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COMPLEX CENTERS OF POLYNOMIAL DIFFERENTIAL
EQUATIONS

MOHAMAD ALI M. ALWASH

ABSTRACT. We present some results on the existence and nonexistence of cen-
ters for polynomial first order ordinary differential equations with complex co-
efficients. In particular, we show that binomial differential equations without
linear terms do not have complex centers. Classes of polynomial differential
equations, with more than two terms, are presented that do not have complex
centers. We also study the relation between complex centers and the Pugh
problem. An algorithm is described to solve the Pugh problem for equations
without complex centers. The method of proof involves phase plane analysis
of the polar equations and a local study of periodic solutions.

1. INTRODUCTION

Consider the differential equation

5= % =AY + AN ()T A2 (1.1)
where z is complex and A;(t) are continuous functions in t. Let z(¢,c) be the
solution of such that z(0, ¢) = c. For a fixed real number w, we say that z(t, c)
is periodic when z(0,c¢) = z(w,c). If the functions A;(¢) are periodic with period
w, then a periodic solution of equation is a periodic function with period w.
The multiplicity of a periodic solution ¢(t) of is the multiplicity of ¢(0) as
a zero of the displacement function ¢ — z(w,c) — ¢. Note that ¢ is defined and
analytic in an open set containing the origin. The solution z = 0 is called a center
for the differential equation if all solutions starting in a neighborhood of 0 are w-
periodic. A center is called a complex center when the coefficients are complex
functions, and it is called a real center when the coefficients are real functions. If
the coefficients are real functions and Ay (t) does not change sign, then z = 0 is
not a center (see [I]). There are real centers when Ay (t) changes sign (see [5], [6],
and [15]); the problem is related to the classical center-focus problem of polynomial
two-dimensional systems. The case N = 3, with A3(t) = 1, was considered recently
in [7]; where it was shown that the equation could have a center at the origin
if the coefficients are complex valued. Two unexpected properties of the Abel
differential equation are given in [7]; there is no upper bound for the number of
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periodic solutions, and the center variety is formed by infinitely many connected
components. The work in [7] is mainly motivated by a problem stated in [9]. It
was shown in [9] that if the coeflicients are real and bounded by a constant C,
then there are at most 8exp{(3C + 2)exp[3(2C + 3)"]} periodic solutions. The
problem in [9] is to prove an analogue of this result for complex equations, that is,
for complex z and complex coefficients A;. This paper is partly motivated by the
results of [7].

Another motivation for the work in this paper is the local study of the Pugh
problem about equations with real coefficients. We recall that Pugh problem (see
[14]) is to find an upper bound for the number of periodic solutions in terms of N.
It was shown in [I0] that there are no upper bounds for the number of periodic
solutions for N > 4. Upper bounds can be found for some particular classes; (see
[1] and its references). Hence, one should seek upper bounds for the number of
periodic solutions in terms of N and the degrees of the real polynomial functions
A;(t). Alocal version of Pugh problem is to find an upper bound for the multiplicity
of a periodic solution in terms of NV and the degrees of the polynomials A;(¢). This
problem was considered in [I3], with N = 4. It was conjectured in [I3], that if
Ay =1, A1 =0, Ay and Aj are of degree k then the multiplicity of the origin is at
most k4 3. It was shown in [4], that when k = 2 then the multiplicity of the origin
is at most 8 and there is a unique equation with this maximum multiplicity. It
was shown in [3], that the multiplicity of the origin is at most 10 when the degrees
of As(t) and As(t) are 2 and 3, respectively. Having determined the maximum
multiplicity, the next step is to construct equations with this number of periodic
solutions. This is done by making a sequence of perturbations in A, (t) and As(t),
each of which reduces the multiplicity of the origin by one; a periodic solution
thus bifurcates out of the origin. This bifurcation task was considered in [3] and
[]. The local problem can be considered with the use of Groebner bases method.
This task is considered in the last section; the case N = 4 and A; = 0 is studied.
The problem reduces to study the solvability of system of polynomial equations in
many variables. Since the solvability in the theory of Groebner bases is over the
field of complex numbers, it becomes necessary to consider equations with complex
coefficients. That is to consider complex centers.

