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ABSTRACT. We investigate formal and analytic first integrals of local analytic ordinary dif-
ferential equations near a stationary point. A natural approach is via the Poincaré-Dulac
normal forms: If there exists a formal first integral for a system in normal form then it is
also a first integral for the semisimple part of the linearization, which may be seen as “con-
served” by the normal form. We discuss the maximal setting in which all such first integrals
are conserved, and show that all first integrals are conserved for certain classes of reversible
systems. Moreover we investigate the case of linearization with zero eigenvalues, and we
consider a three-dimensional generalization of the quadratic Dulac-Frommer center problem.

1. INTRODUCTION

The question whether a differential equation admits nonconstant first integrals in the neigh-
borhood of a stationary point is of considerable interest for its qualitative analysis. Thus, for
real planar systems the existence of a local analytic first integral in a neigborhood of a center
with eigenvalues +0i with real 3 # 0 was shown by Poincaré and Lyapunov, see [16, 12, 14].
The existence of local analytic or smooth first integrals in a neigborhood of a nilpotent center
was studied in [4], and the existence of local smooth first integral in a neigborhood of a center
having zero linear part was proved by Mazzi and Sabatini [13].

On the other hand, to detect the existence of a local first integral is frequently a difficult
problem. In the present paper we discuss differential systems with analytic right-hand side, and
approach the problem via Poincaré-Dulac normal forms: Thus we will obtain a clear picture of
formal first integrals, and some nontrivial results about local analytic first integrals.

Let U be an open neighborhood of 0 in C™ and let f : U — C™ be an analytic vector valued
function with f(0) = 0. In this work we discuss autonomous differential systems of the form

fi(x) T
&= f(z) = : sor=1 | el (1)

Since real-analytic systems may be extended to C™, our results will also be applicable to the
real setting. To f there corresponds a vector field, i.e. a derivation of local analytic functions

given by
0
Xy = Zfz Oz

We will employ differential equation and vector field interpretations simultaneously. To the
commutator of two derivations there corresponds the Lie bracket of vector valued functions. If
¢ is a local analytic function then we call X¢(¢) the Lie derivative of ¢. If X¢(¢) = 0 then we
call ¢ a first integral of the differential equation. (Note that we include constant functions in
this definition.)
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We denote by A the Jacobian matrix of f evaluated at the origin, i.e. A = Df(0), and
consider the Taylor expansion

f(z) = Ax + Z g®(z);  ¢g™® homogeneous of degree k. (2)
k>2

In addition to local analytic functions and vector fields, we will also discuss their formal power
series counterparts.

We will study the question of formal and analytic first integrals following ideas initiated
in Poincaré’s work [16], using what is now kno wn as Poincaré-Dulac normal forms (briefly,
PD normal forms); see Dulac [6], Bibikov [2], Bruno [3], Arnold [1], and [17], among others.
Every formal vector field can be transformed to a PD normal form by an invertible formal
transformation, and formal first integrals are thereby mapped to formal first integrals. Thus
normal forms will provide satisfactory answers in the formal power series setting, and also some
results for the analytic case.

The existence question for formal first integrals will be discussed in Section 2. All arguments
are based on the fact that a formal first integral of a system (2) in PD normal form is also
a first integral of the semisimple part As of the linearization A. Thus, the normal form may
conserve certain first integrals of Ay, and every first integral of a system in normal form arises in
this way. We will proceed in Section 3 to characterize and discuss the maximal scenario when
all first integrals of A, are conserved by the system transformed to normal form. We show
that conservation of first integrals may even imply the existence of a convergent normalizing
transformation for analytic systems. Then we present, in Section 4, a class of generalized
reversible systems that conserve all first integrals of the linear part. In Section 5 we discuss
the case when some of the eigenvalues are zero in the linearization (with no other resonances),
and we generalize known theorems relating local manifolds of stationary points to the existence
of analytic first integrals, for more details see Remark 17. Our results also include a stability
criterion, see Theorem 15. We finish the paper by introducing, and to some extent solving, a
three-dimensional generalization of the quadratic Dulac-Frommer center problem.

