. mathematics m\py

Article

On the Zero-Hopf Bifurcation of the Lotka—Volterra
Systems in R?

Maoan Han !, Jaume Llibre >*© and Yun Tian !

1 Department of Mathematics, Shanghai Normal University, 100 Guilin Road, Xuhui District, Shanghai 200234,
China; mahan@shnu.edu.cn (M.H.); ytian22@shnu.edu.cn (Y.T.)

Departament de Matematiques, Universitat Autdonoma de Barcelona, 08193 Bellaterra, Barcelona,
Catalonia, Spain

Correspondence: jllibre@mat.uab.cat

check for
Received: 5 May 2020; Accepted: 5 July 2020; Published: 12 July 2020 updates

Abstract: Here we study 3-dimensional Lotka—Volterra systems. It is known that some of these
differential systems can have at least four periodic orbits bifurcating from one of their equilibrium
points. Here we prove that there are some of these differential systems exhibiting at least six periodic
orbits bifurcating from one of their equilibrium points. We remark that these systems with such six
periodic orbits are non-competitive Lotka—Volterra systems. The proof is done using the algorithm
that we provide for computing the periodic solutions that bifurcate from a zero-Hopf equilibrium
based in the averaging theory of third order. This algorithm can be applied to any differential system
having a zero-Hopf equilibrium.

Keywords: Lotka—Volterra differential systems; periodic orbit; Hopf bifurcation; averaging theory

MSC: Primary 34C07; 34C08; 37G15

1. Introduction and Statement of Results

An equilibrium point of a 3-dimensional autonomous differential system having a pair of purely
imaginary eigenvalues and a zero eigenvalue is a zero-Hopf equilibrium.

A 2-parameter unfolding of a 3-dimensional autonomous differential system with a zero-Hopf
equilibrium is a zero-Hopf bifurcation. More precisely, when the two parameters of the unfolding
are zero we have an isolated zero-Hopf equilibrium, and the dynamics of the unfolding is complex
and sometimes chaotic in a small neighborhood of this isolated equilibrium when we vary the two
parameters in a small neighborhood of the origin, see for more details [1-8] and references quoted there.

A Lotka—Volterra system in R3 with coordinates (x1, x2, x3) is a quadratic polynomial differential
system of the form

dx,' 3 .
E = xi(ri — Zai]'x]'), 1= 1,2,3, (1)
j=1

where the dot denotes derivative with respect to the independent variable ¢, usually called the time,
and the r;’s and the a;;’s are parameters.

Many natural phenomena can be modeled by the Lotka—Volterra systems, starting in biology
with the time evolution of conflicting species that now continuing being studied intensively see [9-20],
later on problems of plasma physics [21], or problems in hydrodynamics [22], - - -.

It is known that Lotka—Volterra systems can exhibit zero-Hopf equlibria, see for instance [23].
Then a natural question is if we perturbed a Lotka—Volterra system (1) having a zero-Hopf equilibrium
point inside the class of all Lotka—Volterra systems (1) how many periodic orbits can bifurcate from
such an equilibrium?

Mathematics 2020, 8, 1137; d0i:10.3390 / math8071137 www.mdpi.com/journal/mathematics


http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
https://orcid.org/0000-0002-9511-5999
http://dx.doi.org/10.3390/math8071137
http://www.mdpi.com/journal/mathematics
https://www.mdpi.com/2227-7390/8/7/1137?type=check_update&version=2

Mathematics 2020, 8, 1137 2of 14

Note that the unfolding of a Lotka—Volterra system (1) with a zero-Hopf equilibrium needs at
least a 3-parameter family. Arnold [24] in 1973 proposed to investigate bifurcations of 3-parameter
families with a zero-Hopf equilibrium.

As far as we know the number of periodic orbits which can bifurcate from a zero-Hopf equilibrium
point when this is perturbed inside the class of all Lotka—Volterra systems (1) only has been studied
partially in the paper [23] using averaging theory of second order. There the authors provided explicit
conditions for the existence of one or two periodic orbits bifurcating from one of these equilibria.

Here we shall use the averaging theory of third order for studying the number of periodic orbits
which can bifurcate from a zero-Hopf equilibrium point of a Lotka—Volterra system (1). Previous results
in this direction are the following. The bifurcation of periodic orbits in a Hopf equilibrium of a
Lotka—Volterra system (1) have been studied by many authors. Thus in the papers [25-27] the authors
proved that two periodic orbits can bifurcate from a Hopf equilibrium of system (1). While in [28-30] it
is shown that three periodic orbits can bifurcate from a Hopf equilibrium. Recently in [31] it is proved
that four periodic orbits can bifurcate from a Hopf equilibrium of system (1). All these previous results
on the number of periodic orbits bifurcating from a Hopf equilibrium are when system (1) has all its
coefficients a;; and r; positive (i.e., for the so called competitive Lotka—Volterra systems), and under
this assumption in [28] it is conjectured that at least five periodic orbits can bifurcate from a such Hopf
equilibrium, but this conjecture remains open.

