QUADRATIC PERTURBATIONS OF A QUADRATIC
REVERSIBLE LOTKA-VOLTERRA SYSTEM

CHENGZHI LI! AND JAUME LLIBRE?

ABSTRACT. We prove that perturbing the two periodic annuli of the
quadratic polynomial reversible Lotka—Volterra differential system
& = —y+ax2—y2, y = x(1+2y), inside the class of all quadratic poly-
nomial differential systems we can obtain the following configurations
of limit cycles (0,0), (1,0), (2,0), (1,1) and (1,2).

1. INTRODUCTION

In this paper we consider the quadratic polynomial reversible Lotka—
Volterra differential system (in the classification of quadratic centers given
by Zotadek [9] and Iliev [3]):

& =—y+a?—y?
(1) C_
y=z(1+2y).

On the finite plane this system has two singularities at O(0,0) and A(0, —1),
both are centers. Between them there is the invariant straight line {(z,y) :
1+ 2y = 0}. The system has the integrating factor u = 1/(1+ 2y)? and the
rational first integral

2?+(y+1)° 1
TrWT ) _h S <h<oo
202y + 1) »og s

(2) H(zx,y) = 5

System (1) is one of the four isochronous quadratic centers classified by
Loud [5] in 1964.
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We shall perturb system (1) inside the class of all quadratic polynomial
differential systems. Thus we consider systems of the form

3y E= oy’ —y?telaotmr tay +ase’ fagy +asy’),
§ = 2(1+2y) + e (bg + byx + boy + bsz? + byxy + bsy?),

where ¢ is small. We want to study how many limit cycles bifurcate from
the periodic orbits of the period annuli of both centers for e sufficiently
small.

Chicone and Jacobs in 1991 proved that up to first order it bifurcates
at most one family of limit cycles from the period annulus surrounding the
origin of system (1), see for more details the isochronous (—1/2,1/2) of [2]
(here we use the notation of the paper [2]). Later on, in 1998, Iliev [3] showed
using abelian integrals of second order that at most two families of limit
cycles bifurcate from that period annulus. Iliev did not get explicitly the
function whose zeros provide the limit cycles in function of the coefficients
of the perturbed system (3). Here we compute by first time this function
using averaging theory of second order, and additionally we provide a new
and different proof of the Chicone—Jacobs and Iliev results. See Section 2
for a short summary of the averaging theory applied to the computation of
limit cycles. So our result is the following.

Theorem 1. The simple positive zeros of the function
F(R) = cA(R) + £*B(R)

provide the number of limit cycles of system (3) for e sufficiently small,
which can bifurcate from the period annulus surrounding the origin of system
(1). Here

bs+b b
A(R):(bz— 3-; 5—2b0>R3+(a1; 2—2b0>R.

(a) If A(R) #£ 0, then F(R) has at most one positive zero. The limit
cycle associated to this zero is the limit cycle obtained with the av-
eraging theory of first order.

(b) If
(4) b2=¥+2b0 and a1=—¥+2b0,
then
In(R? + 1)

B(R) = R(aR*+ ) + v 7
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where
o= (b4 — 2a3 + 2by — 8ag — 2a5 + 4a2)b3 + (4b0 - b5)(2b1 — b4),
ﬂ = (20,4 — 463)110 + (*4(13 + 8b1 - 2b4)b0 -,
Y= ((14 + 2b3)(b1 —az —as + ag).

Now the positive zeros of F(R) are those of B(R). So F(R) has
at most two positive zeros. The limit cycles associated to these ze-
ros are the limit cycle obtained with the averaging theory of second
order.

Theorem 1 is proved in Sections 3 and 4.

Since system (1) has two centers, one at the origin and the other at the
point (0, —1) when we perturb it as in (3) they can bifurcate limit cycles from
the period annuli of both centers. We say that system (3) for ¢ sufficiently
small has the configuration (i,7) of limit cycles if from one period annulus
bifurcate ¢ limit cycles and from the other j. We shall prove in Section 5
the following result.

Theorem 2. System (3) for e sufficiently small can exhibit the following
configurations of limit cycles (0,0), (1,0), (2,0), (1,1) and (1,2).

2. PERIODIC SOLUTIONS FOR PERIODIC DIFFERENTIAL EQUATIONS VIA
AVERAGING THEORY

In this section we summarize the main results on the averaging theory
that we will apply to our quadratic polynomial differential systems (1).

The next theorem provides a first order approximation for the periodic
solutions of a periodic differential system, for a proof see Theorem 2.6.1
of Sanders Verhulst [6] and Theorems 11.5 and 11.6 of Verhulst [7]. The
original theorems are given for a system of differential equations, but since
we will use them only for one differential equation we state them in this
case.