2. NORMAL FORMS AND LOCAL FIRST INTEGRALS

Recall that A is the Jacobian matrix of f evaluated at the origin. Let A = A; + A, be the
decomposition of A into semisimple and nilpotent part; thus Ay is diagonizable, A,, is nilpotent
and [Ag, A,] = 0. (If A is given in Jordan canonical form then A, is just the diagonal part
and A, is the strictly upper triangular part.) System (1) is in Poincaré-Dulac normal form if
[As, f] = 0. Equivalently, in the Taylor expansion (2) one has all [AS, g(k)} =0.

There is an explicit description of PD normal forms if A is given in Jordan canonical form,
with eigenvalues A1,...,\, (eigenvalues will be always be counted according to their multiplic-
ity). Let ZT be the set of all non-—negative integers, and ey, ..., e, the standard basis of C".
Then a vector monomial

Mn
n

" expre;  with my czZ"

is called resonant if
ml)\l + mn)\n — /\j =0.
In these coordinates, a differential equation (1) is in PD normal form if and only if all vector
monomials occuring in the Taylor expansion (2) are resonant.
From the work of Poincaré [16] and Dulac [6] one knows that every formal power series

system (2) admits a formal transformation to a formal power series system in normal form.
Thus there exist an invertible formal power series

I'(z) =« + h.o.t.

and a series

f(z) = Az + h.o.t.
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in PD normal form such that the identity

DT (z) f(x) = f(I'(x)),
is satisfied. (See also Bibikov [2], Bruno [3], and [18]). This transformation induces a bijection
between the formal first integrals of f and those of f . However, due to convergence problems,
there may not exist an analytic transformation to normal form for analytic systems (1), and
consequently the question concerning local analytic first integrals is much harder.
We recall three results that are common knowledge or were proven in [17], considering first
polynomial and formal first integrals of the linear system & = Agx.

Lemma 1. Assume that A is in Jordan canonical form, with eigenvalues \1,...,\n,. Then a
monomial x¥* - xkr with k; € Zt (and S ki > 1) is a first integral of A, if and only if the

z": kidi = 0.
i=1

monomaial is resonant, that is,

Moreover, any formal first integral of © = Asx is a formal power series in resonant monomials.
Lemma 2. The algebra of polynomial first integrals of @ = Asx is finitely generated. If
As has eigenvalues A1, ..., An, and the Z-module spanned by all nonnegative integer solutions
(k1y.-. kn) of > kiAi = 0 has rank d, then there are exactly d independent polynomial first
integrals (and also exactly d independent formal first integrals) for As.

Proof. See [17], Proposition 1.6 and proof of Theorem 3.2. O

Proposition 3. Let the formal power series (2) be in PD normal form. Then every formal
power series first integral of system (1) with expansion (2) is also a first integral of As.

Proof. Since this fact is crucial, we repeat an outline of the argument in [17], Proposition 1.8:
The derivation X 4 restricts to any subspace of homogeneous polynomials of fixed degree, say
degree m, and by [17], Proposition 1.4, the semisimple-nilpotent decomposition is given by
Xa=Xa,+X4,. Let ¢ be a homogeneous polynomial. By linear algebra, X 4(¢) = 0 implies
Xa.(¢) =0, and moreover X4, X (¢) = 0 implies X 4_(¢) = 0.

Now let (2) be in normal form, and let

Y =1, +pp1+---, with ¢»; homogeneous of degree j, 1, #0
be a formal first integral. Evaluating terms of smallest degree one finds

Xa(r) =0= Xa,(¢r) =0.

