Electronic Journal of Qualitative Theory of Differential Equations
2013, No. 61, 1-11; http://www.math.u-szeged.hu/ejqtde/

ON THE DULAC FUNCTIONS FOR MULTIPLY CONNECTED
DOMAINS

OSVALDO OSUNA, GABRIEL VILLASENOR-AGUILAR

ABSTRACT. We provide a method to find Dulac functions in multiply connected
domains using partial differential equations. We also present some applications
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1. INTRODUCTION

Many important problems of the qualitative theory of differential equations in the
plane are related to closed orbits, and this is reason to study them. But, deciding
whether an arbitrary differential equation has or does not have periodic orbits, and
how many they might be, are difficult questions that remain open. Given an open
set 1 C R? we consider
(1) { '7:71 :fl(xlaxZ)a

Ty = folz1,22), (71, T2) € L,
where f1, fo are C''-functions.

The Bendixson—Dulac criterion is well-known on the non-existence of periodic
orbits for planar differential system. We state this criterion (see [4, p. 137]), and
throughout the paper we will use the Lebesgue measure.

Theorem 1. (Bendixson—Dulac criterion) Let h(z1,z) be a C'-function in a
simply connected domain Q C R? such that %llh) + %Qgh) does not change sign in §2
and vanishes at most on a set of measure zero. Then the system (1) does not have

periodic orbits in Q.

The Bendixson—-Dulac criterion gives a sufficient condition for the non-existence
of periodic orbits in simply connected sets. However, the Bendixson—Dulac criterion
requires an auxiliary function, a Dulac function, which is not easy to find. The
Bendixson—Dulac criterion admits some important generalizations, for example to
multiply connected domains, which provides bounds for the number of limit cycles.
Thus the Bendixson—Dulac criterion and their extensions are a very useful tool for
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investigation of limit cycles, following the works [1, 3|, we can see that is necessary
to study expressions of the type

oh oh of1  0fs
f16_x1+f2(‘)_x2+8h <8_x1+3_x2) 5
where s € R and h are unknowns to be determined, we continue calling A a Dulac
function. As already mentioned, the downside of these results is that there is no
algorithm for finding h, although there are some procedures (see [1], [2] and [3]) that
apply to certain systems; frequently Dulac functions are obtained by intuition.
Our goal in this paper is to present a method to construct Dulac functions for
multiply connected domains, which is based on solutions of certain partial differential
equations. The method is systematic and has advantages of application for several
systems. We also give some applications and examples in order to illustrate the
applicability of the results.

2. PRELIMINARIES AND RESULTS

Consider the vector field F(x1,22) = (fi(x1,x2), fa(1,22)), then the system (1)
can be rewritten in the form

(2) &= F(z), r = (x1,22) € QL.

As usual the divergence of the vector field F' is defined by
. . 0 0

div(F) = div(fi, f2) = a—Q + a—a{z

We consider C°(Q, R) the set of continuous functions and define the sets
Fo ={f € C%Q, R* U{0}) : f vanishes only on a measure zero set},

and
Fo = Fg UFG.

Recall that an open subset Q C R? intuitively is said to be I-connected if it has
[-holes, that is, if its first fundamental group is a free group with /-generators, we
denote [(§2) = .

For h: Q@ — R a continuous function, let Z(h) := {z € Q : h(z) = 0} be the set
of zeros of h.

Following [3] we denote by (€2, h) the sum of the quantities I(U) over all the
connected components U of 2\ Z(h), also denote by co(h) the numbers of closed
ovals of Z(h) contained in €.
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The following proposition states a version of extended Bendixson—Dulac criterion:

Proposition 1. [3, cor. 1] Let Q C R? be an open set with a regular boundary.
Suppose that for an analytic function h : Q — R and a real number s we have

oh oh ofy  0f )

3 M, = fi— —+sh|=—+=—|=(VhF hdiv(F),

(3) f1ax1+f28$2+8 <0$1+8a:2 ( ) + shdiv(F)

does not change sign and vanishes only on a measure zero set. Then the limit
cycles of system (1) are either totally contained in Z(h), or do not intersect Z(h).
Moreover, the number of limit cycles contained in Z(h) is at most co(h) and the
number N of limit cycles that do not intersect Z(h) satisfies

Q) if s>0,
(4) N<{ 0 if s=0,
(L h) if s<O.

Furthermore, for any s # 0 the limit cycles of this second type are hyperbolic.

