BIFURCATION OF LIMIT CYCLES FROM A
4-DIMENSIONAL CENTER IN CONTROL SYSTEMS
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ABSTRACT. We study the bifurcation of limit cycles from the periodic
orbits of a 4—dimensional center in a class of piecewise linear differen-
tial systems, which appears in a natural way in control theory. Our
main result shows that three is an upper bound for the number of
limit cycles, up to first order expansion of the displacement function
with respect to the small parameter. Moreover, this upper bound is
reached. For proving this result we use the averaging method in a
form where the differentiability of the system is not needed.

1. INTRODUCTION

Piecewise linear differential systems appear in a natural way in control
theory. These systems can present the complicated dynamical phenomena as
the general nonlinear differential systems. Some of the main ingredients in
the qualitative description of the dynamical behaviour of differential systems
are the number and distribution of the limit cycles.

The purpose of this paper is to study the existence of limit cycles of the
4—dimensional control system

2’ = Apz +eF(x), (1)

for || # 0 a sufficiently small real parameter, where

0 -1 0 0
1 0 0 0

do=1¢g o o 1|
0 0 1 0

and F : R* — R* is given by
F(z) = Az + p(kT2)b,
with A € M4 (R), k,b € R*\ {0} and ¢ : R — R the piecewise linear
function
-1, for z € (—o0,-1),
olx) = z, foraxe[-1,1], (2)
1, forz e (1,00).
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The independent variable is denoted by ¢, vectors of R* are column vectors,
and kT denotes the transposed vector.

For £ = 0 system (1) becomes
/ ! / /!
Xy = —Xo, Ty =T1, Ty = —T4, Ty = T3. (3)

We notice that the origin is a global isochronous center for (3), i.e. all
its orbits are periodic with the same period. A limit cycle is an isolated
periodic orbit in the set of periodic orbits. The Poincaré mapping (or,
equivalently, the displacement map) is a suitable tool for studying limit
cycles of autonomous systems (detailed explanations can be found in [3, 5]).
We remind that a limit cycle of some system corresponds to an isolated zero
of the displacement function. Our main result is the following.

Theorem 1. Three is the upper bound for the number of limit cycles of
system (1) which bifurcate from the periodic orbits of system (3), up to
first order expansion of the displacement function of (1) with respect to the
small parameter € . Moreover, there are systems (1) having exactly three
limit cycles.

The proof of Theorem 1 is based on the first order averaging method.
We will present this method in Section 2, in the form recently obtained in
[1]. The advantage of this result is that the smoothness assumptions for the
vector field of the differential system are minimal. In particular, it can be
applied to piecewise linear differential systems, which are not C? (not even
C1), as it was required in its classical version, see for instance, Theorem
11.5 of Verhulst [13].

The proof of Theorem 1 will be the subject of Section 3. The first step
in the study of system (1), Lemma 1, is to reduce the number of param-
eters by a linear change of variables. The next objective is to transform
the system into one which is in the standard form for averaging. This is
accomplished in Lemma 2 by a change of variables which is related to the
first integrals of system (3). A difficult problem will be the estimation of
the number of isolated zeros of some 3-dimensional function with 3 vari-
ables, or, equivalently, of the number of equilibrium points of the averaged
system. Proposition 4 gives the answer to this question and it will be used
in the proof of Theorem 1, after noticing the relation between the averaging
method and the displacement function. In Section 4 we will give the proof
of Proposition 4.

Some of the above ideas can be found in the literature, and sometimes
they were treated in a general setting.
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The authors of [2] study canonical forms for n—dimensional continuous
piecewise linear differential systems. Using their terminology, system (1)
belongs to the class of symmetrical 4-dimensional continuous piecewise—
linear circuits with three zones. As a brief explanation of this terminology,
it is easy to see that the phase space of (1) can be divided into three regions,
such that this system restricted to each region is linear. The change of the
variable x to —x leave the system invariant, so there is a symmetry. We
notice also that electric circuits are described using piecewise linear systems.

Due to the specific form of our problem, the results of [2] can not be
applied.

Reference [6] can be seen for a theoretical discussion about suitable trans-
formations of high dimensional differential systems which are small pertur-
bations of a center, into the standard form for averaging. The general idea
is to relate this change of variables to the first integrals of the center.

