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AN ANALYTIC-NUMERICAL METHOD FOR COMPUTATION OF
THE LIAPUNOV AND PERIOD CONSTANTS DERIVED FROM
THEIR ALGEBRAIC STRUCTURE.*

ARMENGOL GASULLT, ANTONI GUILLAMON?}, AND VICTOR MANOSAS$

Abstract. We consider the problem of computing the Liapunov and the period constants for a
smooth differential equation with a nondegenerate critical point. First, we investigate the structure of
both constants when they are regarded as polynomials on the coefficients of the differential equation.
Second, we take advantage of this structure to derive a method to obtain the explicit expression of the
above-mentioned constants. Although this method is based on the use of the Runge-Kutta—Fehlberg
methods of orders 7 and 8 and the use of Richardson’s extrapolation, it provides the real expression
for these constants.
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1. Introduction and main results. In this paper we deal with the problem of
computing the Liapunov and period constants for the differential equations

{x -y + P(IIZ‘,y),
=1+ Qz,y),

where P(x,y) and Q(z,y) are analytic functions in a neighborhood of the origin
and begin, at least, with second order terms. These systems can be expressed in the
complex plane using the following notation:

(1.1) ¢ =iz + F(z2),

where F(2,2) = 40 Fi(2,2), Fi(2,2) = Y5 faejj2" 9%, fa_j; € C, and the
dot indicates the derivative with respect to t, with ¢ € R.

The problem of determining whether (1.1) has a center or a focus at the origin
can be solved by studying the Poincaré return map. This study can be done (using
the power series of the return map) by means of the computation of infinitely many
real numbers, vo,, 41, m > 1, called the Liapunov constants. In fact, we have that if
for some m, v3 = v5 = -+ = Voy—1 = 0, and va,4+1 # 0, then the origin is a focus
of which the stability is determined by the sign of vg,,+1, while if all vg,,41 are zero,
then the origin is a center; see for instance [1].

A closely related problem is the following: Assume that (1.1) has a center at
the origin and consider the period of all its periodic orbits. The origin of (1.1) is an
isochronous center if and only if the period is independent of the orbit. When is the
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origin of (1.1) an isochronous center? It turns out that the solution to this problem
can be obtained (using the power series of the period function) by computing infinitely
many real numbers, Ps,,,m > 1, called the period constants and by forcing them all
to vanish.

If we look at (1.1) as a family of polynomial differential equations, the constants
can be seen as functions in the coefficients of the system. Moreover, in the case that
(1.1) is a polynomial family of differential equations of fixed degree, the Hilbert basis
theorem implies that a finite number of Liapunov constants vanishing is enough to give
the characterization of the centers of the family, just as a finite number of Liapunov
and period constants vanishing is enough to characterize the isochronous centers of
the family.

Many authors have dealt with the problem of computing the constants. With-
out being exhaustive, see for instance [3], [4], [6], [7], [9], [10], [14], or [16]. All the
approaches used to calculate the constants involve a lot of computations. In order
to have an a priori estimation of the complexity of the result, it is very useful to
know properties of the Liapunov and period constants when they are considered as
functions of the coefficients of (1.1).

Before stating our results we need some definitions.

We say that M is a monomial of (1.1) when M =[], , Zlk’lfTJnk’L, with my 1, ng g
€ N, where the product is finite and f;; is any coefficient of Fy;(z, Z).

Let vo;,41 be the mth Liapunov constant. (Respectively, let P, be the mth
period constant.) We will also say that a monomial of (1.1), M, is a monomial of
Vam41 (or of Py, ) if either Re(M) or Im(M) appears in the expression of the constant.

We define the degree, deg(M), the quasi degree, qd(M), and the weight of M,
w(M), respectively, as

deg(M) =Y (mp +np),  ad(M) = (k+1—1)(mp +ny),  and
] k.l

w(M) =Y (1 —k+1)(mg — nga)-
k.l

We refer the reader to section 3.1 for examples. Finally, we say that a monomial
of (1.1) of weight zero, M, is basic if M'|M and w(M') = 0 imply that M’ = £ M.
Roughly speaking, the basic monomials are the prime factors of the monomials of
weight zero.

