that the case of non-zero I might possibly cause the so called Canards.
This will be further investigated.
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Appendix

In this Appendix we shall give explicit expressions of the first and the second Lyapunov coefficients described in Section 2
and used in our analysis. We also provide some simulations of the system for eight sets of parameters to illustrate the results
in the paper.

The original model

U=clw+u—u®/3+1],

w=—U—a+bw)/c
was proposed to demonstrate that the Hodgkin-Huxley model belongs to a more general class of systems that exhibit the
properties of excitability and oscillations. The van der Pol oscillator was an example of this class to serve as a fundamental
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Fig. 2. The parameter values are; A = B = C = 1,§ = 0.5, ¢ = 0.015 and A = —0.01. Thus the origin is an unique unstable fixed point, L; < 0 and
§ < &*. Furthermore, xo = 0.03 and y, = 0.005.

==
=

3 705 01 015
-0.005¢

Fig. 3. The parameter values are;A =B = C = 1,8 = 2,¢& = 0.015 and A = —0.01. Thus the origin is a unique stable fixed point, L; < 0 and § > §*.
Furthermore, xo = 0.15 and yo = 0.02.

Fig. 4. The parameter values are; A =B =C = 1,8 = 2, & = 0.015 and A = —0.04. Thus the origin is a unique unstable fixed point, L; > 0 and § < §*.
Furthermore, xo = 0.15 and y, = 0.02.

prototype. And the FitzHugh-Nagumo system is a suitable modification. In these equations the variable u represents the
excitability of the system and could be identified with voltage (membrane potential in the axon); w is a recovery variable,
representing combined forces that tend to return the state of the axonal membrane to rest. Finally I is the applied stimulus
that leads to excitation (such as input current), or rectangular pulses. In order to obtain suitable behaviour, the following
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e

Fig. 5. The parameter valuesare;A =B =C = 1,8 = 2,& = 0.015 and A = —0.04. Thus the origin is a unique unstable fixed point, L; > 0 and § < §*.
Furthermore, X, = 1and y, = 0.2.

Fig. 6. The parameter valuesare;A =B =C = 1,§ = 3,& = 0.015 and A = —0.04. Thus the origin is a unique stable fixed point, L; > 0and § > §*.
Furthermore, xo = 0.15 and y, = 0.02 and the time is reversed.

assumptions were made about the constants a, b and c:
1—2b/3<a<1, O0<b<1, b<ck

Today there are variant formulations of this system, used in a variety of biological oscillations. The meaning of the variables

and parameters are different from the original FitzHugh-Nagumo’s. The formulation we work on is taken from [6] which is
widely used in literature.

To obtain the second Lyapunov coefficients it is assumed that the system is in the form

d_ +f(x )
dt _y myv/JLO
dy +&(x )
— =X ¥, o).
dr gX, Y, Wo

If not, we use the transformation

Y1 =X1
axq + bx,
Yo=——"F——

va

T T
Ly = —=I[3(asp + boz + a1z + ba1)] — —[2(azob20 — ao2bo2) — ay1(aoz + azo) + b11(bgz + bao)]
4 A 4A



2686 M. Ringkvist, Y. Zhou / Nonlinear Analysis 71 (2009) 2667 -2687

Fig. 7. The parameter values are; A =B = C = 1,8 = 3,& = 0.015 and A = —0.04. Thus the origin is a unique stable fixed point, L; > 0 and § > §*.
Furthermore, xo = 0.03 and y; = 0.01 and the time is reversed.

T
L, = —ﬁ[ﬂozbzo@aozbn + 10ag2a50 + 4b3, + 11axby; + 643,

— 5(11]b20 — ]Obz()boz — 40%1 — 11(111b02 — GbéZ) =+ a20b02(6b32

— 5a11b02 + lobozbzo — 2(1%1 — 5a11b20 + 5020b11 — 60%0 — 10(120002

+2b3, + 5a02b11) + Ao2bo2 (5b7, — a3, — 6a11bo2) — axbao(5aj; — b3, — 6axb11)

+ a3, (az + agz) — b3 (boz + bao) — 5b3 (@12 + 3bg3)

+ b2, (3ba1 — 6a1z — 5asp) + aj;(arz + az0) + baoboz (5ba1 — 5a1, — b3 + 5aszg)

— byoai1(4aiz + 9bo3 + 5asg) + boza11(3by1 — agp4asp)

—5ag, (ba1 + 3as) + a5(3a12 — 6bay — 5bos) + T, (ba1 + bos)

+ az0002 (5012 — 5by1 — 9asg + 5bo3) — dgzb11(4by1 + 9azp + 5bg3) + azeb11(3a1, — by + 4bg3)
+4byob11(2b3g + b12) + boz2b11(7ba — az1 + 5b1z + ap3)

+ 2a11b11(Go3 + b3o) + 2a20b20(8b3p — 5021 — b12) + 2az0bo2 (4b3g

—50a31 — 5byy + 4ag3) + azoay1(b3o + 5az; — by + 7ag3)

— 2a02ba0(az21 + b12) + 2ag2b02(8ags — 5b1z — dz1) + 4ap2a11(2ap3 + az1)

+ b11(5bog — bz + 2a13 — 3bag) + ag2(2byy + 20bgy + 5a;3 + 3azq)

+ a30(4ba; + 22bgg + 7a13 — 6bgg + 9az;) — bao(2az; + 20as0 + 5bz; + 3by3)

—ay1(5a40 — Ay + 2b3; — 3ags) + +3a21(2azg + boz + a1p)

— 3b12(2bo3 + asg + bz1) + 3ags (a2 + 3be3) — 3bsg(b21 + 3asg)

— boy(4ay; + 22a49 4 7b31 — 6aps + 9b13) + 3baq + 3by3 + 15bgs + 15as9 + 3as; + 3d14]

where the coefficients a,; and b,s in L; are the Taylor coefficients of f and g and in L, are the Taylor coefficients of f and g
after the above change of coordinates, and are given by

r+s k=) A3
k\ (=1)“a A2
ax =) <s> (45— lolapi sk

k=s

r+s k1 (k—=s) A 55T

k\ (—=1)*'a A2

brs = Z < ) —(afrjtsfk,k + bgr+sfk,k)-
~\s/) (r+s—Ikkb*

Remark A.1. Plot Figs. 4 and 5 reflect the local property of the Lyapunov coefficients and the conclusions presented in
Table 1. The existence of the stable limit cycle indicated in the picture can be verified by Theorem 5 in our earlier paper [23].

Remark A.2. In order to indicate the existence of the claimed unstable limit cycle for the parameters as in plots Figs. 6 and
7 the time is reversed in these plots.
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