Our main objective is to show that the previous conjecture cannot be extended to the general
Lotka—Volterra systems (1), because we shall prove that there are non-competitive Lotka—Volterra
systems having at least six periodic orbits bifurcating from a zero-Hopf equilibrium.

In short, until now it is known that there are Lotka—Volterra systems (1) having at least four
periodic orbits bifurcating from one of their equilibrium points. Our main result is the following one.

Theorem 1. There are non-competitive Lotka—Volterra systems (1) having at least six periodic orbits bifurcating
from a zero-Hopf equilibrium.

The proof of Theorem 1 is given in Section 3. In Section 2 we describe the algorithm used for
computing the periodic solutions bifurcating from a zero-Hopf equilibrium.

2. The Algorithm for Computing the Periodic Solutions Bifurcating from a
Zero-Hopf Equilibrium

Assume that we have a differential system
X = fi(x1,..., %0, A) fori=1,...,n, 2)

defined in an open subset of R", and that the origin of coordinates is a zero-Hopf equilibrium for
this system, i.e., the eigenvalues of the linear part of the system at the origin are £wi and 0 with
multiplicity n — 2. Here A = (A4,..., As;) denotes the parameters of the system.

(1)  Since we want to apply the averaging theory of order three (see the Appendix A) for studying the
periodic solutions bifurcating from the zero-Hopf equilibrium at the origin and the averaging
theory uses a small parameter ¢, we write the parameters of the system in the form

Ay = Apo +€Ag + 82}\](2 + 83/\](3/ fork=1,...,m.

(2)  Due to the fact that the zero-Hopf bifurcation will take place in a neighborhood of the origin,
where it is localized the zero-Hopf equilibrium, we blow up this neighborhood doing the scaling
of variables

(x1,.-.,%0) = (eXy,...,eXy),
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(3)

)

(5)

(6)

using again the small parameter ¢, and we obtain a differential system of the form
g ag P y
X;=F(Xq,...,Xn,A€) fori=1,...,n. 3)

In order to simplify the future computations and also for applying the averaging theory described
in the Appendix A we need that the right hand part of the differential system starts with order ¢,
for these two reasons we shall pass the linear part of the differential system (3) to its real Jordan
normal form doing a convenient linear change of variables (X, ..., X,) — (u1,...,uy). Thus the
differential system (3) in the new variables (u, ..., u,) writes

i = —wup+egi(uy, ..., upAcg),

) = wuy+eg(uy,... unAE),

1:[3 = 8g3(u1r LR /”nr/\/ 8)/ (4)
Uy = €gn(t1, ..., U, A€).

In order to apply the averaging theory to a differential system the right hand part of that
differential system must be a periodic function in the independent variable of the system,
see again the Appendix A. For this reason we first pass the differential system (4) to the
generalized cylindrical coordinates (r,6,us,...,u,) where u; = rcosf and up = rsin6,
and system (4) becomes

= eGi(r,0,us,..., Uy A€),

0= w+eGy(r,0,us,...,uyAc¢),
u3 = 8G3 (r/ 9/ ug,...,Un, )\/ 8)/ (5)

iy = €Gy(r,0,us,..., Uy A,€).

Now this differential system has its right hand part periodic in the variable 6, because this variable
appears only through the functions cos # and sin 8. Since the cylindrical coordinates are not well
defined at ¥ = 0, we are studying only the periodic orbits which does not intersect the set r = 0.
Now we take the variable 6 as the new independent variable, and system (5) in this new
independent variable writes

r'= eHy(r,0,u3,...,un, A €),

ufy = eHz(r,0,u3,...,un, A e),

(6)

uw, = eHy(r,0,us,...,uy Ae),

where the prime denotes derivative with respect to the variable 0. Note that the differential
system (6) is already written in the normal form (A1) for applying to it the averaging theory
described in the Appendix A. We also must take care to look for the periodic solutions into the
region where 6 does not vanish.

We apply the averaging theory of third order and according with it we may get s periodic
solutions (1(6,¢),u5(0,¢),...,uk(6,¢)) of system (6) for k = 1,...,s such that

(™(0,€),ub(0,¢),...,uk(0,)) = (F,uk*, ..., uk*) + O(e), )
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where the values (r**, u’é*,. .., uk*) are the zeros of the first averaging function which is not
identically zero, see again the Appendix A.