All the known equations with complex centers have linear terms. On the other
hand, computations for equations without linear part demonstrate that z = 0 is
not a center for polynomial coefficients. These remarks lead us to conjecture that
polynomial differential equations without linear terms do not have centers at the
origin, at least when the coefficients are polynomial functions in .

Conjecture 1.1. Assume that A;(t), for j =2,3,...,N —1, are polynomial func-
tions in t. The solution z = 0 is not a center for the differential equation

F=2N AN ()N T+ As(0)23 + Ag(t) 2R

In the statement of the conjecture, we are not including equations in which the
coefficients are trigonometric polynomials. The results of Section 5 about such
equations demonstrate that the maximum possible multiplicity of the origin when
the coefficients are complex is higher than the maximum multiplicity when the
coefficients are restricted to be real numbers.

First,we present classes of equations with complex coefficients that do not have
centers at the origin. Our main results in this direction are the following:
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Theorem 1.2. Assume that the differential equation has an invariant line
0 = a, and either An(t) >~v >0, or An(t) <~ < 0. If ycos((N — 1)a) > 0 then
the equation can have only a finite number of periodic solutions on the invariant
line. In particular, z = 0 is not a center.

Proposition 1.3. Consider continuous functions A(t), B(t) and C(t) and let
AN = / C(t)dt,
0
Ao = / B(t)dt,
0
w t
As = / [A(t) + (M — L)B(t)( / C(s)ds)]dt.
0 0

The solution z = 0 of the differential equation

3= A(t)2N + B(t)2M + C(t)2*%, (1.2)
with 1l < L < M < N =L+ M — 1, has multiplicity L if and only if \y # 0.
The multiplicity is M if and only if A1 = 0 and Ao # 0; and it is N if and only if
A1 =X =0 and A3 # 0. If the origin is a center then Ay = Ay = A3 = 0.
Remark 1.4. It follows from Proposition that:

(1) If B(t) and C(t) are polynomial functions with small coefficients, then z = 0
is not a center for the differential equation

2 =2V 4+ B(t)M +C(t)2"

withl<L<M<N=L+M-1.
(2) A polynomial differential equation with only two terms has a center at z = 0
only when one of the terms is linear.

Now, we describe some equations that have centers at the origin.
Proposition 1.5. The solution z = 0 of the differential equation
3=2N 4 A(t)z (1.3)

is of multiplicity N if and only if

eJo Ayt _ 1, / e(N—l)fO" A(s)ds gy £0.

0

The origin is a center if and only if

oJi A _ / c(N=1) J A)ds gy _ g

0

Equations with centers at the origin are given in the following result; the second
part is a version of the result in [7]. As it was first noticed in [7], the center
variety in each of the equations considered here contains infinitely many connected
components. Center variety of each of the known real centers contains a finite
number of connected components.

Corollary 1.6. (1) With w = 2w, we consider the differential equation

2
3=2N4(C+ N1 tan(t + ¢o))z,
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where cg s a complex non-real number. The multiplicity of z =0 is one if
and only if C' = pi, where p is an integer. The multiplicity is N if and only
if

2
/ eWN=DPit g0 (t 4 ¢o)dt # 0.
0

If this integral vanishes then z = 0 is a center. In particular, there is a
center when (N — 1)p is an odd number.

(2) Suppose that C is a number and x is a real number. With w = 27, the
solution z = 0 is a center for the equation

1
s=2N 4 ﬁ(C — xicost)z
if and only if C = pi, where p is an integer and x is a zero of the Bessel’s
function Jp.

Now, we give another class of equations that have a center. The coefficients of
the equation satisfy a composition type condition similar to those in [5], [6], and
[15].

Proposition 1.7. Let p(t) be a differentiable w-periodic function and q(t) is a
continuous function with el a®dt — 1 The solution z = 0 is a center for the

differential equation

N
f=q(t) 2+ Y P (0) fulp(t) e Jo al)ds ok,
k=2

where f, are any continuous functions.

Finally, we use the method of Groebner bases to study multiplicity of periodic
solutions when the coefficients are polynomial functions in ¢, or in cost and sin t.

Theorem 1.8. Consider the equation
=2+ A(t)2® + B(t)2?,

where A(t) and B(t) are polynomial functions.