With the above notation, the following result is well known; see [2], [12], [13],
[17], and [18].

THEOREM 1. Let M be a monomial of vamy1 or Pay,. Then, qd(M) = 2m and
w(M) = 0.

The property w(M) = 0 is derived from the fact that the constants are invariant
under rotations of the vector field. Property qd(M) = 2m comes from the effect of
homoteties in the vector field.

Theorem 1 gives some information about the monomials that appear in the Lia-
punov and period constants. In our main result, we improve Theorem 1 by describing
how these monomials are distributed according to their degrees.

THEOREM A. The following statements hold:

(i) Let My, My, ..., My, (respectively, Myy1, Miya,..., Mgyi) be monomials of
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TABLE 1

Estimations of the number of monomials.

Const. | Polynomials | From Thm. 1 | From Thms. 1 Actual
of deg = 2m and A | number
V3 119 7 2 2
V5 91.389 79 28 22
v7 156.238.907 310 259
Py 119 7 5 4
Py 91.389 79 40 29
Vom41 with even degree (respectively, odd degree). Then
k K-+l
vami1 = »_ oslm(M;) + Y BiRe(M;)
i=1 i=k+1
for some a;, B; € R.
(ii) Let My, My, ..., M, (respectively, My+1, Mpia, ..., M,1q) be monomials of
Py, with even degree (respectively, odd). Then
4 pt+aq
i=1 i=p+1

for some v;,6; € R.

The proof of Theorem A appears in section 2. It is an improvement of Theorems 1
and 2 of [2]. Observe that for any vector field, vy, +1 and Py, are real numbers. Hence,
if M is a monomial of (1.1), va,,11 = aM + aM + N, where N denotes the sum of
the other monomials appearing in its expression, and so vem+1 = 2Re(a)Re(M) —
2Im(a)Im(M) + N (an analogous argument is valid for Ps,,). Therefore, Theorem
A reduces by half the estimation of the length of the Liapunov and period constants
obtained using only Theorem 1. To give an idea of this reduction, in Table 1 we
display different estimations of the number of terms of vgy,+1 and Ps,,, considered
polynomials on the monomials M;. These estimations have been obtained by imposing
progressively the following constraints:

Second column: vg,,4+1 and P, are real-valued polynomials of degree 2m.

Third column: The monomials of ve,,+1 and Ps,, satisfy the restrictions of The-
orem 1.

Fourth column: The monomials of ve,, 11 and Ps,, satisfy the restrictions of
Theorem 1 and Theorem A.

Fifth column: The actual number of monomials of vg,, 1 or P, computed in [6].

On the other hand, when we want to compute some exact Liapunov or period
constant, from the above results we know that it is a polynomial in which the only
unknowns are the coefficients of its monomials. It is easy to see from section 24 of [1]
that these coeflicients are rational multiples of 7 and so, multiplying by an appropri-
ate factor (which can be upper bounded), they can be reduced to integer numbers.
The way to compute these coefficients is a key point in our approach since we obtain
them from numerical integrations of some particular cases of the ordinary differential
equation. The process, based on a combination of the Runge-Kutta—Fehlberg method
with variable steps and Richardson’s extrapolation method, is developed in section 3.
In contrast to most of the other methods used to compute the Liapunov and period
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constants, our process does not require the use of computer algebra systems. In our
method we need only to list all the monomials of vgy,+1 or Ps,,, choose appropri-
ate systems that can provide their coeflicients, and carry out the numerical process
to obtain them effectively. The last step consists only of solving a system of linear
equations.

In section 3.1, Theorem 3, we illustrate our approach by computing the Liapunov
constant vs for a general system of type (1.1). In section 3.2, as an example of how
the numerical method works and how the round-off errors increase if the method is
applied to the computation of v7, we apply our method to compute v7 for a particular
system. These computations are obtained by using artihmetic of double precision. In
general, to compute higher order Liapunov or period constants, one should work with
quadruple or even higher precision.