(72 Now we go back through the changes of variables until the initial differential system (2),
and we shall see how look the periodic solutions (r*(6,¢),uk(8,¢),..., uk(6,¢)) in the
initial differential system. First the periodic solutions (7) in the differential system (5) are
(rk(t,e),0%(t, ), ub(t,€), ..., uk(t e)) verifying

(r(0,¢),0%(0,¢), u5(0,¢), ..., uk (t,€)) = (F,0,uk", ..., uk*) + O(e),
note that 6 (t,&) = wt + O(e).

Now the periodic solution (r*(t,¢),0%(t,€),ul(t,¢),...,uk(t€)) of system (5) in system (4)

becomes (uX(t,€),uk(t ), uk(t,€),. .., uk(t €)) satisfying

(u’l‘(O,s),ug(O, s),u’g(O,s),. . .,uﬁ(O, €)) = (rk*,O, ug*, .. .,uﬁ*) +O0(e),

because u; = rcosf and up = rsinf. Furthermore, the periodic solution (uf(t,€),...,uk(t€)) of
system (4) in system (3) writes (XX(t,¢€),..., Xk(t, ¢)) satisfying

(xk0,¢),...,Xk(0,6)) = (X**,...,XE) + O(e),

here the values of X* for k = 1,...,n depend on the linear change of variables that pass the
linear part of system (3) at the origin into its real Jordan normal form. Finally we pass the
periodic solutions (XX(t,e),..., Xk(t,¢)) of system (3) to system (2) and we get the periodic solutions
(xk(te), ..., xk(t €)) satisfying

(xX(0,¢),...,x8(0,e)) = (eXF, ..., eX*) 4 O(€?).

So all these periodic solutions when & — 0 tend to the origin of coordinates, consequently are periodic
solutions bifurcating from the zero-Hopf equilibrium localized at the origin.

Here we have described this algorithm for the averaging theory up to third order, but the algorithm
is the same for the averaging theory of an arbitrary order. See the averaging theory at any order in the
papers [32-34].

3. Proof of Theorem 1

If system (1) has a zero-Hopf equilibrium (a, b, c) with non-zero components without loss of
generality we can consider this equilibrium at the point (1,1,1) doing the rescaling (x,y,z) —
(x/a,y/b,z/c). Then every Lotka—Volterra system (1) having the equilibrium (1,1,1) can be written as

x=x(ay(x —1) +ap(y—1)+az(z—1)),
y=y(an(x—1)+an(y—1)+a3(z—1)), (8)
z=1z(az1(x—1) +an(y—1) +ax(z—1)),

where now we denote the coordinates of R® by (x,,z). Since we shall use the averaging theory of
third order for studying the periodic orbits of this system we take the coefficients a;; as follows
R y 20 34::
aij = 4aijo + €aij1 +e aijo te aij3,

with i and j varying in {1,2,3}, being ¢ a small parameter. Note that in the differential system (8)
there are 37 parameters. This big number of parameters produce that the computations for
studying the number of periodic orbits which can bifurcate from the equilibrium (1,1,1) are
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tedious and huge. All the computations of this paper has been done with the help of the algebraic
manipulator mathematica.
First we translate the equilibrium (1,1, 1) to the origin of coordinates and system (8) becomes

x= (1+x) (ﬂuox + a0y + a130z + e(ar1x + ay + a13:12)+
2 (a112X + a1y + a132) + € (a113% + a3y + 11332)),

y=(1+y)(azox + anoy + a0z + €(ax1x + a1y + a312)+ )
&

2(ap12X + axooy + an302) + €2 (an3x + axzy + 42332)),

z= (14 z)(asi0x + asy + azs0z + (az11x + asp1y + a331z)+
€2 (az12x + azpny + a33z) + € (a313% + a3y + 43332) ).

In order that the linear part of system (9) at the origin has eigenvalues 0 and +wi with w # 0 we
choose the conditions

2 2
a1y = a1p0 = @130 = Az10 = 0,a320 = — (a5 + w?)/az30 and azz = —ax, (10)

with axow # 0. So the origin of system (9) is a zero-Hopf equilibrium, and consequently system (8)
has a zero-Hopf equilibrium at the point (1,1,1). We remark that there are other conditions on the
parameters which also provide that the point (1,1, 1) be a zero-Hopf equilibrium.

In what follows we shall study the periodic orbits bifurcating from the zero-Hopf equilibrium
(0,0,0) of system (9) under conditions (10). Note that according with conditions (10) not all coefficients
of the Lotka—Volterra system are positive, so we are working with non-competitive Lotka—Volterra
systems.

As we shall see the amount of computations for studying this Hopf-bifurcation following our
algorithm are huge due to the big number of parameters in system (9).

In order to study the periodic orbits bifurcating from the zero-Hopf equilibrium at the origin of
the differential system (9) using the averaging theory of third order (see the Appendix A), we need to
introduce a small parameter and take a new independent variable in which the differential system
be periodic.