(1) In each of the following classes of coefficients, z = 0 is not a center and the
mazimum possible multiplicity is the same whether the coefficients are complex or
restricted to be real.

(1) A and B are polynomial functions in t of degrees 3 and 2, respectively.
(2) A and B are polynomial functions in t of degrees 5 and 1, respectively.
(3) A and B are polynomial functions in t of degrees 1 and 3, respectively.

(II) In each of the following classes of coefficients, z = 0 is not a center and
the maximum possible multiplicity for real coefficients is less than the mazimum
multiplicity for complex coefficients. Moreover, the origin is not a center.

(1) A and B are homogeneous polynomial functions in cost and sint of degrees
1.

(2) A and B are homogeneous polynomial functions in cost and sint of degrees
2.

(3) A and B are homogeneous polynomial functions in cost and sint of degrees
3 and 1, respectively.
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In the next section, we prove Theorem [[.2] Section 3 contains the proof of
Proposition [1.3] The proofs of Proposition |1.5| and Proposition are given in
Section 4. In Section 5, we consider the case N = 4. Several classes of equations
are considered and provide evidences to support our conjecture.

2. PROOF OF THEOREM
Proof. Let Ap,(t) = am(t)+ibm(t) and z = re?®. With this notation, equation (T.1)

becomes
(7 + iér)em =rNeN0py 4+ rN_le(N_l)w(aN_l +iby_1) ++---+re? (a1 +iby).
Multiplying both sides by e~% and separating the real and imaginary parts, give:
7 =1 Py cos((N — 1)6)
N-2
+ ) N an_jcos((N — j — 1)0) — by—_;sin((N — j — 1)0)]
j=1
0 = rN 1Py sin((N —1)0)
N-2
+ Z N an_;sin((N —j — 1)8) 4+ by—j cos((N — 5 — 1)8))].
j=1
Now, let us choose a real number a with
2 1

(N — 1)ywcos((N — 1)04))]\]_1

a > (

and such that the inequality
N -1
Lo eos((N = 1))
2
is satisfied when r > a and 6 = . Consider a solution, re*® with initial condition
roe'®. If rg > a, then the inequality implies that
1
r(t) 2 —— —.
(ro”" —0.5(N —1)ycos((N — 1)a)t)¥—1
Therefore, if rg > a, then the solution becomes unbounded at a point ¢y with
27“37N
<w
(N —1)ycos((N —1)a) —
Hence, the solution is undefined on the interval [0,w]. Therefore, solutions start
outside the disk r < a are not periodic, and any solution leaves the disk r < a stays
outside the disk as time increases.
If there is an infinite sequence of periodic solutions z(t, r,e'®). The numbers 7,
are inside the disk r < a. Hence, let r,, — ro. If 2(¢,rge'®) is a periodic solution,
then all solutions starting in a neighborhood of rge’® are periodic. But ¢ is an

analytic function. It follows that ¢ = 0. Therefore, z = 0 is a center for the
equation (|1.2). We define a real number R by

R = sup{r : z(t,re'®) is periodic}.

It is clear that R < oo. If the solution z(¢, Re'®) is defined, then it is a periodic
solution. Since ¢ is analytic, it follows from the property of continuous dependence
of a solution on its initial value, that z(t,re'®) is periodic for r in a neighborhood

to <
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of R. This is contrary to the definition of R. Therefore, z(t, Re®) is undefined on
the interval [0,w] and becomes unbounded at tp€[0,w] and leaves the disk r < a.
But z(t, Re'®) leaves r < a, whence z(t, re') leaves r < a for r < R and close to R.
These solutions will not return to the disk r» < a because 7(t) > 0, and hence they
are not periodic solutions. This is a contradiction to the assumption that z = 0 is
a center.

If 2(t,r0e’®) is undefined, then it leaves the disk r < a. Therefore, z(t,r,e'®)
leaves r < a for large enough n. This is again a contradiction to the periodicity of
2(t, rpet®). O

Corollary 2.1. Assume that An(t) >~ > 0.

(1) Let Aj(t) = a;(t) + ib;(t), where a; and b; are real continuous functions.

If there exists an integer k such that
2km 2km
aj Sin(jﬁ) = b; COS(jﬁ)

forj=1,2,... ,N —1, then z =0 is not a center for .