Theorem 3. Consider the following two initial value problems

(5) i =cf(t,x) +e*h(t,x,e), x(0)= o,
and
(6) g=cf"(), y(0) =0,

where x,y,xg € D, D is an open subset of R, t € [0,00),¢ € (0,e0], f and
h are periodic of period T in t, and

(7) fly) = %/0 F(t,y)dt.

Suppose that
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(i) f,0f/0x,0?f/0x? and Oh)Ox are defined, continuous and bounded
by a constant independent on e in [0,00) x D and e € (0,&0];
(ii) T is independent on &; and
(iil) y(t) belongs to D on the time—scale 1/e.
Then the following statements hold.

(a) On the time—scale 1/ we have that
xz(t) —yt) =0(), as e—0.
(b) If p is an equilibrium point of the averaging system (6) such that

(8) (2£°/0y)(p) # 0,
then there exists a T—periodic solution ¢(t,€) of equation (5) which
is close to p such that ¢(t,e) — p as e — 0.
(c) If (8) is negative, then the corresponding periodic solution ¢(t,e) in
the space (t,x) is asymptotically stable for e sufficient small. If (8)
s positive, then it is unstable.

The next theorem provides a second order approximation for the solutions
of a periodic differential system, for a proof see Theorem 3.5.1 of Sanders
and Verhulst [6], and Corollary 6 of [4].

Theorem 4. Consider the following two initial value problems

(9) T = Ef(ta .’E) + 629(t,1') + ggh(tvl'vg)v SU(O) = Zo,
and
(10) g=cf’(w)+2 ) +°9°(y),  y(0) = o,

with f,¢.[0,00) x D — G : [0,00) x D x (0,9] — R, D an open subset of
R, f, g and h periodic of period T in t, and

1
(1) Ft3) = Syt 0) — 2 o),

where
(12) f@wrzl<ﬂam—f%mmS+am,

with z(x) a C function such that the averaging of y' is zero. Besides,
O, 19 and ¢° denote the averaging functions of f, f* and g, respectively,
defined as in (6). Suppose that

(i) 0f/0x is Lipschitz in x and all these functions are continuous on
their domain of definition;
(i) |h(t, x,€)| is bounded by a constant uniformly in [0, L/e)x Dx(0,&0];
(iii) T is independent on €; and
(iv) y(t) belongs to D on the time-scale 1/¢.
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Then
(a) On the time—scale 1/ we have that

x(t) = y(t) + eyl (t,y(t)) + O(?), ase — 0.

If, in addition, f°(y) =0, then the following statements hold.
(b) If p is an equilibrium of the averaging system (10) such that

(13) a%(fm(y) L W) () #0,

then there exists a T—periodic solution ¢(t,e) of equation (9) which
is close to p such that ¢(t,e) — p ase — 0.

(¢) If (13) is negative, then the corresponding periodic solution ¢(t,¢)
in the space (t,x) is asymptotically stable for e sufficient small. If
(13) is positive, then it is unstable.

We consider a planar integrable system of the form

i=Plx,y), §=0Q(@y),
with an integrating factor u(z,y) # 0, a first integral H, and a continuous
family of ovals
(14) {m} C{(z,y) s H(z,y) = h,hy <h < ha}.
We perturb this system as follows
¥ =Q(z,y) +eq(x,y).

In order to study the number of limit cycles of system (15) for sufficiently

small € by using the above averaging theorems, we need to transform system

(15) to the canonical forms (5) or (9) for applying the averaging theory. The
following result of [1] provides a way for a such transformation.

Theorem 5. Assume that 2Q(z,y)—yP(x,y) # 0 for all (x,y) in the period
annulus formed by the ovals {vn}. Let p: (vV/h1,Vha) X [0,27) — [0, 00) be
a continuous function such that

(16) H(p(R, ¢) cos o, p(R, p)sinp) = R?,

for all R € (Vh1,vVhe) and all ¢ € [0,27). Then the differential equation

which describes the dependence between the square root of energy, R = V/h,
and the angle ¢ for system (15) is

dR  p(2®+y*)(Qp— Pq) qr — py
U7 3 = SRQu - Py) (1_8Qx—Py

where x = p(R, ) cosp and y = p(R, ) sin .