The averaging method has been used in [8] to show that, given an ar-
bitrary positive integer n, there exist planar piecewise linear systems with
at least n limit cycles. This is a new argument in support of the idea that
the piecewise linear differential systems can present almost all the complex
dynamics one can see in the nonlinear differential systems.

As far as we know, high—dimensional piecewise linear systems have not
been studied much. There exists a systematic study of the planar ones, for
example in [4, 9, 10, 12]. In [8] the authors studied also limit cycles of a
3—dimensional control system using the harmonic balance method.

Finally, we would like to add some comments related to our approach
to the problem of counting the limit cycles of piecewise linear differential
systems. We chosen here to study bifurcation with respect to a small param-
eter from the periodic orbits of a center, up to first order expansion of the
displacement mapping. For some values of the coefficients, this is sufficient
in order to find the exact number of limit cycles. But, in some other cases,
the first order expansion of the displacement mapping can have non isolated
zeros. Then, a higher order expansion is needed. The study can be done by
using second, third,... order averaging method. A key point could be the
relation between the averaging method and the displacement map due to
the fact that the displacement map of a piecewise linear differential system
is analytic in a neighborhood of a limit cycle. Also, we would like to notice
that our approach open the possibility to study piecewise linear differential
systems with more than three zones, or of arbitrary even dimension.



4 ADRIANA BUICA AND JAUME LLIBRE

2. FIRST ORDER AVERAGING METHOD

The aim of this section is to present the first order averaging method as
it was obtained in [1]. Differentiability of the vector field is not needed. The
specific conditions for the existence of a simple isolated zero of the averaged
function are given in terms of the Brouwer degree. In fact, the Brouwer
degree theory is the key point in the proof of this theorem. We remind here
that continuity of some finite dimensional function is a sufficient condition
for the existence of its Brouwer degree (see [11] for precise definitions).

Theorem 2. We consider the following differential system
o' (t) = eH(t,x) + *R(t, x,¢€), (4)

where H : Rx D — R”, R: R x D x (—¢e5,e5) — R" are continuous
functions, T—periodic in the first variable, and D is an open subset of R™.
We define h : D — R™ as

h(z) = /0 H{s, 2)ds, 5)

and assume that:

(i) H and R are locally Lipschitz with respect to x;

(i) for a € D with h(a) = 0, there exists a neighborhood V' of a such that
h(z) # 0 for all z € V \ {a} and dg(h,V,0) # 0.
Then, for |e| > 0 sufficiently small, there exists an isolated T —periodic so-
lution o(-,€) of system (4) such that o(-,€) — a as e — 0.

Here we will need some facts from the proof of Theorem 2. Hypothesis
(i) assures the existence and uniqueness of the solution of each initial value
problem on the interval [0,7]. Hence, for each z € D, it is possible to
denote by x(-, z,&) the solution of (4) with the initial value z(0, z,¢) = 2.
We consider also the function ¢ : D x (—ey,e5) — R™ defined by

((z,8) = /T [eH(t, z(t, z,€))+
ng(t,a:(t, z,€),€)] dt. (6)
From the proof of Theorem 2 we extract the following facts.
Remark 1. For every z € D the following relation holds
(T, z,e) —x(0, z,¢) = ((z,¢).
The function ¢ can be written in the form

((z,€) = eh(z) +£20(1),
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where h is given by (5) and the symbol O(1) denotes a bounded function on
every compact subset of D x (—ef,e¢). Moreover, for |e| sufficiently small,
z = ¢(0,¢) is an isolated zero of ((-,€).

For concrete systems there is the possibility that the function ( is not
globally differentiable, but the function h is. In fact, only differentiability
in some neighborhood of a fixed isolated zero of h could be enough. When
this is the case, one can use the following remark in order to verify the
hypothesis (ii) of Theorem 2.

Remark 2. Let h: D — R"™ be a C' function, with h(a) = 0, where D is
an open subset of R™ and a € D. Whenever a is a simple zero of h (i.e.
Jn(a) # 0), there exists a neighborhood V' of a such that h(z) # 0 for all
z eV \{a}. Thendg(h,V,0) € {-1,1}.

3. PrROOF OF THEOREM 1

The proof of Theorem 1 is based on the first order averaging method pre-
sented in the previous section. In order to apply this result, we will prove
first that it is possible to reduce the number of parameters and after we will
change the variables in order to transform the system into one which is in
the standard form for averaging. The computation of the averaged function
(5) will be also a special task. Another difficult problem will be the estima-
tion of the number of its isolated zeros. We will use here the solution of this
problem (written in Proposition 4), but we will give the proof in the next
section. The relation between the averaging method and the displacement
function will be also discussed.