(2) If the coefficients A;, j =1,2,...,N —1, are real functions then z = 0 is
not a center for .

(3) If N — 1 is a multiple of 4, A; are pure imaginary functions for all odd j,
and A; are real for all even j, then z = 0 is not a center for equation .

2

Proof. To prove the first part, let a = % The condition in the statement implies

that
a;sin(jo) = bj cos(ja),
sin((N —j — 1)a) = —sin(a), sin((N —1)a) = 0.

Hence, 6(a) = 0. The line § = o is an invariant line. Any solution has a point on
this line stays on the line as long as it is defined.

On the other hand,

cos((N — o) = 1.

Hence, An(t)cos((N — 1)a) = An(t) > 7. The conditions of Theorem are
satisfied and the result follows.

The second part follows directly from the first part with £ = 0. It is known that
z = 0 is not a center when the coefficients are real functions (see [I]). To prove the
third part, we take k = %. This implies that a = % = 5. Thus sin(ma) = 0
if m is even, and cos(ma) = 0 if m is odd. O

Remark 2.2. Equations , with real coefficients, have been studied in [I1] and
[12] using the methods of complex analysis and topological dynamics. However,
some results of [II] and [I2] do not hold when the coeflicients are allowed to be
complex. For example, Abel differential equation, N = 3, has 3 periodic solutions
when its coefficients are real. On the other hand, it may have an infinite number
of periodic solutions when the coefficients are complex (see, [7]). Equations with
real coefficients satisfy other properties; in particular, the real axis is an invariant
set and the complex conjugate of a periodic solution is also a periodic solution.
The phase portrait presented in [I1], with some modifications, could be used for
equations with complex coefficients. The next task is to obtain some global results
on the number of periodic solutions as in [I] and [2]; we defer this exploitation to
another paper.
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3. PROOF OF PROPOSITION [[.3]

Proof. For 0 <t < w and ¢ in a neighborhood of 0, we write
z(t,c) = Z dn(t)c",
n=1

where d;(0) = 1 and d,(0) =0 if n > 1. Thus

q(c) = (di(w) = e+ Y dn(w)c™.

The multiplicity is K if and only if
dl(w) = 1,d2(w) = dg(w) == dKfl(w) = O,dK(w) 7& 0.

The origin is a center when d; (w) = 1 and d,(w) = 0 for all n > 1. The functions
d, (t) are determined by substituting the sum into the equation and comparing
coefficients of powers of ¢. The following recursive sequence of differential equations
is obtained with the initial equations.

dn, = ASy + BSy + CSp,

where

Sk = > djydjy ... djy,
Jitjzt++ik=n
with Ke{N, M, L}. To solve these equations, we integrate repeatedly. It is clear
that dl = 0 and hence d; = 1. The next non-zero equation is

dp, = C(dy)*.
It gives
dr(t) = /t C(s)ds.
The formula for dy; has two possibilities.olf M 41 +# 2L, then
dy = B(d)M.
This implies
dy(t) = /t B(s)ds.
In the case M + 1 = 2L, the equation be(?omes
dy = B(dy) + LCdg(dy)" ™).

We integrate this equation to obtain
t L t
da(t) :/ B(s)ds + 5(/ C(s)ds)>.
0 0
Consequently, the formula for dy has two possibilities. The equation is

dy = A(d)N + BMdp(d)M = + CLdp(dy) 7L
We integrate this equation to obtain dy(¢). If M + 1 # 2L, then

dn(t) = /Ot A(s)ds + (M — L) /Ot(B(s) /OS C(u)du)ds + L/Ot B(s)ds /Ot C(s)ds.
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In the case M + 1 = 2L, the formula becomes

dn(t) :/0 A(s)der(MfL)/O (B(s) /OS C(u)du)ds

—i—L/OtB(s)ds/OtC(s)ds—i— L;(/:C(s)ds)?’.

The multiplicity is L if [ C(t)dt # 0. The multiplicity is M if [;° C(t)dt = 0 but
f: B(t)dt # 0. Finally, if the multiplicity is greater than M, then

dy(w) = /0 AWt + (M — L) /O "B /0 C(s)ds)dt.