The small parameter for the averaging theory will be the parameter ¢, and we do the rescaling
(x,y,z) = (¢X,€Y,eZ). Then system (9) in the new variables (X, Y, Z) writes

X= e(mnX+mnY +amZ)+ e (a112X + e X> + ap Y+
i XY + a3 Z 4 a131XZ) + € (a113X + a112X* + a13Y +
a1 XY + a133Z + 11132XZ) + 0(84),

Y = {1220Y + {1230Z + 8(&211X + 11221Y + azz()Yz + {12312 + a230YZ)+
(012X + a2 Y + 4211 XY + 0201 Y? + a230Z + a5 YZ) +
(213X + ap3Y + 4212 XY + a0 Y? + apz3Z + apYZ) + O(e?), (11)

Z = (a230a310X — 13,Y — a2200230Z — Yw?) / az30 + €(a230a311 X+
2300321 Y + a2300331Z + 42300310 X Z — 0350Y Z — a0a230 2% —
Ysz) /a3 + 2 (El312X 4+ a30Y 4+ azzpZ + a1 XZ + azp Y Z+
61331Z2) + 83({1313X 4+ az3Y + asz3Z + az1p XZ + azpYZ+
a33222) + O(eh).
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In order to simplify the computations of the averaging theory we shall write the linear part
of the differential system (11) into its real Jordan normal form doing the linear change of variables
(X,Y,Z) — (u,v,w) given by

X= w,
_ A2304310W | d230W0 — dp0d230U
- 2 2 2 ’
w A5y + W
Z = —ayoan30asioW + axzow?u
22042304310 230 .

Now the differential system (11) in the new variables (u, v, w) becomes

€
wh(a3y + w?)
113102200310W% — 82200230321 W* + 1152011331(02 + azzw*)w?u+
a230(@1210220310 + 3210 ) W0 — (@559 + W?) (41318590839 —
ﬂlzlﬂzzoﬂzaoﬂgm - a111a220a310w2 - a230a310a321w2+
2203100331 W* — 0311W4)w — w’uv + ﬂ220ﬂ310w30w)) + O(fz),

. 3 2
U= —wov+ (01318504310 — 412185502304310+

€

2303 (a3 + w?
1310501230310 + 0121022083508310 — A3 A3304321+
ﬂ§200230ﬂ331 - ﬂzzoﬂzzmzaow2 + 261%20@31602 - a131a230a310w2+
22002300331 W* + ax31w* )W + a30 (43508201 — A1210230310+
022082300321 + 221 W? )W — (@55 + W?) (=55 122102300310+
ﬂgzoﬂzslﬂaw - ﬂ13161220ﬂ23061§10 + alzlaégoaéw—
1200835083108321 + 550 A23003104331 — 021103900+
A11102300310W> — A22102300310W> + 8220231 4310W> —
22002300311 W* — a211w4)w - 61220“%306047«12 - ﬂ230(ﬂ§20+
61%2061230 + LIZQQCUZ - ﬂ230w2)w37ﬂ) + a%30a310 (Q%ZO + wz)wzqur
20085500 W* + 82008230 (4220 + 3230310 (a3, + W?)wvw) + O(€?),

€
w2(a3, + w?)
(1212300 — (‘1%20 + w?) (413142204310 — 41218230310 — alllwz)w)
+0(€?).

0= wu-+

3 4
) ((—ﬂ2zoﬂ221ﬂ230 + 3904231 —

(12)

2 2y .2
(013130 — A12142208230 + 131 W? ) WU+

In the computations of the previous differential system we have obtained the expressions of 1, ¥ and @
until terms of O(&*), but here we only present them until terms of order O(e?), otherwise the expression
of system (12) would need several pages. Using an algebraic manipulator as mathematica or mapple it
is relatively easy to repeat our computations.

Now we write the differential system (12) in cylindrical coordinates (r,6, w) where u = r cos 6
and v = rsin 6, and taking 0 as the new independent variable of the differential system defined we get
the new differential system

¥ = eF1(0,r,w) +Fn(0,r,w) + 3 F3 (0,7, w) + O(e4), 13
13
w = eFp(0,r,w) +Fan(6,r,w) + 3F3(0,r,w) + O(e*),
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defined in in 7 > 0, where the prime denotes derivative with respect to the variable . Here we only
provide the explicit expressions of Fi; = F1(0,r,w) and Fj, = Fj»(0, 7, w) which are the shorter ones,
but our next computations will use the expressions of F,1, Fx, F31 and F3p. Thus we have

1

2
30w’ (azzo + w?
2 2 2 2 4 2
a13142208310W° — 22042308321 W" + A5,,A331W" + 4331 W ) cos” 0+