In the next lemma we will prove that, by a linear change of variables, it
is possible to reduce the number of parameters. We denote by e;, 7 =1,....4
the vectors which form the canonical base of R*.

Lemma 1. By a linear change of variables, and eventually a permutation
of the variables, system (1) can be transformed into the system

7 = Agx + eAx + cp(x1)b, (7)
where A € My (R) is an arbitrary matriz and b = e; or b = e3.

Proof. Since the linear change of variables x = Jy, with J an invertible
matrix, transforms system (1) into

y = J Y AgJy +eJ T ATy 4+ ep(kT Jy)J s,
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we have to find J such that

J 1 A0J = Ay, (8)
J =0, (9)
ETJ = el (10)

We denote by z;;, i, = 1,2,3,4 the elements of the matrix J. It is easy
to check that (8) is equivalent to

211 %12 213 %14

—Z12 211 —ZX14 21
J = S (11)
231 232 233 234
—Z32 231 X34 233

From (9) we have, when b = e,
z11 = b1, z12 = —ba, 231 = b3, 232 = —by, (12)
or, when b = e3,
213 = b1, 214 = —ba, 233 = b3, 234 = —by. (13)
We replace J given by (11) in (10) and obtain

kiz11 + koz12 + k3z13 + kaz1a = 1,

—k1212 + koz11 — k3214 + kaz13 = 0, (14)
kiz31 + kazsz + k3233 + kazza = 0,

—k1232 + koz31 — k3234 + kaz33 = 0.

These relations, together with (12) or (13) form a linear algebraic system of
8 equations with 8 unknowns (z;;, ¢ = 1,3, j = 1,2,3,4). Straightforward
calculations show that, when k2 + k% # 0, one can find a unique solution of
the system (12) and (14), and when k2 + k% = 0 one can find a unique solu-
tion of the system (13) and (14). This solution provides a matrix J whose
determinant is (b2 + b3)/(k3 + k3), and (b3 + b3)/(k? + k3), respectively.
We remind that we work in the hypotheses that neither k, nor b is the null
vector. Thus, when k2 + k% = 0 we must have k} + k3 # 0, so at least one
of the above expressions is well defined. The matrix J is invertible only if
b2 + b2 # 0. But if this is not the case, we must have that b3 + b3 # 0.
By permuting z; with x3 and, respectively, o with x4 we are again in the
situation that we already have studied. O

An equivalent system, which is in the standard form for averaging, will
be found in the next lemma by a proper change of the variables.
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Lemma 2. Changing the variables (x1,x2,xs, x4) to (6,7, p,5s) by

r1 =1rcosf, To = rsind,
x3 =pcos(f+s), x4=psin(d—+s),

system (7) is transformed into a system of the form

d
CT; = cHy(0,r,p, ) +20(1),
dp 2
o = eHy (0,7, p,s) +°0(1), (15)
ds 9
@ = EH3(97T7p?S)+E 0(1)7
where,
H, = cosOF; +sin6F;,
Hy, = cos(0+ s)F5+sin(0 + s)Fy,
Hy = 1cosQFz — 1sin@Fl —
r r

1 1
—cos(0 + s)Fy + —sin(0 + s)Fs,
p p

and for every i =1,...,4,
F; = aurcosf+ aprsind + a;zpcos(d + s) +
aiapsin(d + s) + o(r cos 0)b;.

We take €5 sufficiently small, n arbitrarily large, and D, = (1/n,n) x
(1/n,n) x R. Then, the vector field of system (15) is well defined and
continuous on R x Dy, x (—ey,ey). Also, it is 2m—periodic with respect to 0
and locally Lipschitz with respect to (r,p, s).

Proof. System (7) in the variables (0, r, p, s) becomes

1

¢ = 1+e—(cosOF, —sinfFy),
T

ro= EHl(aaTa P 5)3

pl = €H2(9,7“, P S)a

s = eHs3(0,rp,s).