The assumption in the statement of Proposition implies that dy (w) # 0. There-
fore, the multiplicity is at most N. O

Corollary 3.1.
(1) For any continuous functions A(t) and B(t) with [” A(t)dt # 0, the origin
s mot a center for the equation

s = A(t)2N + B(t)zM
when 1 < M < N.

(2) Assume that A(t), B(t),C(t), and D(t) are continuous functions, and con-
sider the differential equation

L= A@t)2N + B(t)2M + C(t)25 + D(t)z,
withl < L<M<N=L+M-—1. Let
A (t) = e Jo D(s)ds g4y,
Bi(t) = =M J5 Ds)ds gy,
Ci(t) = =0 I Clds (),

If any of the following conditions is not satisfied then the origin is not a
center,
oJe Dt _

i D _ 1,
/w Ch(t)dt = 0,
0
/ Bu(t)dt =0,
0
/ [Ay(t) + (M — L)By(1) / Ci (s)ds]dt = 0.
0 0

Proof. The first part follows directly from the above result. If B(t) = 0, then
dy(w) > yw # 0. Hence, the multiplicity is at most N.

Now we prove the second part. The first necessary condition for a center is
els’ D®dt — 1 We make the transformation w = efo P(*)452 and obtain

w = Al(t)U)N + Bl (t)’LUM + Cl (t)’LUL,
where Ay, By, and Cy are as defined in the statement of the Corollary. Initial

conditions and multiplicities of periodic solutions are unchanged under this trans-
formation. Now the result follows from Proposition [1.3 (]
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Remark 3.2. If the differential equation has a linear term, then the equations
for dj are more complicated. Instead, we will have linear differential equations in
which the right-hand side depends also on di. We consider such cases in the next
section.

4. PROOF OF PROPOSITIONS [L.5] AND

Proof of Proposition[I.5 We follow the procedure of the previous section. In this
case, we obtain a sequence of linear differential equations.

di = Adj,
dp = Ady, 2<k < (N —1),
dy = (d)N + Ady
together with the initial conditions
d1(0) =1;dr(0)=0,2 <k <N.
Solving these initial value problems, gives
di (1) = elo AL,
di(t) =0, 2<k < (N - 1),

t t
dN(t) = /0 A(S)ds/o e(N_l) Jo A(u)duds.

The origin is of multiplicity N if and only if d;(w) = 1 and dy(w) # 0. These two
conditions give

efo‘” A(t)dt _ 1

/w e(N—l)fUt A(S)dsdt 7& 0.

0

If these two integrals vanish then the solution z = 0 is a center. This follows from
the general solution of this equation. The general solution is given by

¢

w(t) = =N 5 Als)ds[(1 _ N)/ (V1) J§ Awdugg 4 o,
0

where w = 2!~ and C is a constant. Since w(0) = w(w), all the solutions are

periodic. Hence, z = 0 is a center. ([

It is clear that the conditions for a center are not satisfied by any real function
A(t). We give two equations that have centers at the origin. In the first equation,
we have

Alt) =C +

2
N1 tan(t + Co).
Since the zeros of the complex function cos are real, the function A(t) is a periodic
function of period 27w, when ¢ is a complex non-real number. The origin is of
multiplicity one when
efog"[C+ w7 tan(t-+co)ldt _ 1.

This gives

e27rCe o [In(sec? (2 +co))—In(sec?(co))] -1



10 M. A. M. ALWASH EJDE-2007/101

Since sec(t + cg) is of period 27, the condition becomes ¢?*¢ = 1. Hence, C' = pi
for an integer p. The second condition is

27
/ eV =Pt 5ec2(t 4 ¢q)dt = 0.
0
If (N — 1)p is odd, then a change of variables t — ¢t — 7 gives

2m ™
/ eWN=1Pt soc?(t 4 co)dt = — / eNTIP ! sec? (t + co)dt = 0.
T 0

Therefore,
2
/ eWN=DPit g0 (t 4 ¢o)dt = 0.
0

The conditions for a center given in Proposition [1.5| are satisfied. Hence, all the
solutions z(¢, ), with ¢ is in a neighborhood of 0, are 2w-periodic. This proves the
first part of Corollary [I.6]

The second part in Corollary with N = 3, is similar to the result of [7]. In
fact, it was shown in [7] that z = 0 is a center for the equation

5 =254 (Co+ Cre™ ™ + Cae')z

if and only if Cy = ki for an integer k, C1C # 0, and 4i\/C1C3 is a zero for Jyy.
Now, we prove the second part of Corollary [[.6] The first condition for a center
in Proposition [[.5] is
ef027r(Cfxisint)dt _ €2C7T.