We call a function A in Proposition 1 a Dulac function. Note that this result also
provides information on the cycles’s hyperbolicity, which is of interest in relation to
perturbation problems. This result gives a tool to delimit the number of limit cycles
when a Dulac function A is known. Next, following results for simply connected
sets in [5], we present a method for obtaining Dulac functions involving solutions of
certain partial differential equation. We have the following:

Proposition 2. Let Q C R? be an open set with a reqular boundary. Suppose that
there are both s € R and a function ¢ : 0 — R such that

(5) (Vh, F) + shdiv(F) = ch,

admits an analytic solution h, with ch defined on Q and does not change sign and
vanishes only on a null measure subset. Then h is a Dulac function and the conclu-
sions of Proposition 1 are true. In particular, the number of limit cycles contained
in Z(h) is at most co(h) and the number N of limit cycles that do not intersect Z(h)
satisfies

Q) if s>0,
(6) N<{ 0 if s=0,
I(QLh) if s<O.
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Proof: The function ch is positive or negative and only vanishes on a zero measure
set. We propose M, with the specific form M, = ch, now we substitute this relation
into the equation (3); thus we get the expression

ch = (Vh, F) + shdiv(F),

since ch does not change sign and vanishes only on a null measure subset, then the
hypotheses of Proposition 1 are satisfied. Therefore the validity of the result follows.
O

Remark: Note that it is possible to take the function ¢ finite almost everywhere
on €2, but ch defined and finite on all 2.

Next we consider some examples and applications to illustrate the proposed tech-
nique.
Example 1. Consider the system
{ Ty =I1—$2—Ti’a

jfg :ZL‘l—I—I'Q—I'%.

The associated equation (5) is

oh ~. Oh
(7) (w1 — 22 — 2f)=— + (31 + 22 — 553)—8
)

o = h(c— s(2 — 322 — 322)),

taking
—4(af +23) — F(af + af) —6afaf + 1
a3+ 344

note that ¢ € Fo, where Q := {(x1,22) € R? : 2 + 23 > 2}, besides, if s =1 then

CcC =

Y

h(l’l,l'g) = IL‘% + $g + 5,
is a solution of the equation (7); furthermore, h is a Dulac function on §).
Since Z(h) = 0 it contains no ovals. In particular, co(h) = 0.

Since [(2) =1 and s > 0, then by Proposition 2 the system has at most one limit
cycle in €.

Example 2. The next system has exactly one limit cycle.

(8) it'l = Z'zl)) + l’ll'g — X1 — Ta,
By = a5+ 222 + 11 — To.
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The associated equation (5) is

oh
(23 + 2125 — 21 — T9) o— + (T3 + 222% + 11 — 29) =— = h[c — s(4x? + 423 — 2)].

8901 (91‘2

Assume that h = h(z) depends on a function z = z(x1, x5), thus we get

0z | dlnh
9 3 2 _ z 3 2 _ ~ = c—s(dz?+422-2).
(9) |(x) +x125 — 11 x2>81‘1 + (x5 + xox] + 21 m2)8$2 i c—s(4x]+4x5—2)
o . 0z 0z ,
To simplify the equation we take z such that —an— —i—xla— = 0, hence we obtain
T T2

z =22 + 22 and (9) reduces to

dlnh  c¢— s(4a? +4x3 —2)

10
(10) dz 2(x3 + 2) (a3 + 23 — 1)’

where the right side depends on z, denoted by n; for simplicity we take n(z) = %

Rewriting we obtain

22(z — 1) + s(42? + 423 — 2)2

11 =
(1) : ! ,
choosing s = —1, we get ¢ = —2(z} + x3) and equation (10) is written as
oh
o _ 1
h 2

whose solution s
2 2
h(xy,20) = 2 = o] + 5.

We note that ch = —22%, which is continuous, does not change sign, and vanishes
only on a measure zero set; therefore, h is a Dulac function.

Note that Z(h) = {0} contains no ovals, and in particular co(h) = 0.

Since s < 0 and (R, h) = 1, then by Proposition 2, the system has at most one
limit cycle in R2.

Furthermore, it is easy to check that z—1 = 0 is a periodic solution for the system.

It is well known that gradient systems never possess periodic orbits. In this case,
Proposition 2 yields the following:
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Example 3. Let V : R? — R be a C?-function, which vanishes at most only on
a zero measure set, then the system © = —grad V(x) admits a Dulac function and
does not support periodic orbits.