Finally, observe that in order to apply our method to a given polynomial system
of the form (1.1), we need to know all their monomials of weight zero. To list them
it would be useful to find a kind of “finite system of generators.” In the appendix we
prove that those generators are the basic monomials defined above. In our opinion,
the use of basic monomials in systems with few coefficients provides an elegant and
compact form with which to present the Liapunov (and the period) constants (see,
for instance, Remark 4).

2. Proof of Theorem A. We need a preliminary result and some notation.
DEFINITION. We denote the following:
(1) Po is the set of functions of the form Re(P(0)), where P(0) writes as

P(0) = pi(0) My ideetM);
l

M; denotes any monomial of (1.1), and p;(6) are trigonometric polynomials with real
coefficients, that is, elements of R[e"].
(i1) Py is the set of functions of the form Re(i P(0)) such that Re(P(0)) € Py.

When we have an operation * between the elements of two sets A and B, we
denote Ax B={axb:a € A,b€ B}.

LEMMA 2. The following relations are satisfied:

(i) Po+Po C Py, Pr+ Py CPr.
(ii) P; -P;j C Piyj, wherei,j € (Za,+).
Proof. The proof of (i) is trivial. Here we prove for instance the case Py - Py C Py
of (ii).
Consider a(8),b(8) € Py, that is,

a(f) = Re ij(e) M; idee(M;)
J

b(6) = Re (Z qr(0) Ny, z‘deg(NU) ,
k

where M;, Nj denote monomials of (1.1) and p;(6), g, (0) € R[e]. Then,
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a(6) b(6) = Re [;ij(ewj ifest) (;qm) 5 Y au(0) N (— )deg(N“)]

k

1 .de N
=Re| ) (5133' (0)ai (0) M; Ny i*e=M5-20)

#5080 (- M, (N)>] |
where we have used that Re(z) Re(w) = Re(z (w+ w))/2 for any z,w € C. Thus the
lemma follows. O
Proof of Theorem A. First observe that proving (i) is equivalent to proving that
Vam+1 € P1 (where the trigonometric polynomials involved are constants). To achieve
this result we study to which set, Py or P, belong the functions appearing in the
algorithm of computation of the constants given in [1]. We briefly recall it here
Equation (1.1) can be written in the polar coordinates r?> = 2z and 6 =arctan g 3
as

dr r?Re(S2(0)) + r3Re(S3(0) Z .

21) d0 1+ rIm(S2(0)) + r2hn(S3

k>2

where Sy (0) = e~ (e, e=%).

Observe that Si(0) = Z?:o fr—jetkF=2-00 = Z?:o e k=21=00(_f, 5,
ide8(fr—3.0)¥1 because deg(fy—; ;) = 1 for all j and k. Hence, it is clear that Re(S(6)) €
P

The functions Ry (6) can be computed using the recursive formula for the quotient
of series given in [8] as

N

-2
(2.2) Riy(8) = Re(Sk(6)) — > T (S 41(6)) Re—; (0)
j=1
We also have that Im(S;4+1(6)) = Re(—iS;11(0)) € Py. By using Lemma 2, it is
easy to prove by induction that Ry(0) € P;.
Let 7(0,p) = p + Y551 (0)p’ be the solution of (2.2) for which 7(0,p) = p.
Consider the Poincaré map given by II(p) = r(2m,p) = p + > > u;(2m)pd. It is well
known that if TI(p) is not the identity, the first nonvanishing term in the power series

corresponds to an odd order term. When uy(27) = u3(27) = -+ - = U9, (27) = 0 and
Uzm+1(27) # 0, the mth Liapunov constant is vam+1 = Uzm1(27).
Recall also that when ug(27) = u3(27) = - - - = u,,—1(27) = 0, the functions u;(6)

are trigonometric polynomials for j <n — 1 and
I{," as as An—1
(2:3)  un(9 ZRk Z PP — L (O)uz®(0) -~ u," 1" (0) |
aeDk
where DF is the following subset of indices (see [2] for more details):