> + 0(e?),
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3. BIFURCATION FUNCTION
Let

(18) p=p(p,R) = R(Rsinp + 1/ R%sin® ¢ + 1),

then from (2) we have
R?+1
2 )
Comparing the right hand side of (19) with (16), we use (R?+ 1)/2 instead

of R?, this makes the only difference of removing the factor 2 from the
denominator of the right hand side of formula (17). We define

Fi(z,y) Gi(,y)
R(y+1)(2y +1)¥’ (22 +y2)(y+1)’

(19) H(p(, R) cos @, p(ip, R) sin p) = 0 <R < oo

(20) F(.’L’,y) = G(m,y) = _F(xay)

where
Fy = —b3x4 + (2@3 — 64)1'33/ + (20,4 + by — b5)x2y2 + (2a5 + b4)xy3
+b5y4 + ((lg — bl)l‘?’ + (2&1 + ag — by + b3)x2y
+(2a2 + as + by + ba)zy® + (b + bs)y> + (a1 — bo)x?
+(az + by + 2a0)xy + (by + bo)y? + aox + boy,

G = bza® + (by — az)z?y + (bs — aq)vy? — asy® + by?
+(by — a1)zy — asy® + boz — agy.

Then by using Theorem 5 we transform system (3) into the form

(21) % = f(¢,R) e+ g(p, R)* + O(%),
where
(22) f = F(p(¢, R) cos @, p(i0, R) sin o),

9= G(p(p, R) cos g, p(ip, R) sinp).
In order to use Theorem 3 we need to computer the first averaging func-
tion fY(R) defined by
1 2m
(23) FUR) = o [ fle, R)dep.
T Jo
From (22), (20) and (18) we find that

f2(907 R)

\/RQSiDQQD—l—l’

(24) f(SD7 R) = fl(% R) +
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where

f1 = R[(a1 — by — b3R?) cos® ¢ + (as + by — 2a9+(2b; — by) R?)sing cosyp
+(by — 3bg + (2by — bs — 4by) R?) sin? ¢,
fo = [(—2b1 + bg)R* + (by — a2 + a5 — 2b1 + 2a9) R% + a0] cos ¢
+R2[(2by — by)R% — a5 + by — by + az — 2ag + az) cos® ¢
+[bsR* + (—ay + bs + 3bg + ag — by) R? + bo] sin ¢
—R?[(2by — 4by + b3 — bs)R? + ay — ay + bz — 2bg + by — bs] sin® .

Hence, by direct computation we obtain

1 27
Pw= 5 [ ntemde
(25) O b a1 + by
= (bg -y 2b0> R + (2 — 2bo) R.

From this result we find that f°(R) has at most one zero for R > 0. Since
system (1) is in the intersection of reversible and generalized Lotka—Volterra
systems, the first order averaging could not give a maximal number of limit
cycles of the perturbed system. So we will use Theorem 4 to compute the
second order averaging. Hence, we take f°(R) = 0, that is

bs + b
(26) by = % +2bg, a1 =

by + b
- 3; 5+ 2by.

Substituting (26) into (24), we obtain the new expressions of f; and f; as
follows.

fi= R|( — bg + b3 R?) (sin® ¢ — cos? )
(27) +(as + b1 — 2ag + (2by — bs)R?) sin p cos ),
pCos

b3 + by
2

fo= aiicosp+ aizcos @ + Bi1sinp + Bigsin® o,
where

a11 = ag + (bs + as + 2ag — az — 2b1) R? + (by — 2b1) R?,
13 = [(IQ +as + bl — b4 — a5 — 2(10 + (2b1 — b4)R2]R2,
B11 = bo + (b3 + as — bg) R? + by R*,

B3 = [2bg — ag — 2bz — 2b3 R?|R%.
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To compute the function f!(p, R) given in (11), we first need to find
y(p, R) given in (12). Direct computation gives

1
\/R2C(_)—+(p+1dap: = In (Rsinap+ \/stin2<p—|—1),
sin® ¢

cos® ¢ sin g/ R2sin? ¢ + 1

dp =

VR2sin? p + 1 2R?
2R? +1
—i—# In (Rsincp + v/ R2%sin® ¢ + 1,) ,
i 1 R
MY go= = arctan ——?
VR2sin? p + 1 R VR2sin? p + 1
sin® o doo — cos o/ R2?sin® o + 1
2 2 Y= - 2R2 +
VvV R?sin“p+1
1-R? Recosp
+——5— arctan

2R3 VR2sin® o + 1

From these expressions and using some symmetries we obtain

y(p,R) = ~isin®+yasinpcosp + s

(13 sin @ + B3 cos p)y/R2sin® p + 1

2
+74 1In (R sing 4+ v/ R2sin? ¢ + 1)
Rcos ¢
+v5 arctan

VRZsin? o+ 1
where

1
Y1 = 5[0,2 + b1 — 2ag + (2b1 — b4)R2]R,

1
Yo = 75(173 + b5 - Qbo + 2b3R2)R,

1
Y3 = _E[bl +as — 20:0 + (2b1 - b4)R2]Ra

11 13 (2R2 + ].)