But, €2¢™ = 1 if and only if C' = pi, for an integer p. The second condition for a
center becomes

o - o 2 2m
/ epit—wisint gp / cos(pt — xsint)dt + i / sin(pt — x sin t)dt.
0 0 0

The imaginary part of this quantity is zero; it is an integral of an odd 27 —periodic
function over the interval [0,2n]. The real part is 2 [ cos(pt — sint)dt. This
integral is the integral form of the Bessel’s function. Therefore, the real part is zero
if z is a zero of the Bessel’s function J,. We recall that the integral form and power
series expansion of J,, are defined by
e’} ) (%)p+2]
|

Jp(x) = /O7r cos(pt — xsint)dt = Z(—l)J

.7.'~
= Jp+7)!

The power series representation of Bessel’s function is used in [7]. Consequently,
their proof is much longer than our proof.

Proof of Proposition[I.7] With the change of variables z — elo 4(s)ds 5 the equation
becomes

£ =30 fulo(t) 2.

From the expansion of Section 3, we can show inductively that the coefficients dy
are functions of p(t). This implies that z(t, ¢) is a function of p(t). Therefore, in a
neighborhood of the origin, all solutions are w-periodic and z = 0 is a center. [
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Remark 4.1. If the coefficient of 2V in the statement of Proposition satisfies
the condition

P (1) Fy(p(t)) = e =D Jg als)ds

then the coefficient of 2% equals 1. This condition is satisfied when p(t) =
fnv =1, and ¢ = 27i. The period in this case is N — 1.

e27rit

2mi

5. THE PUGH PROBLEM

The use of computer algebra has led to significant progress in the investigation
of the properties of polynomial differential systems. In this section, we describe
an application of computer algebra to find the maximum possible multiplicity of
periodic solutions of polynomial differential equations. In particular, we present
solutions to the local Pugh problem [14] and Shahshahani conjecture [I3]. We
mention that Pugh problem was listed as a part of problem 13 in Steve Smale list
of 18 open problems for the next century. This problem was considered as a version
of Hilbert sixteenth problem. Hilbert sixteenth problem is to estimate the number
of limit cycles of polynomial two-dimensional systems. Research related to Hilbert
sixteenth problem has derived enormous benefit from the availability of computer
algebra.

Consider the differential equation

=244+ A(t)2® 4+ B(t)2? (5.1)

We show that this local problem can be solved using the method of Groebner bases.
We give an automatic means of finding the maximum possible multiplicity of a
periodic solution. The algorithm involves computing Groebner bases. Computer
algebra systems, such as Maple, can be used to implement this algorithm. If the
equation does not have a complex center, then the local Pugh problem is solvable
by our procedure. The algorithm for computing the maximum possible multiplicity
is then described in this section. We apply the algorithm for equations in which the
coefficients A(t) and B(t) are polynomial functions in ¢, and in cost and sint. The
case N = 4 is considered. However, the method works for any N. In the case that
the coefficients are polynomial functions in ¢, we show that the maximum possible
multiplicity is the same whether the coefficients are complex or are restricted to
be real. When the coefficients are trigonometric polynomials, cases are described
where the maximums are not equal. Moreover, we show that the origin is not a
complex center in each of the equations considered; these results provide evidences
to support our conjecture.

We follow the same procedure of Section 3. For equation , di(t) = 1 and
the equations satisfied by the d,(t) (for n > 1) are

dy= Y dididpdi+A Y didjdp+B Y did;. (5.2)
i+j+k+l=n i+j+k=n i+j=n
These equations were integrated by parts repeatedly and the formulae for d,,, with
n < 8, are given in [4]. The calculations become extremely complicated as n
increases. It is impossible to accomplish these computations by hand except in the
simplest cases.
The next step, in computing the multiplicity, is to consider the quantities

N = dp(w)
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Note that 7, is a polynomial function in the coefficients of the polynomials A and
B. The multiplicity of the origin is k if

ny=mn3=--=ng_1 =0, #0.