DF ={a=(aj,as,...,an_1) € N""'such that a; +---+a,_1 =k,
ar+---+ja;+---+ (n—1)ap_1 =n}.
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We claim that
un(0) = Qn(0) + P, 0,

where Q,,(0) € Py and P, (0) = P, € P;. Furthermore,

P, =Re (Zpl M, z‘deg(M”“) , Qu(0) =Re (Z @ (0) M, z‘deg(M”) ,
l l

where M, denote monomials of (1.1), p; € R, and ¢;(0) € R[e?].

Observe that if this claim is proved, then Theorem A follows because when n =
2m + 1, since vom 41 = Ugm41(27) = OQTF Uy, 41(0) df, we obtain that vg,41 € P1, as
we wanted to prove.

We now prove the claim by induction. We have that for n = 2

uz(0) = Im [fQOeie - f11€7i9 - %673i0 — foo+ f11+ fgﬂ

= Re |:(1 — eie)fgo 14 (671‘9 — 1)f11 14 %(673i9 — 1)f02 Z:| € P().

Suppose that the claim is true for u;(¢) with j = 2,...,n — 1. Since the functions
uj, for j < m — 1, are trigonometric polynomials (that is, they do not contain terms
with the factor @), applying the induction hypothesis we get that u;(0) € Py, for
j < n—1. Since u},(0) is obtained from (2.3), considering Lemma 2 and the structure
of Ry (0), we obtain that u (0) € P;.

We distinguish two types of terms in u/,(6): those of the form Re(C M jdes(M)+1)
and those of the form Re(C e’ M ide(M)+1) with C, o € R, a # 0, and M a
monomial of (1.1).

By integrating between 0 and 6, the terms of the first form are transformed into

Re(C M ides(MD+1y g,

and so they are terms of the form p 8, with p € Py, as we wanted to prove.
The integration of the second form terms between 0 and 6 leads to expressions
like

Re geiae Mideg(M)—&-l o g Mideg(M)+1
Qo (Xe’
— Re (‘Cez'ae A pdesan+z _ —C Mideg(Mm)
o «a

= Re geme Mideg(M) _ g Mideg(M)
a a ’

and so they belong to Py, as we wanted to prove. Hence, the claim is proved and, as
a consequence, the proof of (i) is finished.

The proof of (ii) is similar and we just establish the differences. Assume that (1.1)
has a center at the origin. Consider (1.1) expressed in polar coordinates. The period
function, which gives the period of the orbit of (2.1) for which 7(0,p) = p, can be
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expressed as

P(p)=21+3 /0 " HL(0)r(0. p)* B

E>1

=27+ Ztk(%’) o,
k>1

where the functions Hy(#) can be calculated using the recursive formula

k
(2.4) Hi(6) = =3 1m(S;11(6)) Hi— (6)
j=1
and the functions ¢ (6) satisfy the following recurrence:

k
!
55) 0= OO Y 10| 3 C o o))
m=2 aepm
See [2] for more details.

It is well known that the first nonvanishing term in the power series of P(p)
corresponds to an even order term. Therefore, if to(27) = t5(27) = -+ - = toy,,—1(27) =
0 and to,,, (27) # 0, the mth period constant is Pa,, = tomy1(27).

In the above notation, the proof of (ii) follows from arguments similar to those in
(i) but considering the recursive formula (2.4) instead of (2.2) and considering (2.5)
instead of (2.3). 0

3. The analytic-numerical method with applications. Here we present a
method to compute the general formula of the constants. Let us suppose, for instance,
that we want to find the expression for ve,,11. We proceed as follows:

Step 1. By using Theorems 1 and A and the appendix, we list all the monomials
involved in vg,,11. That is, we write vg,,+1 as a linear function of products of basic
monomials (see Remark 4).