We notice that for |¢| sufficiently small, §’(t) > 0 for each ¢t when (6,7, p, s) €
R x D,,. Now we eliminate the variable ¢ in the above system by consid-
ering 6 as the new independent variable. It is easy to see that, indeed,
the right hand side of the new system is well defined and continuous on
R x D,, X (—ey,ey), it is 2mr—periodic with respect to the independent vari-
able 6 and locally Lipschitz with respect to (r, p, s). Form (15) is obtained
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after an expansion with respect to the small parameter . O

We will apply Theorem 2 to system (15). Our next step is to find
the corresponding function (5). We will denote it by h : D, — R3,
h = (hy,ha,h3)T. For each i = 1,...,3, the component h; is defined by

the formula )

hi(r, p,s) = H;(0,r,p,s)db,
0
where H; are like in Lemma 2.
In order to calculate the exact expression of h, we use the following
formulas

fozﬂ cos? 0df = ,
fOQTr sin? 0d0 = r,

fozﬂ cos fsin0df = 0,

fOQTr cos 0 cos(f + s)df = mcos s,

f(?ﬂ cos @ sin(f + s)df = wsin s,
fo% sin f cos(0 + s)df = —7 sin s,
J27 sin @ sin(6 + 5)d = 7 cos s,
fo% cos?(0 + s)df =,

fo% sin?(0 + s)df = =,
fo% cos(0 + s) sin(f + s)df = 0.

For each » > 0 we denote

.[1(7')

2m
/ (r cos ) cos 0db, (16)
0

2m
I(r) = / o(r cos ) sin Odo, (17)
0

where ¢ is the piecewise-linear function given by (2).
We claim that the integrals Iy and I given by (16) and (17), respectively,
have the following expressions

T, for0<r <1,

2 _
L(ry={ oY=l (18)
T

2r arctanv/r2 —1, for r > 1.
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and
I(r) =0, forallr>0. (19)

Now we shall prove the claim. Whenever 0 < r < 1 we have that |rcosf| < 1
and |rsinf| < 1 for all 8 € [0,27). Then ¢(rcos@) = rcosf for every 6.
Thus

2m
Ii(r) = r/ cos? 0df = r,
0

2m
Iy(r) = r/ sin § cos 0df = 0.
0

We fix now r > 1 and consider 6. € (0,7/2) such that cosf, = 1/r. Then
we can write

6. T—0.
Ii(r) = / cos 0df + 7“/ cos? 0df —
0 0

c

T+0. 27 —6,
/ cos 0df + r/ cos? 6db +
T—0. T+0,

2m
/ cos 0do,
27w —0,

Gc 7"_00
Iy(r) = / sin 0d6 + r / sin 0 cos 0d6 —
0 0

c

T+, 27 —0,
/ sin 0d6 + r / sin @ cos 60dO +
T—0, m+0.

2w
/ sin 6d6.
27 —0.

Straightforward computations lead to the following expressions
Ii(r) = 2sinf. + r7 — 2rf., and Iy(r) = 0.

Since 0. € (0,7/2) with cosf. = 1/r, we have sinf. = v/r2 —1/r and
f. = arctan /r2 — 1. This ends the proof of the claim.

and

We obtain the following expressions for the components of h,

hi = ecr+ (cacoss+ ezsins)p + by (r),

he = (c5co8s+ cgsins)r + czp + b cos sl (r),

hs = c4+ (casins — c3cos s)g + (20)
r

Il(T)

. T .
(c58ins — cgcoss)— + by sin s ,
P p
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where we made also the notations

c1 = (a1 +ag)T,
c2 = (a3 + agq)m,
c3 = (ais — ag3)m,
cs = (a1 — a1z — as3 + asq)m,
cs = (a3 + ag)m,
ce = (a4 —az)m,
cr = (ass+ aqq)7.

Now we come back to system (7). To each constant (r*, p*, s*) € D,, we
associate a periodic orbit of system (3) (i.e. (7) with € = 0), since

— ]2 2 — )2 2
r=3/x]+x5, p=/r3+ 2],

T4 Z2
§ = arctan — — arctan —,
T3 T

are first integrals of this system. Ome can prove that any isolated 27—
periodic solution of (15) with || # 0 sufficiently small, corresponds to a
limit cycle of (7).

Lemma 2 states that the hypotheses of Theorem 2 are fulfilled for system
(15), where the function h is given by (20). Using also Remark 2 we conclude
that, for |e| sufficiently small, and for each simple zero (r*, p*,s*) € D,, of
h, there exists an isolated 2m—periodic solution ¢(-,€) of system (15) such
that o(-, &) — (r*, p*, s*) as e — 0. In short, we have proved the next result.