R 2R3 ’

_Pu s (1-R?)
R 2R3 ’

Y4 =

V5 =
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By using (11) and making averaging we have:

I of (¢, R)
29 wR:—/ Y, R) =22 dep.
(29) J“‘()27T0y(<p)aR<;7
Note that
30 ———— = Mi(p,R) + ,
(30) OR e ) ¥ i o s 12
where
b3 + by .
M, = ( CR bo + 3b3R?) (sin?  — cos? p)
+(ag + by — 2ag + 3(2by — by) R?) sin ¢ cos ¢,
My = moj cosp + mao cos® © + Mma3 cos® p+
+moy sin @ + mos Sin3 © + mag Sin5 ©,
with

may = [(3by — 6b1)R* — (az — a5 — 2ag — 5by + 10b1) R?
+3ag — 2as + 2by + 2a5 — 4b1] R,

mag = [6(2b1 — by) R* + (2a2 — 4ag + 11b; — 6by + a3 — 2as5) R?
—2a5 — 3ag + 2az + 2a3 — 2by + 2b1| R,

maz = [3(by — 2b1)R? — az + 2ag — by + a5 + by — az]R3,

maog = 2(2b3R? + b3 — by + a4) R,

mas = [3bgR* 4 (as — by — Tbs) R? + 3by — 4b3 — 2a4]R,

mae = (—6b3R% + 2by — ay — 2b3) R3.

Substituting (27), (28) and (30) into (29), and using the symmetry property,

we have
(31) f1(R) = Wi(R) + Wa(R) + W3(R),
where
1 2’71'
Wi(R) = > ; (71 8in? @ + Yo sin @ cos @ + v3) M1 (¢, R)dep,
1 °T (g sin g + Bz cos ) Ma(p, R)
Wo(R) = — dp,
2(F) 4w R? /0 R2sin® o +1

1
Ws3(R) = %[’M (moa A1 + mas Az + mogAs)+

+75 (ma1 B1 + mas Bs + ma3gBs)],
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with
A(R) = /2’TsmjcplnRsmgo+\/R2sm p+1 135
J - o (RZSIH QO“F )3/2 P J=1,9,9,
2 i
cos’ Rcosyp )
B;(R) = arctan ———=—=dyp, j =1,3,5.
i(R) /0 (R2sin? ¢ 4+ 1)3/2 VR2sin? o + 1 ¥ J

To compute A;(R) and B;(R), we need the following integrals, which
were obtained by using the technique to make a derivative of an integral
with resect to a parameter, and solve a differential equation satisfied by the
integral.

2m
Iy(R) = / [sin ¢ (R?sin® ¢ + 1)Y/2 In(Rsin ¢ + \/RQSTQHI)]d(p
0

2 2 2
2R[(R + 1) In(R* + 1) + R7],
2
™ [sin ¢ In(Rsin +vR2sin?p+1
0

R*+1
(R2sin? p +1)1/2 In(R"+1),

27
sin ¢ In(Rsin ¢ + v/ R? sin® p + 1
n(r) = [ — - z
0

(R2sin? p +1)3/2
2n(VR?+1-1)

R(R*+1)
27
R
Jo(R) :/ cosnp(RZSmQSp+1)1/2 arctan#dw
° VRZsin? g + 1
T
= —(1 2 1 2
s IR+ 1)+ ’Y),
2
cos ¢ Rcosp
Sl :/ arctan —————*  do —
S R CZE R VR o1
= (R + 1)
27
cos Rcosy
Js(lt :/ arctan ——— 1 dp =
T, VRS o1

2r(VR?+1-1)
RVRZ+1
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An elementary computation gives

Ay =13,

Az = (I, - I3)/R?,

As = (Ip — 21 + I3)/R?,

By, = Js,

Bz = ((R?>+1)J3 — J1)/R?,

By = ((R2 + 1)2.]3 — 2(R2 + 1)J1 + Jo)/R4

Now we may give the results for f1°(R) = Wi (R)+ Wa(R) + W3(R), but
we do not write down it, because the expression is very long. Once we finish
the calculation of g"(R), we will find that the expression for f1°(R)+ ¢°(R)
is very simple. The whole calculations can be done by using some algebraic
manipulator as Maple or Mathematica.