Indeed, the associated equation (5) is

_8V oh B oV 0Oh

(’3x1 8.1'1 8:)02 8[172
Taking c(x) = —||grad V (z)|| and s = 0, then h(z) = exp(V (z)) is a solution of the
equation (12); furthermore, h is a Dulac function on RZ.

Since Z(h) = 0 and s = 0, then by Proposition 2 the gradient system admits no
pertodic curves.

(12)

= h(c+ s(div(grad V))).

Example 4. Consider the system

Ty = 'Iga
iy = (5a? — 1)a3 — x3
The associated equation (5) is
oh oh
(13) x%a—a:l + (527 — 1)a3 — 23}) 92y h (¢ — s3z3(527 — 1)),
, 5 0z 53 02 24 ph
taking z such that :1728— — xla— =0, then z = % + - + a for some constant a
X1 Lo
and (13) becomes
(14) dinh _ c— in%(QSx% - 1),
dz x§(bxy — 1)
since the right side depends on z, denoted by n, thus
(15) c=—-n(z) (xg(f)x% -1)) + s3z3(5x% — 1),
taking s = —3, n(z) = < and simplifying we have
B _x%(t'm% — 1)(z] + 4a)
— . ,
taking a = —ﬁ, then
(16) _ w3(5af — 1)*(5ai + 1)

252 ’
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dlnh
dz

choosing ¢ in this way, then (14) becomes = z whose solution is

xy af 1
4 4 100
Since ch € Fg2, then h is a Dulac function.

Note that Z(h) is an oval, then co(h) = 1; nevertheless Z(h) contains no limit
cycles, because the vector field is not tangent to Z(h). Also I(R%* h) = 1, thus by
Proposition 2 the system has at most 1 limit cycle in R2.

h(xy,x9) = 2 =

The next application gives us information about the widely known uniqueness of
limit cycles for Van der Pol’s equation. However we want to point out the technique
to produce a Dulac function given by Proposition 2.

Example 5. Forr € R, the Van der Pol’s system

) {0 ™

iy = —e(x? + 1)1 — 79,

has at most one periodic orbit. In effect, using the associated equation (5) we have

oh oh
(18) $2(9_a:1 + (—e(@? 4+ 1)1 — 91;1)8—:(72 = h(c+ s(e(x? +71))).
We can assume that r # 0, otherwise the result follows from Theorem 1. Now we
try to solve (18) for some c satisfying the conditions of Proposition 2. First assume

that h = h(z) depends on a function z = z(x1,x2), thus we get

0z 0z | Oh
(19) mga—xl + (—e(a] + 1) — 21) 52| 77 h(c+ se(zi+7)),
S . 0z 0z
to simplify the equation we take z such that ro—— — vr1—— = 0; hence we define
(91'1 8352

z 1= a2 + 2% + a for some constant a and (19) reduces to

20) % _c+se(a+)
h —2e(x? +r)z3’
where the right side depends on z, denoted by n. Rewriting we obtain

(21) c = —2en(2)(x] + r)as — se(z] + 1) = — (2] + r)e[2n(2) x5 + 5],

%, and note that

223 + s(z + a3 + a)
9 2 _ 4T3 125

for simplicity we take n(z) =

Y
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—2e(z2+41)2

P e e and equation (19) is

from here we choose s = —2 and a = r, then ¢ =
written as

whose solution s

h(zy,m9) = 2 = 22 + 23 + 7.
We note that ch = —2¢(z? + r)?, which is continuous, does not change sign, and
vanishes only on a measure zero set; therefore, h is a Dulac function.

If r >0, Z(h) contains no ovals, then co(h) = 0. Also [(R% h) = 0; therefore by
Proposition 2, the system admits no periodic orbits.

On the other hand, ifr < 0, Z(h) is a circle, and therefore co(h) = 1; nevertheless,
Z(h) contains no limit cycles, because the vector field is not tangent to Z(h). Also
[(R% h) = 1, thus by Proposition 2 the system has at most 1 limit cycle in R?.

We note that in particular, we have recovered the celebrated Dulac function due
to Cherkas.

The next result deals with the non-existence of periodic orbits for the system (1).

Proposition 3. If fi + fa, does not change sign, and vanishes only on a measure
zero set, then the system (1) admits no periodic orbits in R2.

Proof: The associated equation (5) is

oh oh
(22) ]01(9617952)6—961 + f2(351>$2)8—$2 = hlc — s(div(fi, f2))]-
taking z = x; + x9, the equation (22) becomes
(23) (Fleras) + ol e) T — o s(aiv(i, ).