Proposition 3. From each periodic orbit of system (3), which corresponds
to a simple zero of h in D,, it bifurcates a branch of limit cycles of system

(7).
We continue by proving

Lemma 3. The displacement function of system (7) for the transversal
section xo = 0, written in the coordinates (2), has the form

eh(r, p,s) +€*0(1).

Proof. In order to see the validity of this result, we focus on the function
¢ given by (6), and Remark 1, where the notations correspond to system
(15) written in the form (4). This function ¢ is the displacement function
of system (7) associated to the transversal section x5 = 0, since it applies
to every initial vector (r(0), p(0), s(0)), the vector

(r(2m) — 7(0), p(2m) — p(0), 5(27) — 5(0)), (21)
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and the points of the transversal section are also characterized by 6 = 0
(mod 2m). We recall that r, p, s are the first integrals of system (7) when
e=0.0

The proof of the following result will be the subject of the next section.
We notice that, in order to find the zeros of h in D,, (defined in Lemma
2), it is sufficient to look for them in (0,00) x (0,00) X [0,27). This is due
to the fact that n can be chosen arbitrarily large, and h, as well as the
transformation (2) are 2n—periodic with respect to the variable s.

Proposition 4. Let h : (0,00) x (0,00) x R — R3 be the function whose
components are given by (20), where ¢;, i = 1,...,7 are arbitrary real pa-
rameters, by, bz € {0,1} with bibg = 0 and b3 + b3 # 0. The function I is
given by (18). Then,

(i) h is of class C1;

(1) the maximum number of isolated zeros of h in (0, 00) x (0, 00) x [0, 27)
15 three.
Moreover, for the following values of the coefficients,

C1 :—2, 62:—2, C3=07 64221/107 C5=07

g =1, cr=—1, b1 =1, bp=b3 =bs =0,
h has exactly three simple zeros.

The conclusion of Theorem 1 follows by Lemmas 1 and 3 and Propositions
3 and 4.

4. PROOF OF PROPOSITION 4

Function h is a composition of some functions which are elementary, and
function I;. A direct study of I; shows that it is of class C! on (0, 00).
Thus, conclusion (i) is valid.

We will divide the proof of conclusion (ii) of Proposition 4 into several
lemmas. Two auxiliary results will be given at the beginning, followed by a
discussion with respect to different values of the coefficients.

The following notations will be needed

d(s) = bscoss(cacoss+ cgsins) — bicy, (22)
kl (S) = (761()3 + C5b1) cos s + Cgbl sin S, (23)
ko(s) = —cacscos®s — (cacg + c3cs)cos ssins —

cscgsin’ s + cre7, (24)
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f(s) = cud(s)k1(s) + (casins — c3coss)k?(s) +
(c5sins — cg cos s)d*(s) +
bs sin sd(s)ka(s) (25)

In the study of the zeros for the function h it will be necessary to study the
zeros of f.

Lemma 4. The function f : [0,27) — R given by formula (25) can have
at most six isolated zeros, and they appear in pairs of the form s* together
with & = s* +7 (mod 2w ). Moreover, when by =0 and bs = 1 two of them
are s* =7/2 and £* = 37w /2.

Proof. We have to study the solvability of
f(s) =o. (26)

With the notations coss = x and sins = v/1 — z2, and using the algebraic
manipulator Mathematica, we obtain the following equivalent form for (26):

Ciz + 031'3 + (Do + D2£L’2)\/ 1—22=0, (27)
where
C, = b%(2020506 — 0306 — cyC5C7 — 0607) +
b2(ciezcr — 0306)
Cs = bi(esck — c3c —2cocs06) +
bg(cgc(; — Beg — creacy — Cocg — c1c3C7),
Dy = b%(CQCG — cycC7 + 0507)
Dy = bi(cact — 2c3c506 — cack) +
b2(c2cy + creacr — crezeq — 2cac3c6).

When we consider the case sins = —v/1 — 22, equation (26) becomes

Clif + 031'3 - (DO + D25L'2) \V4 1-— .’E2 =0. (28)

It follows that we have to find = € [—1, 1] solution of (27) or of (28). This
is equivalent to

(Cha + Cs52%)® — (Dy + Daa?)?(1 — 2%) =0, (29)
which is the polynomial equation
—D? + (C? + D2 — 2Dy Dy)x*+ (30)
(2C1C5 +2DyDy — D3)x* + (C5 + D3)2® = 0.