Step 2. Once the monomials are listed, we look for all the undetermined coeffi-
cients by computing the constant for some particular systems. To do this, we use the
Runge-Kutta-Fehlberg 7-8 method to calculate the Poincaré return map. Afterward,
we apply the Richardson’s extrapolation method in order to reduce the error.

The above procedure will be followed in the next subsection to compute the
expression of vs for a general system of type (1.1). Step 2 can also be used to obtain
numerically the mth Liapunov constant for a particular differential equation of type
(1.1). This has already been done in [5], but here we also study the behavior of the
round-off errors. In subsection 3.2 we present how to compute the third Liapunov
constant, vy, for a quadratic system.

First, let us describe Step 2 more carefully in the case of the computation of vs.

It is known that when v = 0, the Poincaré map II(x) near the origin is given by

O(z) — z = vs2® + o(z”),

where z is the first coordinate of a point on the semiaxis {(x,0) : x > 0}. Then,

F(x)zim = Vs JrO(x) =wvs + a1z +asx™ 4+ -,
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TABLE 2
[ Degree [ Monomials of quasi-degree 4 and weight 0
1 @]
2 DD,FF,GG,DF, AI,AJ,BI, BJ,CH,CK, E?> EE
3 A%F,A?D,B?D,B*F,ABF, ABD, ACD,

ACF,BCF,BCD, ACG,BCG AAE, BBE,CCE, ABE, ABE

4 _ A3C,A%BC,AB?C,B3C, A2A?, ABAB,
ACAC,A%AB,B?B2? BCBC,AB2B,C2C? ABCC, A2B?

where 1 <7 <ro <rg<---

The constant vs could be approximated by a direct computation of F(z) for =
small enough, but the factor ™ might not be small enough near x = 0. We can obtain
a better precision by increasing the powers r;. This can be done by the Richardson’s
extrapolation method, described next.

From a sequence of values of F(x), namely F (1), F(z2),...,F(zy), such that
Tiv1=qx, r1=x,t=1,...,m—1,and ¢ > 1, we define

{Fl(x) = F(z),

Fiti(z) = Fj(z) + W forall j>1.

Then, it can be proved that
Fr(x) =vs + a,(gk)x”“ + a,(ﬁglx”’“ +e k<m.

Therefore, Fj(x) is a better approximation for vs than F'(x), for z small enough.
(See [11] for more details.)

The images F'(z1),..., F(z,,) are obtained by using the Runge-Kutta—Fehlberg
7-8 method, with tolerance e; = 1073, and an initial step h; = 10~°, with maximum
and minimum steps hy; = 107! and h,, = 1076, respectively, and a precision of
1016, Observe that this is a three-parameter method, with parameters z, ¢, and m.

3.1. Computation of the second Liapunov constant. In this subsection,
by using the above procedure we compute the expression of the second Liapunov
constant vs. This gives the following well-known result (see [1], [2], [4], [7], [9], and
[15]).

THEOREM 3. Consider the equation ? = iz + F(z,2) with Fy(2,2) = Az + B2z +
Cz%, F3(2,2) = D23+ E222+F222 4G22, Fy(2,2) = HA 4+ 1232+ J 2222+ K223 + L24,
and F5(2,2) = M2° + N2*z + 02322 + P2%2% + Q22* + Rz°. Then

(i) vs = 27 [Re(E) — Im(AB)],

(ii) vs = Z[6Re(0) 4+ Im(3E* — 6DF + 6AI —12BI —6BJ —8CH — 2CK) +
Re(—8CCE+4ACF+6ABF+6BCF—12B2D—4ACD—-6ABD+10BCD+4ACG+
2BCG) + Im(6AB%C + 3A2B? — 4A?2BC + 4B3C)).

By using the appendix, we start listing the monomials satisfying Theorem 1. They
are given in Table 2. ~ ~ ~ ~ ~

By Theorem A, the real monomials of even degree (DD, FF, GG, EE, A?A?
ABAB, ACAC, B®B?, BCBC, C%*C?) do not appear in vs. Moreover, imposing that
vy = 0, i.e., ReE = Im(AB), we can consider that In(ABCC) = CCIm(AB) =
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TABLE 3
Determination of the coefficients of vs.