From (21) and (20) we can find the expression for g(y, R) which is given
by
(32)

_1 __ e R) _ p@R)
9o, R) = & <f1(<p,R)+ m) (gl(sv,R)Jr \/m)

where f; and fo are the same as in (27), and g; and g, are as follows:
g1 = [—b1 cos? o + (2bg — b3 — bs) sin @ cos @ + (ag — 2ag) sin? @] R,
g2 = R%(2by — 2b3 — a4) cos® p + ((ag — 2by + b3)R? — by) cos ¢
+R2%(2ap — ag + as + by — by — az) sin® p+
+((az — by + b1) R? + ag) sin .

Hence, we have

(33)
9°(R) !

_ 2 f2(@aR)92((paR)
=5 n 5= dcp) .

2m
R)g1(0, R) dep +
([ 5ot maps [~ 2 D0

Finally, from (31) and 33) we obtain

B4 BE) = R + () = R(aR? + )+ Y,

where
o = (b4 — 2as + 2by — 8ag — 2as5 + 4&2)[)3 + <4b0 — b5)(2b1 — b4),

8= (2&4 — 4b3)a0 + (—4&3 + 8b1 — 2b4)b0 -,
v = (a4 + 2b3)(b1 —as — a5 + (12).
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4. DISCUSSION OF THE BIFURCATION FUNCTION

From (34) we have that the Jacobian

D(a,3,7)

(35) D(as, b, bs)

= 4(b4 — 2[)1)(@4 + 2[)3)&0.

Hence, if we choose (by — 2b1)(ay + 2b3)ag # 0, the coefficients in the bifur-
cation function B(R) can be chosen freely. Since we may divide B(R) by
one of non-zero coefficients, the number of independent coefficients actually
is two.

In fact, if v = 0, then B(R) has at most one positive zero; if v # 0, to
study the number of its positive zeros, we may change B(R) into the form

(36) Bi(R) =v(R*(aR* +b) +In(R* + 1)), 0< R < +oo.

Since

7
R?+1

it has at most 2 positive zeros, implying B(R) has at most two positive

Z€ros.

On the other hand, if we choose a = 0.02 and b = —0.5, then B;(R)
(hence B(R)) has exact 2 positive zeros at Ry ~ 1.869, Ry ~ 4.0287.

B}(R) (2a R* + (2a + b) R* + 1 + b),

5. LIMIT CYCLES SURROUNDING ANOTHER CENTER

To consider the bifurcation from another annulus surrounding the center
at (x,y) = (0, —1), if we keep the condition (26) and make changing (z,y) —
(x,u — 1), followed by (z,u) — (2, —y), then we obtain

&= —y+ a2 —y?+e(ag+ a1z + oy + azx? + agry + asy?),

T a1 29) & € (Bo+ Baz + Bay + Bz + by + bsy?),
where
ag = ag + a5 — az, d1:2b0—%37%57a4’
az = (2a5 — as), as = ag,
aq4 = —ayq, as = as,
(38) 50:bo+b§3—%”, by =by— b,
6222504-])*3—%, b3 = —bs,

’ 2 2 ’
by = by, bs = —bs.
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If we keep the condition (26) together with a similar condition for this
new system, i. e.

+2by, a1 = + 2by,

T bs + bs bz + bs
39 by = _
(39) > 5 5
then we have
(40) a4 + 2bs = 0.
This implies a4 +2b3 = 0. Comparing with (34), we find v = 4 = 0, hence it
is impossible to construct (2,2)—distributions of limit cycles, and this fact
was proved by P. Zhang in general (see [8]).

If we make suitable additional perturbation, then it is possible to con-
struct (2,1)—distributions of limit cycles. In fact we use formula (25) for

the system (37), then we find the first order averaging for another annulus
is

(41) FRR) =GR+ R,
where - -
= b3+b - a1+ b _
G =by— 32 =2y, (= 12 2 — 2by.
By the equalities (38) we have that
as +2b
G =0, C2=—42 2.

To obtain 2 hyperbolic limit cycles surrounding the singularity in upper half
plane for sufficiently small €, we need the condition that the Jacobian (35)
is different from zero, which implies (o # 0. Now we change bs to by + 9,
where § sufficiently small: 0 < |§| < [e], such that the hyperbolic limit
cycles still exist, and 0 < |(1] < |¢2f, (1 ¢2 < 0 in formula (41), and this
gives (2,1)—configuration of limit cycles.

The other configuration of limit cycles stated in Theorem 2 can be con-
structed similarly.
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