This equation can have at most six roots in the interval [—1,1]. Then
(26) has at most six solutions s € [0,27). Since f(s+ 7) = —f(s) for all
s € [0,2m), it is clear that, if s* is a zero of f then s* + 7 is also a zero.
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If b = 0 and b3 = 1 then Dy = 0 and equation (30) has the solution
x = 0. Since cos s = x, we have that s* = 7/2 and {* = 37/2 are solutions
of (26) in this case. O

The following result will be also needed later on.
Lemma 5. We consider the equation
Li(r)y=cr, r >0, (31)

with Iy given by (18) and ¢ a real parameter. In the study of its solvability
the following situations arise.

(a) If 0 < ¢ < 7 then (31) has a unique solution r* > 1.

(b) If ¢ =  then (31) has the interval (0,1] as the set of solutions.

(c) If ¢ <0 orc>m then (31) has no solution.

Proof. It is easy to see that the result is valid for r € (0, 1], since in this
case I1(r) = 7r.

For r > 1 equation (31) becomes

2

re—1
2—— +rm —2rarctany/r2 — 1 = cr.
r

Changing the variable u = v/r2 — 1, we obtain the equivalent equation

m™—=C u

T, % uso
5 tuarp

arctanu =
We study the graphic representation on the interval (0, 00) for the left and
the right hand side, respectively. Then we can see that they intersect if and
only if 0 < (m —¢)/2 < m/2, i.e. 0 < ¢ < w. In this case the intersection
point is unique. This completes the proof of the lemma. O

The following three lemmas study the zeros of h. It will be convenient
to denote the nonlinear algebraic system which provide the zeros of h, as

hl(rv P, 5) = 0, (32)
ha(r,p,s) = 0, (33)
hs(r,p,s) = 0. (34)

Lemma 6. The function h can have at most three isolated zeros (r*, p*, s*) €
(0,00) x (0,00) x [0,27) with d(s*) #0. When by =0, b3 =1, ¢; #0 then
h has at most two such zeros, and when by =0, b3 =1, ¢; = 0 then h has
no such zeros.
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Proof. In this case, system (32)—(33) is equivalent to
k‘l(S)

P = d(S Ty (35)
hey = B (36)

where d, k; and ky are given in (22)—(24).

If we replace (35) and (36) in hs we obtain an expression independent
of r and p. More exactly, we obtain the expression of function f given by
(25). Then, equation (34) is equivalent to f(s) = 0. Now we fix s*, a zero
of f. We want to study the solvability of (36) with respect to r > 0. Using
Lemma 5, there exists an isolated solution r > 0 of (36) if and only if

kQ(S*)
d(s*)
and in this case it is unique. Also, for a fixed r*, corresponding to some s*,
whenever

k‘l (S*)

d(s*)
we can uniquely find p* > 0 from (35). We will prove that condition (38) is
satisfied only for at most half of the zeros of f. In order to do this, we notice
that k1(s 4+ m) = —k1(s), d(s + m) = d(s), and we remind that the zeros of
f appear in pairs, s* together with s* + . Condition (38) is satisfied either
for s*, or for s* 4, unless k1(s*) = 0. Hence, function h can have at most
three isolated zeros (r*, p*,s*) € (0,00) x (0,00) x [0,27) with d(s*) # 0.

0<

<m, (37)

>0, (38)

If by = 0 and b3 = 1 then k1(s) = —cycoss. When ¢; # 0, by Lemma
4, two of the zeros of f are s* = /2 and s* = 37 /2, which cannot provide
any solution since (38) is not valid. When ¢; = 0, k; is identically zero, so
(38) cannot be satisfied for any s. O

Lemma 7. When by =1, bs =0, c¢7 =0, the function h can have at most
two isolated zeros.