_ 3 2
F1= ) ((@30(”1316122001310 — A12105,(2304310 1

(@20”231 - ‘1320@21‘1230 - ﬂ13111%201123011310 + 2ﬂ121ﬂ220ﬂ%30ﬂ310—
ﬂ%zo“%goa?ﬁl + ﬂgzoazaoﬂaen — (200201 4230w* + 251%20!1231602—
a131a230a310w2 + a%30a321w2 + 612206123061331602 + a231w4)w cos 0 sin 0+
11230(11%2011221 — 412142304310 1 322042304321 + ﬂzzlwz)wz sin 9)“’27—
(‘1%20 + WZ)(ﬂzso(ﬂmlﬂ%zoﬂ%lo - ﬂ121ﬂ220ﬂ230ﬂ§10 - 0111112200310&?2—
ﬂ23061310ﬂ321w2 + ﬂzzoﬂlmoﬂsmw2 - ﬂ311w4) cos 6 + (“3206123161310—
11%20112211123011310 - ﬂ13111220ﬂ23011§10 + 012111%3011%10 - 022011530%1011321%-
ﬂ%20ﬂ230ﬂ310ﬂ331 - ﬂznll%zowz + 1111101230113106‘12 - ﬂ221ﬂ23011310w2+
12000231 4310W> — 122002304311 W* — Az11w*)w sin 0] )w — (agz0w (a3,0+
axp0d230 + wz) COS2 Osin6 + az30 (ﬂ%zo + ﬂ%zoazgo + a220w2 — 61230602)
cosfsin®6 — azzoa%ww sin® 8)w*r? + (a3 (az0 + a230)a310w3(a%20+
w?) cos 0sin O + a200a230 (a220 + a230)a310w% (a3 + w?) sin? O)rw),

1
w3 (a3 + w?)
1218230 sin 6) w?r — (”%20 + w?)(a131220a310 — A12102308310—
ﬂulwz)w),

We note that the differential system (13) is written in the normal form (A1) for applying the
averaging theory of third order described in the Appendix A, where the variables t and x of the
Appendix A are now 6 and (r,w) respectively. Computing the averaged function of first order
fi(r,w) = (f11(r,w), f1a(r,w)) defined in the Appendix A we get

_ 2 2
Fpp = (4131035 — 12182204230 + A131W*>) cOs O+

fi(r,w) = Ar, fi2(r,w) = Bw,

where

(1310200 — 1210230) 3310 + (A221 + A331)w? + (200 + 3230) A3100220W
2w3

2

A=

4

B (a1214230 — A1314220)a310 + A111W
= 3
w

We look for the zeros (r*,w*) of f1(r,w) with r > 0, and since the unique zero of the function
f1(r,w) is (0,0), or a continuum of zeros if the coefficient A or B is zero, the averaged function of first
order does not give any information on the periodic solutions of system (13), see the Appendix A.
Therefore we force that the averaged function of first order be identically zero and we shall use the
averaged functions of higher order to obtain information on the periodic solutions of the differential
system (13).

Since the coefficient of rw in the function f11(r, w) is (a0 + 4230)a3104220 We need to consider the
following three cases in order that the averaged function of first order be identically zero:

Case 1: ax0 = —Aaz30,
_ 2 2
a331 = (@121a2304310 + 313142304310 — A1W”) /W?,
_ 2
a1 = (—ﬂ1210123oﬂ310 - ﬂ131ﬂ230ﬂ310)/w .

Case 2: aslg = 0, azz1 = —4anz1, 4111 = 0.
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Case 3: axy =0,
_ 2 2
a331 = (A12102304310 — A01W”) /W,
_ 2
a1 = —(a121a230a310) / w*.

Case 1. Since the averaged function of first order f;(r, w) is identically zero, we compute the averaged
function of second order f,(r, w) = (f21(r,w), f2(r,w)) and we obtain

for1(r,w) = (Cw+ D)r, fao(r,w) = Ew,

where , , ) )
C= —(—ana5300510 — 313109398519 + #12142304310w" + A13142304310W" +
2 2 4
1221A2304310W" + A2308231a310w" + A211w") / (2w),

D = —(ajy 3300310 + 2012181310530310 + 1310530310 — 201210221 @33003100°
—211131112211133011310602 - 111210133,011231%10602 - (113111%30(123111310w2+
1112111330“31011321(412 + 11131513301131011321602 - 111216121111%30604—
611311121161%30(04 — 41314221 ﬂzsoﬂslow4 + 11122&%30!1310604 + ﬂ132ﬂ§30ﬂ310w4
*61131612306123161310604 + a121a§30a311w4 + 6113101%3001311604 - ﬂlslﬂzuw(’*
2000230w° — A230833,w°) / (2a30w7),

E = (a1y 2509510 + 2M121813180308310 + 1319339 T310 — 2012182218333100
—2a131 6122111%3061310&?2 - 5112167330&123111310602 - ﬂ131ﬂ330ﬂ231ﬂ310w2+
01121!1%300310!1321602 + ﬂ131€l%30ﬂ310ﬂ321w2 - 511211121161%30&74—
a131a211a§30w4 - a131a221a230a310w4 + a122a§30a310w4 + a132a%30a310w4
— 13102300231 43100* + ﬂ121ﬂ§30ﬂ311w4 =+ 0113111%3051311604 — a131011 w0+
11282300 ) / (a307).