We write pimax(C) for the maximum possible multiplicity of z = 0 for equations in a
class C. For the class of equations in which the coefficients are polynomial functions
of degree m, Pugh problem is to find pyax in terms of m.

Now, we give the formulae of 7, with n < 4, for equation . We use a tilde
over a function to denote its indefinite integral:

f@zéf@%

Proposition 5.1. For equation (5.1), the quantities na, 13, and ny are as follows.

2 = / Bdt, N3 = / Adt, N =w +/ (EA)dt
0 0 0

Proof. The formulae were obtained by solving equations (5.2)) recursively. The
computations leading to the formulae proceed by sequences of judiciously chosen
integrations by parts; for any functions f and g, we make use of the identity

f3=13—fg.
These are elementary though together they form a complicated web. To obtain 7,
we reduce d, (w) modulo the ideal generated by da(w), ..., d,—1(w). O

The Algorithm. We shall write pipax(real) when the coefficients of the polyno-
mials A and B are real numbers, and pimax(complex) when the coefficients are
complex numbers. It follows from the result in [I], that pmax(real) < co. We call
the set of equations that have this maximum multiplicity, the maximum variety,
Vinax- Similarly, we define Viyax(real) and Viyax(complex).

To find pimax, first we integrate recursively to compute the functions d,,(t). Then
we consider the expressions d,(w), which are polynomial functions in the coeffi-
cients of A and B. To obtain 7, we reduce d,(w) modulo the ideal generated by

do(w),...,dp—1. We stop until the system 79 =73 = - -+ = 1 = 0 has no real solu-
tions. In this case piax = k. From the theory of Groebner bases, the Groebner basis
of the ideal (n2,7s3,...,nK) is (1) if and only if the system o =n3 =---=n, =0

has no complex solutions. So, we have to verify that this maximum multiplicity
can be attained by certain real values of coefficients. The procedure gives an upper
bound for piax- However, for the equations in which the coefficients are polynomial
functions of ¢ that we will consider, pmax(real) = pimax(complex) < oo.

The algorithm for computing p.x can be summarized as follows:

e Input: functions A(¢) and B(t) which are polynomials in ¢, or in cost and
sint.

Integrate to compute d,,(t).

Compute d,, (w).

Find 7, by reducing d,,(w) modulo (12,73, ..., Mn—1)-

Stop when the Groebner basis (92,13, ..., n) is (1).

Output: pmax = k.
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For the details related to Groebner bases, we refer to [8]. We use the software
package Maple 8 to compute Groebner bases. Some of the Groebner bases are not
given, but they are available upon request.

Now, we consider the first class of coefficients. Here, we assume that w = 1. Let

B(t) = C; + at + bt?,
A(t) = Cy + ct + dt* + et®.
If no = n3 = 0, then
1201 +6a +4b+3c =0, 12Cy 4+ 6d + 4e + 3f = 0.

This class of equations was used in [3] to construct equations with 10 real periodic
solutions. We substitute the values of C7 and C5 from these equations and then
compute the Groebuner basis of the ideal (74,75, ...,110). This basis is (1). There-
fore, the maximum possible multiplicity is 10. To find the equations that have this
maximum multiplicity, we compute the Groebner basis (14,75, ...,m9). This set of
equations has 15 solutions, counting multiplicity, and at least one of the solutions
is real. We summarize the result for this class in the following lemma.

Lemma 5.2. If A(t) and B(t) are polynomial functions in t of degrees 3 and 2,
respectively, then pmax(real) = pmax(complex) = 10. Moreover, Viyax is a zero-
dimensional ideal.

The Groebner basis is computed with the graded reverse lexicographic term order
and with respect to the list [b, ¢, d, a, €]; this term order usually gives more compact
Groebner basis. Then, the basis is changed to the lexicographic term order, which
is the most suitable to eliminate variables from a set of equations. The last equation
in this basis is a polynomial in e of degree 15; it has at least one real solution. The
other variables are given explicitly as functions of e.