Proof. First we notice that the function d is identically zero, so we cannot
apply Lemma 6. In our conditions, one can prove that system (32)—(34) is
equivalent to

oL (39)
ki(s) = 0, (40)
2
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where ¢(s) = ¢3 cos s+ez sin s, p1(s) = ca sin s—c3 cos s and pa(s) = ¢5 sin s—
cg cos s. For a fixed s, (41) provides at most two isolated values of p/r and,
for fixed s and fixed p/r, (39) gives at most one isolated value for r (by
Lemma 5). It is easy now to see that our system has no isolated solution
when k; is identically zero. If k; is not identically zero, then we denote by
s* and & = s* 4+ 7, the zeros of ki. If we replace in (41) s* and £*, we
obtain

2
p1(s™) (B) + e 4 pa(s%) =0,
r r
and,
2
p1(s¥) (5) — 045 +pa(s*) =0,

respectively. These two equations can have together at most two positive
solutions p/r. We conclude that h can have at most two isolated zeros. O

Lemma 8. When by = 0 and bs = 1, the function h can have at most
two isolated zeros (r*,p*,s*) € (0,00) x (0,00) x [0,27) with d(s*) = 0.
Moreover, either c; = 0, or h has at most one isolated zero.

Proof. Whenever b; = 0 system (32)—(34) is equivalent to

a9 = e (42)
cossIlT(T) = fc](s)—wg, (43)
h3(r7p78) = 0, (44)

where ¢(s) = cacoss + cgsins and §(s) = ¢5 cos s + cgsins. In this case,
d(s) = cos s(cg cos s + ¢z sin s).
We study the cases when d(s*) = 0, i.e. either cpcoss + cgsins = 0 and
equation (42) is degenerate, or cos s = 0 and equation (43) is degenerate.
If (42) is degenerate, but (43) is not, then we can write I1(r)/r as a
function of s and p/r. Discussion is similar now to the one done in the proof

of Lemma 7. The conclusion will be that A can have at most two isolated
solutions (r*, p*, s*) with d(s*) = 0, and they can be found knowing that

cocos s* + cgsins® =0,
2
cos s*p1(s™) (g) —&—pg(s*)g —cg =0,
Lr) _ q(s") e p

r coss*  coss*r’
where p;(s) = casins — cgcoss and p3(s) = ¢gcoss — ¢rsins. Therefore,
necessary conditions for the existence of isolated solutions are

c3+c2#0 and ¢ =0.
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It remains to study if s* = 7/2 and &* = 37/2 provide zeros of h. When
we replace these values in (42)-(43) we obtain

P P
3= = —c1, 1= = —cg,
T T

and

P _ P _
C3— = C1, Cr— = Cg,
r r

respectively. From each system we can obtain at most one isolated value
of p/r, but it is easy to see that only one of them is positive. Thus, h can
have at most one zero with s* = 7/2 or 37/2, and ¢; # 0 is a necessary
condition for the existence of such zero. O

In order to conclude that h can have at most three zeros in D,,, three
different cases will be considered.

Ifby =1,b3 =0, ¢cg #0, then d(s) = ¢7 # 0 for all s € [0,27). The
conclusion follows by Lemma 6.

If by =1, b3 =0, c; =0, then we apply Lemma 7.

If by =0, b3 = 1, then the conclusion holds by Lemmas 6 and 8.

For the concrete values of the coefficients given in the hypotheses of the
Proposition 4, the components of function h are

hi = 2r—2pcoss+ I;(r),
he = rsins — p,
P r
hs = 21/10—2sins— — coss—,
r p

and the auxiliary functions given in the beginning of this section become in
this case

d(s) L,
k1(s) = sins,
ka(s) = 2+ 2cosssins,

f(s) —~10cos s + 21 sin s — 20sin® s.

With the notation x = cos s, equation f(s) = 0 becomes sin s = 10z /(1+
2022), or equivalently

1 — 6122 4 360z* — 4002° = 0.

This polynomial equation has six solutions z12 = +1/4/5, T3.4.56=

=4,/(7 £ 2v/11)/20, and all are in the interval (—1,1).
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We obtain that f has the following zeros,

7+ 2V11

§1 = arccos —=, Sg,3 = arccos 20 ,

V5’
§1,2,3 = 51,2,3 + .

One can prove that condition (37) is satisfied for every zero of f, but
condition (38) is satisfied only for the zeros &1, & and &3. Then, h has
exactly three zeros. We have to prove now that J,(r*, p*,s*) # 0 for each
(r*, p*, s*) zero of h. We notice that p* = r*sin s*, and r* > 1 is the unique
solution of I1 (r) = (2+2sin s* cos s*)r. One can find the following simplified
form of the Jacobian determinant of h,

4
(\/7"*2——1 — %) cos s* (15 cos s* — 16sin s*).

5T*2

It is easy to see that this expression is different from zero. O
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