Again the unique zero of the averaged function of second order f, (7, w) is the (0, 0) or a continuum
of solutions in case that convenient coefficients C, D or E are zero. Therefore the averaging theory of
second order does not provide any information on the periodic solutions of the differential system (13).
Consequently we impose that the averaged function of second order f,(r,w) be identically zero,
and we obtain that

_ 2 2 2 .2 2 2
az11 = (a121a230a310 + 413185304519 — A12142304310W" — A13142304310W" —
2 2 4
2210230a310W" — A23042314310W )/ w=,
_ 2 2 2 2 2 2
sz = (ﬂ121ﬂ230ﬂ310 + 2a121a13145394310 + 113105304310 — 7121422145304310 —

2 2 2 2 2
a13142214%304310 — 112181314230831) — 413142304310 + A12185393104321
2 2., 2 2 2
1315393104321 + 41214131310W" + A7314310W" 1 A122a2304310W" +

2 2 2 4 4
a13202304310W" + A12142304311W" + A13142304311W" — A222W )/w ,

a2 = ( - ﬂ%mﬂ%wﬂsm - 251121“13151%3011310 - a%31a%30a310 =+ a1210221a%30a310
+a1310021 83504310 + ﬂ121a131ﬂ230ﬂ§10 + 0%31@3001%10 — 4121350431003
—1113111%301131011321 - 6712111131{1310&]2 - 0%3111310602 - 11122“23011310602—
A13202300310W> — 12102300311 W — ﬂ1316123011311w2) /wt.

We compute the averaged function of third order f3(r, w) = (f31(r, w), f3(r,w)) and we get

6101’4 + a11’3 + le?’ZZU + 6131’2 —+ agrw + 615102 + agr + ayw
2 2 13
384a730 (a4, + w?)w'dr

fa(r,w) =

4

bor® + byir?w + bar? + bayrw + byr + bsw

a(rw) =
f 240230(0%30 + w2)2w9

We do not provide the explicit expressions of the coefficients a; and b; because we shall need
approximately twenty pages for writing them.
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Now we shall study the zeros of the function f3(r, w). Since the variable w appears linearly in the
equation f3(r, w) = 0, we isolate it and we get w = W(r). Substituting w = W(r) into the equation
f31(r,w) = 0, we obtain an equation in the variable r of the form

n(r) cor? + c313 + car* + c51° + cor® + cpr” + cgr®
d(r) (do + dqr + dpr?)?

= 0. (14)

The coefficients ¢; and d; are polynomials in some of the coefficients of the
differential system (8), more precisely in the coefficients a113,4a121,a122, 3123, 3131, 3132, 4133,
212, 4221, 4222, 4223, 4230, 4231, 1232, 4310, 4311, 4312, 4321, 4322, 4333, w. ~ We have computed the rank
of the Jacobian matrix of the function (¢, ¢3, cs, c5, s, €7, cg) With respect to the 21 previous coefficients,
it is the rank of a 7 x 23 matrix, and we get that this rank is 7. Therefore the seven coefficients of
the polynomial #(r) are independent, and consequently we can choose them in such a way that the
polynomial n(r) has six positive real roots. Moreover, we also can choose those coefficients in such a
way that the resultant of the polynomials n(r) and d(r) is not zero, and consequently both polynomials
do not have a common root. So Equation (14) can have six positive solutions, r]’f forj=1,2,3,4,5,6.

In short, we have that (r]’f, W(r]*)) forj =1,2,3,4,5,6 are six zeros of the third averaged function
fa(r,w). These zeros can be chosen simple, i.e., the Jacobian of the function f3(r, w) evaluated in
such zeros is not zero. Consequently by the averaging theory (see the Appendix A) the differential
system (13) has six periodic solutions (r;(6, ), w;(6, €)) such that (r;(0, ), w;(0,¢)) — (r]’f, W(r]*)) when
e — 0.