The next class has the coefficients

B(t) = C, + at,
A(t) = Cy + bt + ct? + dt® + et* + ft°.
Let 2C1 + a = 0 and 60C5 + 30b 4 20c + 15d + 12e + 10f = 0 for 2 = n3 = 0. We
compute the Groebner basis as in the first case. This gives (74,75, ...,710) = (1).
Moreover, (n4,ms, - .., 1n9) has a polynomial equation in f of degree 6, which has two

real solutions and four complex non-real solutions. The other variables are given
as functions of f. The result for this class are given in the following lemma.

Lemma 5.3. If A(t) and B(t) are polynomial functions in t of degrees 5 and 1,
respectively, then pimax(real) = pimax(complex) = 10. Moreover, Viyax s a zero-
dimensional ideal.

In the last class of polynomials in t, we let
A(t) = Cy + bt 4 ct® + dt3,
B(t) = C3 + at.
If ne = n3 =0, then
12Cy +6b+cb+3d =0,2Cy +a = 0.

We substitute the values of C; and Cs from these equations and then compute
the Groebner basis of the ideal (14,7s5,...,ms). This basis is (1). Therefore, the
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maximum possible multiplicity is 8. To find the equations that have this maximum
multiplicity, we compute the Groebner basis (n4,7s,...,77). The last equation,
which is a polynomial in a, has two real solutions and four complex non-real solu-
tions. The other variables are given in terms of a.

Lemma 5.4. If A(t) and B(t) are polynomial functions in t of degrees 3 and 1,
respectively, then pimax(real) = pmax(complex) = 8. Moreover, Viax is a zero-
dimensional ideal.

(8695641600 b — 6086949120 d — 773773 a® 4 3151791360 a?,
8695641600c + 13043462400d + 773773 a® — 3151791360 a?,
—50295245 a* + 37439568 d* 4 118513886400 a,
—120772800 d + 70343 da®, 773773 a® — 3151791360 a® + 3130430976000)

Now, we consider classes of coefficients which are polynomial functions in cost
and sint. Here, we take w = 2.

Lemma 5.5. If A(t) and B(t) are homogeneous polynomial functions in cost and
sint of degree 1 or 2, then pmax(real) = 6 and pmax(complexr) = 7. The sets
Vinax(real) and Vigax(complex) are not zero-dimensional ideals.

In the case A(t) = ccost + dsint, and B(t) = acost + bsint. It is clear that
N2 = n3 = 0. From Maple, we have:
<77477757776> = <a2 + b2, bc — ad — 2>

This set has complex solutions but does not have a real solution. Moreover

<7747775a 7767777> = <1>

For the other case A(t) = ccos®t + dcostsint + ¢;sin®t and B(t) = acos®t +
beostsint + ap sin®t. We have Ny =a+a; and ng3 = c+c¢;. If ag = —a and
¢y = —c, then Maple gives
<7747 M5, 776> = <4CL2 + b27 be —ad — 8>a
and
(14,55 M6, m7) = (1)-

A similar argument proves the Lemma.

If one of the coefficients A(t) and B(t) contains only terms with of even degrees
and the other coefficient contains only terms of odd degrees, then it follows from

m Proposition that pmax(real) = pmax(complex) = 4. When the coefficients are
homogeneous polynomials of degree 3, the Groebner basis becomes very large.

Lemma 5.6. Let A(t) be a homogeneous polynomial of degree 3, and B(t) is a
homogeneous polynomial of degree 1. The solution z = 0 is not a center. Moreover,
tmax (real) = 8, and pimax(complex) = 10.

We take B(t) = acost + bsint. Using the identities sin®¢ = sin¢(1 — cos®t) and
cos®(t) = cost(1 — sint), we can write a homogeneous polynomial of degree 3 in
the following form:

A(t) = ccost + dsint 4 ecostsin®t + fsint cos? t.

The Groebner basis of (14, 75,76, n7) has a real solution; we can take a =d =1,¢ =
f=0,e2 =432, and 36b = e. On the other hand, (n4,...,7ng) does not have a real
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solution but (ny,...,n9) # (1), and (n4,...,n10) = (1). On the other hand, ns has
the form

ns = 7 ((5/8) a* + (5/8) b* + (5/4) a® b? + (1/96) € + (1/96) ?).
It is clear that ng # 0, when the coefficients are restricted to be real numbers.
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