Taking ¢ = f1 + fo and s = 0, we have that h(zy,x2) = exp(z1) exp(z2) is a solution
of the equation (23); therefore, h is a Dulac function.

Since Z(h) = () and s = 0, then by Proposition 2 the system (1) admits no
periodic orbits in R2. O

Example 6. Consider the system

j’)l = l’% + are — $1£IZ'%,
iy = at — aze + 1175
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Since fi(x1,z2) + fow1, 20) = 22 + 21, then by Proposition 3, the system supports
no limit cycles.

Now we consider the system
jﬁ'l = k(xg),
(24) { To = 1(x1) + m(zy)ahy, r > 1.
The following proposition gives conditions that do not admit limit cycles for this
system.
Proposition 4. If any of the following conditions holds
(1) Meho) e 7,
(2) m(z1)ask(zs) € Fre,
then the system (24) admits no periodic orbits.

Proof: In the first case the associated equation (5) is

oh oh
(25) k<x2)3_x1 + (I(z1) + m(xl):cg)a—gc2 = hlc — s(m(xy)ray ).
Now assume that h = h(z) depends on z = z(x1,x2), thus (25) is written as
0z | dlnh r—1l

k<x2>§—; T (U(2) + mle)a)

= c— sm(xy)rzy

8_1’2 dz
taking z such that k(x )2 +m(x )[ET% =0, ie, z= [" MO dr — ["m(r)dr

g 2 8.1'1 1 26.’132 — Yy 1oy - ()" .
This yields

dinh  ab(c— s(m(z)rah ™))

dz k(x2)l(z1)

(26)
Inh

so taking ¢ = % and s = 0, the equation (26) is written as = 1, whose

2
solution is h(z1, z2) = €* = exp( ™ ’Eg) dr — [*" m(7)d7) which is a Dulac function;

note that Z(h) contains no ovals, and in particular co(h) = 0. By Proposition 2 the
system (24) admits no periodic orbits.

For the second case: we take z = z(x1, x2) such that

0z 0z
k(xe)=— +1 — =0.
(xz)axl + (xl)aﬂfg
The proof proceeds in an analogous way. a
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Example 7. Consider the system

i‘l - .1'2,
iy = — (21 + 322 + (1 + 22y + 420)23.
By (1) in Proposition 4, the system supports no limit cycles.
The next result deals with the uniqueness of periodic orbits for special cases (24),

we have the following:

Proposition 5. Ifk(z2) = 22 and m(zy) L(x1)xh " € Fre, where L(x1) = [*11(s)ds.
Then the system (24) has at most one limit cycle.

Proof: The associated equation (5) is

oh - Oh .
(27) k:(:vg)a—xl + (I(z1) + 777J(:U1)932)6—g[:2 = hlc — s(m(zy)ray ™).
Now assume that h = h(z) depends on z = z(xy, z2), thus (27) is written as

0z 0z | dlnh

l{:(x2)6—$1 + (I(xq) + 77”L(x1)x§)a—%2 o =C- sm(zy)ray !,
. aZ 82 . X9 x] :
taking z such that k(ze)=— +l(z1)=— =0, L.e., z = [ k(7)dr — [7" I(7)dr. This
6271 8&72
yields
(28) dinh _c— 5(771(561)7%72"’1)7
dz m(xq)k(xe)xh

where the right side depends on z, denoted by 1. Rewriting we obtain
(29) ¢ =n(z)m(z1)k(z2)2s + s(m(z:)ray ™),

taking 7(z) = %, then

m(w )k(s)a + s(m(z)ray ) (% — L(zy))

30 = ,
(30) ‘ -
r—1
from here we choose s = —%, thus ¢ = —M and equation (30) is written
as
dinh 1
dz 2’

whose solution is
h(zy,29) = 2 = 22 — L(x1).
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Since ch = 2m(x;)L(z;)x5 ! which is continuous, does not change sign, and vanishes
only on a measure zero set; therefore, h is a Dulac function. therefore, h is a Dulac
function.

Note that Z(h) has at most one oval, and therefore co(h) = 1; nevertheless, Z(h)

0
contains no limit cycles. Indeed, the condition k(:vz)—z + l(xl)—z = 0, implies

8371 81’2
that the vector field (z,(z1) + m(xq)z}) is not tangent to z = 0.
Since s < 0 and [(R? h) = 1, then by Proposition 2 the system (24) has at most
one limit cycle in R2. O
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