Going back to the differential system (12) we obtain for this system six periodic solutions
(uj(t,e),v;(t €),w;(t e)) such that

(1j(0,¢),0;(0,¢), w;(0,¢)) — (r]’f,O,W(r;‘)),

when e — 0. These periodic solutions provide six periodic solutions (X;(t,¢), Yj(t,¢), Zj(t,¢)) for the
differential system (11) such that

X;(0,€) = W(r?),
axoaz0W(r})  axoasor;

2 2 27
w 350 +w

Zj(0,€) = azsow?r! — ax0az0a310W (1),

Yj(O, €) =

when e — 0. Finally going back to the differential system (8) we obtain six periodic solutions
(xj(t,e),y(t €),zi(t €)) such that

xj(0,€) =1+ eW(rf) + O(&?),

01230113101’\7(@k 22042307}
yj(0,e) =1+e 2 -

+0(€?), 15
”%20"“"2) € 1

zj(0,€) = 1+ e(azsow?r} — axnoazs0a310W (r})) + O(e?),

when ¢ — 0. Clearly from (15) these six periodic solutions (x;(t,¢),y;(t,€),z(t €)) tend to the
equilibrium point (1,1,1) of the differential system (8) when ¢ — 0. Hence they bifurcate from
that zero-Hopf equilibrium at ¢ = 0. This completes the proof of Theorem 1.

Case 2. Again, since the averaged function of first order f;(r, w) is identically zero, we compute the
averaged function of second order f,(r,w) = (fo1(r, w), fo2(r,w)) and we obtain

fa(r,w) = (Cw+D)r,  folr,w)=Ew,
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where 5 ) )
C— 1200211550 + 421142208230 + 122042304311 + A530A311 + A211W")
2&1230603 !
1 2
D= 3 (ﬂlzlﬂznﬂzzoﬂzso — 131421185 — A131422042304311+
2&230(4)
2 2 2 2
12185304311 — 41314211W" — A2224230W" — A2304332W ),
1 2
E= Ty30W? (11121112111122011230 — 4131421185, — 4131422042304311+

2 2 2
12185304311 — A1314211W° + A112a230W )

As in the previous case the unique zero of the averaged function of second order f,(r, w) is the (0,0)
or a continuum of solutions in case that convenient coefficients C, D or E are zero. Consequently we
impose that the averaged function of second order f,(r, w) be identically zero, but since the coefficient
of rw in the function f;(r, w) is a product of two factors we have to consider two subcases.

Subcase 2.1: az0 = 0. Then, in order that the averaged function of second order f,(r, w) be identically
zero we take ) ) )
12145304311 — 41314211W" — 4222230

as3z2 = 5 ’
az3pw

2 2
1314211W"~ — A12143304311
ap30w?

a112 =
We compute the averaged function of third order f3(r, w) = (f31(r, w), f3(r,w)) and we get

aor3 + a1r2 + axrw + a3w2 + agr + asw

r,w) = ,
far(rw) 384a3,,wOr a8
J; (l’ w) . bo?’s + b]l’z + borw + bsr + byw
2 2403, w5 '

Here the expressions of the coefficients 4;’s and b;’s are relatively short, but we do not need
them explicitly.

We shall study the zeros of the function f3(r, w). Since the variable w appears linearly in the
equation f3(r,w) = 0, we isolate it and we get w = W(r). Substituting w = W(r) into the equation
f31(r,w) = 0, we obtain an equation in the variable r of the form

cor? + c313 4 car* + c51° 4 c6r®

(d() +d11’—|—d21’2)2 =0

So at most we have four positive solutions for the variable #, and consequently at most four zeros
for the averaged function of third order f3(r, w). In any case less than the six obtained in Case 1.

Subcase 2.2: 1121151%20 + a11a200a230 + 422042304311 + a%3011311 + ay11w? = 0. Then in order that the
averaged function of second order f,(r, w) be identically zero we take

2 2
I 211850 + 21142204230 + 4211W
311 = — ,
a230(ax0 + a230)

Gy = — a1214211 + A1314211 + 42204222 + 32224230
- 7
a0 + 4230

a1214211 + 41314211

a0 + a3

a1 =

We compute the averaged function of third order f3(r, w) = (f31(r, w), f32(r, w)) and we get again
the expressions given in (16), of course the coefficients 4;’s and b;’s are now different. Repeating the
arguments of the previous subcase we obtain at most four zeros for the averaged function of third
order f3(r, w).
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Case 3. Again since the averaged function of first order f; (r, w) is identically zero, we compute the
averaged function of second order f»(r,w) = (f21(r, w), f2o(r, w)) and we obtain

fa(r,w) = (Cw+D)r,  fo(r,w)=Ew,

where
c— _fa10(121 — a201)a230
2w’ !
D— 1 3 2 2 2
= - 5 (61121112306131011321 — (131422142304310W" + A12205392310W "+
2az30w
2 2 4 4 4
112185304311 W" — A1314211W " — A2224230W " — A2304332W ),
E— 1 3 2 2 2
= Ty (ﬂ12111230ﬂ31011321 — A1310221A2304310W" + A1220537A310W" +

2 2 4 4
a121053(4311W° — A1314211W" + A1124230W )

As in the previous case the unique zero of the averaged function of second order f,(r, w) is the
(0,0) or a continuum of solutions in case that convenient coefficients C, D or E are zero. Consequently
we impose that the averaged function of second order f,(r,w) be identically zero, but since the
coefficient of rw in the function f,1(r,w) is a product of two factors which can be zero, namely
a310(a121 — a221), we have two consider two subcases.