Equation 2z =iz + F(z, 2), Linear equation in ay
where F(z, Z) is:
1 2572 a; =6
2 25 — 222 —az =6
3 22 — 23z az =6
4 22 +i22%2 ag =0
5 2Z —i2°% —as =12
6 2Z + 12222 —ag =6
7 z° —iz” —ar =8
8 22 + i22° —ag =2
9 22 4 272 a10 =0
10 2Z — 25 —aq1 = 12
11 2Z + 232 a2 =0
12 22 4+ 2Z + 272 a1p + a1z +a13 =6
13 2242z —2° —a11 —a1qg = 18
14 22472223 —a15 =4
15 22+ 22 4 272 a0+ a1 =4
16 2Z + 22 + 222 a1z + a7 =6
17 2Z+ 22+ 25 ail +oaig = —2
18 22422428 ajg =4
19 22+ 22 +2° a0 =2
20 iz2 + 22 —a24 =0
21 2Z + 122 —agr =4
22 22 +izz 4+ (14+1)2°2 ag1 + a2 +2a9 =6
23 | 22+ (1 +10)2z+ (14+1)2%z 209 + 21 + 222 + 2028 = 12
24 [ (1+49)22+ 22+ (1+1i)2%2 209 + 221 + a2 + 2028 = 12
25 22+ (1 +14)zz + 222 a21 + 2a22 + 2008 = 6
26 22 —izZ + 22 — 222 —a21 — (o2 — a3 + a5 + a7 =0
27 i22 + 22 + 22 + 222 Q21 + a2 + 23 — g + g = —2
28 122 +izZ + 22 —a2q + a5 — azg — g7 = —6

Re(CCE), and so the monomials ABE, ABE, A2AB, AB%B, and ABCC can be
eliminated. On the other hand, since the systems of type # = iz + Az? + Dz3 are
isochronous centers, we can also deduce that the monomial 42D does not appear.
Taking all this into account, we end Step 1 and we have that

V5 = g [alReO + Im (azDF + asAT + a4 AJ + asBI + agBJ + a7CH + asCK + a9E2)
+R€‘ (a10A2F+(X11BQD+algB2F+a13ABF+Q14ABD+(X15ACD+Q16ACF

=4 0&17BCF-|-0418BCD+algAéG+a20BCG+a21AAE+a22BBE-i—OéggcéE)
+ Im (CZ24A30+O¢25AQBC+C¥26ABQO+O£27B3é+azsA232)] .

Now we must search for the undetermined coefficients «;, for j =1,...,28.

From formula (2.3) we can deduce that the coefficients «; of the monomials of
vs have a common factor m. We also introduce a handling which permits a higher
reliability on the numerical results, since we have observed that taking a system with
integer coefficients and multiplying by % the numerical approximation of the constant
obtained from Step 2, we get a result very close to an integer number. In fact, we
obtain numbers v such that there exist n € Z satisfying |[v — n| < 1073, Then, it is
clear which is the integer result we must consider to be the correct one. For instance,
if we take system 1 of Table 3 and apply to it Step 2 of our method, we have that
%v5 ~ 5.9999984. Therefore we consider that %’Ug) =6.
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We choose 28 differential equations for which vs = 0 and for which many of the
monomials appearing in vs vanish. We compute the value of the constant applying
the numerical method explained above and we reach a linear system of 28 equations
where each component of the independent vector is the result of one of the 28 numer-
ical experiments, rounded off to the closer integer number. In Table 3, we show the
differential equations chosen and the linear equations derived from them.

Solving the linear system, we obtain the coefficients of the expression of Theorem
3(ii). Of course, it coincides with the results obtained in the previous works, although
this procedure cannot be strictly considered as a proof. A similar idea could be used
to find the period constants.