Subcase 3.1: a319 = 0. Then in order that the averaged function of second order f,(r, w) be identically

zero we take ) ) )
12145304311 — 41314211W"~ — A2220230W
61230602

azsy =

7

2 2
—a121A53p4311 + 41314211 W

a1z = 5
az3ow

We compute the averaged function of third order f3(r, w) = (f31(r, w), f32(r, w)) and we get again
the expression given in (16), consequently at most four solutions.
Subcase 3.2: 4351 = a1p1. Then in order that the averaged function of second order f, (7, w) be identically
zero we take

1
_ 3 2 2 2
as3y = tr30? (ﬂ1210230ﬂ310ﬂ321 — A121413182304310W" + A1220539a310W" +
2 2 4 4
12147394311W" — A1314211W~ — A2220230W ),
PO 1 ( 2 3 _ 2 2_
112 = Ty 121413142304310W 1121423043104321 — @12245304310W

2 2 4
a121a53(A311W" + 41314211 W )

We compute the averaged function of third order f3(r, w) = (f31(r, w), f32(r,w)) and we get

Fa(r,0) = agriw + ayrt + axr?w? + azr® + agr*w + asw® + agr® + ayrw + agw?
S 384a2,,0r ’
Fin(r,0) bor® + bir?w + byr? + byrw + byw? + bsr + bew
n(r,w) = :

2 7
24a230w

Here the explicit expressions of the coefficients 4;’s and b;’s only should need approximately three
pages for writing them. However, unfortunately in this case we do not know how to control the zeros
(r*, w*) of the function f3(r, w) with r* > 0. We think that in this subcase it is possible that more than
six simple zeros can be obtained, but for the moment this is an open problem.
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Appendix A. The Averaging Theory of First, Second and Third Order

The averaging theory of third order for studying periodic orbits was developed [35] and in [34] at
any order. It can be summarized as follows.
Consider the differential system

X = eFi(t,x) + €2F(t,x) + e F3(t, x) + *R(t, x, ¢), (A1)

where [}, B, F3 :RxD - R, R:Rx D x (—¢ € f) — R are continuous functions, T—periodic in the
first variable, and D is an open subset of R”. Assume that the following hypotheses (i) and (ii) hold.

(i) Fi(t,") € C3(D), Ex(t,-) € CY(D) forall t € R, Fj, F, F3, R, D2F;, DyF, are locally Lipschitz with
respect to x, and R is twice differentiable with respect to e.

We define Fiy: D — Rfork =1,2,3 as
fAl)= = A Fi(s, x)ds,
fa(x) =

/OT [DxFi(s,x) - y1(s,x) + Fx(s, x)] ds,
f3(x) = /

T 1 Tazpl 16F1
[ (e 053 50w x) + 5 51 6 (s )

—xz(s,x)yl (s,x)+ F3(s,x)}ds,

where .
yl(S,X) :/ Fl(t/x)dtr

ya(s,x) = /05 {aal;l(t,x) /Ot Fl(r,x)dr+P2(t,x)} dt.

J0

(ii)  For an open and bounded set V' C D and for each e € (—¢y,¢f) \ {0}, there exists a € V such
that f1(a) +efz(a) + €2 f3(a) = 0and dp(f1 + efo +€2f3,V,a:) # O (i-e., the Brouwer degree of the
function f1 + ef; + €2 f3 at the point a is not zero).

Then for |¢] > 0 sufficiently small there exists a T-periodic solution x(t, €) of system (A1) such that
x(0,e) — awhene — 0.

A sufficient condition in order that dg (f1 +¢ef> + €2 f3,V,a¢) # 0is that the Jacobian of the function
fitefr+ 2 f3 at a is not zero, see for details [36].

The averaging theory of first order takes place when f; is not identically zero. Therefore the zeros
of fi + efs + €2 f3 are mainly the zeros of f; for ¢ sufficiently small.

The averaging theory of second order takes place when f; is identically zero and f, is not
identically zero. Then the zeros of fi + ef, + € f3 are mainly the zeros of f, for ¢ sufficiently small.
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Finally the averaging theory of third order takes place when f; and f, are identically zero and

f3 is not identically zero. Therefore the zeros of f; + ef; + €2f; are mainly the zeros of f3 for ¢
sufficiently small.
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