In general, the problem of choosing which differential equations we have to con-
sider to obtain the linear system of equations can be reduced to a problem of mul-
tivariate interpolation with multidimensional grid. Nevertheless, this approach gives
rise to many redundant linear equations. In the present case, we have chosen the set
of differential equations simply by looking at the nonzero monomials of vs.

3.2. Computation of third Liapunov constant for a particular system.
In this example, we apply the numerical method to compute v; for the particular
quadratic system

&= —y+ 22+ 22y,
Y=+ 2%+ 3zy — 92,

for which it is known (see Remark 4) that v = v5 = 0 and v7 = 2;—2” ~ 2.45436926.

We are going to show how we obtained an approximation of this value from the
numerical procedure explained at the beginning of this section without using that v;
is a rational multiple of 7. The final value obtained from that procedure, after fixing
x, q, and m, will be called v7(z, g, m).

We consider z € I, = [0.01,0.065], ¢ € I, = [1.075,1.425], and m € I, =
{4,5,6,7}. Then, with the values of v7(z, ¢, m) obtained for (z,q,m) € I, X I, x Ip,,
we make a simple statistical estimation of the value of vy.

The estimator we consider is the sample mode. The main reason is that we believe
that when the (x, g, m)-process works, it gives good approximations of v7; however,
when it does not work (for instance, because of the numerical instability), the error
can be big and often with the same sign. This is a definitive argument against the
consideration of the mean and the median in our problem.

To display the accuracy of this example, we give some graphics of the frequencies
(see Figure 1), considering from graphic to graphic one more digit of the values. In this
way, it can be observed that (for this example) the method adjusts statistically up to
the third digit. In the third graphic (corresponding to the fourth digit; see Figure 1(c)),
we can appreciate a great dispersion of the values, which indicates the reliability of
the method only up to the third digit, with a relative error of § ~ 3%z 107% ~ 2-107>.

Obviously, this numerical conclusion is valid only for this example, but the proce-
dure can be applied to any other system. To compute vap 41, notice that for the set of
values given above, 7(z) — z & vop41 1072(2k+1)  On the other hand, remember that
for the Runge-Kutta—Fehlberg 7-8 method, T'/h ~ |w — @|, where w and @ are the
approximations given the RK7 and RK8 methods and T is the tolerance. Hence, if
we want to compute voy, 1 with relative error 107¢ (assuming step size in the Runge—
Kutta—Fehlberg 7-8 method of order 10~?), roughly speaking, it is necessary to work
with a tolerance T ~ 102t~k
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180

160

140

120

100

80

FREQUENCY

60

20

0 - - | O T Y~ I
1 2 3 4 5 55

(a) Frequencies taking into account up to the first decimal.

60

50

30

FREQUENCY

20

10

216 22 23 24 25 26 27 278
(b) Frequencies taking into account up to the second decimal.

10

FREQUENCY

2401 241 242 243 24 245 246 247 248 249 25
(c) Frequencies taking into account up to the third decimal.

Fic. 1. Frequencies for the value of vy increasing the number of digits of precision.
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Appendix. Finiteness of basic monomials. In this appendix we prove the
following result.

PROPOSITION B. The number of basic monomials associated with system (1.1)
with F(z, zZ) polynomial is finite.

REMARK 4. Denote by B the finite set of basic monomials associated to a poly-
nomial system (1.1). Observe that the above result implies that the Liapunov con-
stants are real-valued polynomials in the ring C[B]. For instance, consider system
3 = iz+ fao2? + f1122+ foa 2. The basic monomials associated with it are By = faq fa0,
By = fi1fi1, Bs = foafo2, Bs = faofi1, Bs = finfo2, Bs = fi1fo2, Br = f30.f11fo2,
Bs = foof? fo2, and their conjugates. Furthermore, also applying Theorems 1 and A
we get that

V3 = oquB4,

Vs = Il’IlFo,

3
vr =Y BilmF; + Im(B4Fy + B4 F5),
=1

where F; = F;(Bs, Bg, Bz, Bs) are linear functions in all the variables.
Indeed, it is a known fact that for quadratic systems

vy = —2m Im(By),

2
vs = —glm(2B7 — 3Bs — 2By),

o
V7 = —Z (BQ — B3) Im(2Bg + BG)
We will use the next technical result to prove Proposition B.
LeEMMA 5. Consider ay,qq,...,as € Z. Then, there exists a positive integer m,
0 <m < s, and a reordering {31, ...,Bs} of the numbers ay,...,as such that
m
Z B;i=0 (mod s)
=1

Proof. Consider Sy, := Zle a; for all k <s. If Sy =5, (mod s) for some k # j
(let us suppose k > j), then Sy —S; = a1 + -+ ax = 0 (mod s), and so the
lemma would be fulfilled. Otherwise, S, Sa, ..., Ss belong to different classes in Zg
and therefore one of them must be 0 € Z,. Then, the lemma also follows. 0

Proof of Proposition B. Denote by B = C"™* --- C%" a basic monomial of (1.1),
where C, ..., C,, are the coefficients of the system, and suppose that |w(C;)| = ¢ for
all 7. In fact, C; is a generic label representing any coefficient of (1.1) of weight =i,
while «; is the number of coefficients taking into account the repetitions (in a basic
monomial of degree greater than two, there cannot coexist coefficients of weight ¢ and
—1). Then, Proposition B follows if we are able to prove that

(A1) ay +2as+ -+ na, =0
has finitely many minimal solutions, where we say that a solution « := (a1,...,a,) €
Z" is a minimal solution of (A.1) if there does not exist any other solution (31, ..., 3,)

such that |8;] < |a;| and sign(8;) = sign(a;) for alli =1,...,n.
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In particular, the finiteness of minimal solutions will be proved if we prove that
any minimal solution « of (A.1) satisfies that |a;| <mn foralli=1,...,n.

Suppose that ay > n for some k € {1,...,n}. First, we will see that this implies
that a; > —n for any j. Otherwise, if for some j we have a; < —n, we can write

ap = j+ N and o = —k — N;, where N, and N; are positive numbers. Then,
a= (0, .., Q... Q.. Q)
== (al,...,—Nj,...,Nk,...,an)+(0,...,0,—k,...7j,0,...,0),
and this situation breaks the property of minimality of a.
Now, we keep the assumption that ap > n for some k € {1,...,n}. Since «
must be a solution of (A.1), we deduce that there must exist a,...,q; , all of them

negative, such that oy, == >"._, j; aj, < —kn. We can write

(=ayy) ()
o= —(i+-+an A+t gt tgn).

Since j; < n for all ¢ and o, < —kn, the number of terms involved in the last expression
of oy, is greater than or equal to k. Then, we choose any string of k terms in o and
we call it o},. It is obvious that

T
= Zji o) with 0> ol > a;, forall i
i=1

Then, since o}, is a string of length k, we can apply Lemma 5 to it and deduce
that it contains a partial sum, O';;, such that U; = 0 (mod k). Then, if we write
0; =3 1 Ji aj;/ = —ku, with 0 < p < n, we can construct the following solution

ﬁ = (517"'7ﬂn) of (Al)

’

ajil ifie{jlv“'?jr}a
Bi=1 u ifi =k,
0 1f7’¢{k7]1>7]7‘}
From their definitions, it is clear that 0 > aj;/ > ay, for all i € {1,...,r}. On the

other hand, 0 < u < n < ag. Then, 3 is a solution which breaks again the minimality
of a and gives the contradiction we were searching for. Therefore, the proposition is
proved. a

REMARK 6. Observe that the proof of Proposition B provides the bound (2n+1)"
for the maximum number of monomials of the form C{* ...C%", because |a;| < n for
all i = 1,...,n. Furthermore, note that if the degree of F in system (1.1) is d, then
n=d+ 1. As can be seen in Remark 4, the bound (2d + 3)4* is not a sharp one.

Acknowledgment. We are very grateful to Francesc Manosas for the stimulat-
ing discussions and his ideas to prove the results of the appendix.
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