Proceed by induction. For homogeneous terms of degree r + j one has
J
0= Xa(rij) + Z Xgoo (Yraj—r)-
k=2
Application of X 4_, the normal form property and the induction hypothesis imply

j
X, Xa(Wry) = =Y Xa, Xy (@Wrijk)
k=2
J
= —Z Xy Xa,(Vrij—k)
k=2
= O7
and therefore X 4, (¢,4,) = 0. O

Corollary 4. If As admits only constant polynomial first integrals then the only formal first
integrals of system (1) with f given by (2) - whether or not in normal form - are the constants.
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But even if nontrivial first integrals for A, exist, system (1) will in general have only constant
first integrals. The following sections will deal with criteria and settings when nontrivial first
integrals exist for (2), hence when some first integrals of Ay are conserved in a corresponding
PD normal form.

3. THE MAXIMAL SCENARIO

We discuss the case when all first integrals of Ay are conserved by a normal form.

Proposition 5. Let the formal power series (2) be in PD normal form, and assume that A
admits d independent polynomial first integrals. Then & = f(x) admits d independent formal
first integrals if and only if this differential equation admits every polynomial first integral of
T = Asx.

Proof. The polynomial invariant algebra of A, (i.e. the algebra of all the polynomial first
integrals of system & = A x) has a finite set of (monomial) generators ¢y, ..., 1,. Let 61,...,04
be formal power series in r indeterminates such that

Or (Y1, r)ye o Ba(thr, - ),
form a set of d independent first integrals for f. Setting
61 U1
; U=
Oa (8
the rank of the derivative D (© o U) therefore is equal to d, and the identity
D (©0W)(x) f(x) =0,

0=

follows from the first integral property. The chain rule implies
D(©oW)(x) =DO(¥(x))DV(x),

and by linear algebra both matrices on the right-hand side must have rank > d. In particular
DO(¥(x)) is invertible, and DO(¥(z))DV(x)f(x) = 0 implies D¥(z)f(x) = 0, whence every
1; is a first integral of f. O

Remark 6. For real systems of dimension 2 with an A semisimple matriz with eigenvalues tiw,
w > 0, conservation of first integrals (or just of some nonconstant first integral) is equivalent
to the existence of a center (see Dulac [7], Frommer [8]). In this sense the question under
what circumstances there is a maximal number of independent first integrals is an algebraic
generalization of the center problem.

Remark 7. In a two-dimensional system having a matric A with a unique zero eigenvalue,
conservation of first integrals is equivalent to non-isolatedness of the stationary point. This is a
consequence of a more general statement proven in Li et al. [11]; see also Bibikov [2], Theorem
12.2 and its proof.

One knows that the existence of a center for planar polynomial vector fields, with lineariza-
tion as above, is equivalent to a finite set of polynomial conditions for the coefficients. A
generalization of this property to the “maximal scenario” is as follows:

Proposition 8. Assume that system (1) with f given by (2) has polynomial right-hand side,
As admits d independent polynomial first integrals, and denote by (c;)icr the finite system of
coefficients of the nonlinear terms in (1). There exist finitely many polynomials o1,...,0p in
the ¢; such that (1) admits d independent first integrals if and only if all the o; vanish.
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Proof. We denote by f a PD normal form of f. The coefficients of the nonlinear terms in f are
polynomials in the ¢;, as is seen from [18], Theorem 2.4 and Algorithm 2.6, or from analyzing
the “distinguished transformation” to normal form in Bibikov [2], Ch. 2, as well as in Bruno [3].
Let p1,...,pq be a set of (homogeneous) generators for the polynomial invariant algebra of As.
Evaluating the relations X f.(pk) = 0 we obtain conditions of the type that certain polynomials
in the ¢; must be zero. A priori we may have infinitely many such polynomials, but Hilbert’s
Basissatz (see e.g. Kunz [10], Prop. 2.3) shows that finitely many suffice. il

Conservation of all formal first integrals may ensure convergence. The following result was
first proven by Zhang [19], [20], whose approach is also based on Proposition 3 and works with
the theory developed in Bibikov [2].

Theorem 9. Let the n-dimensional system (1) with f given by (2) be analytic, and assume
that As is not zero and admits n — 1 independent polynomial first integrals. If some formal
PD normal form for f admits n — 1 independent formal first integrals, then & = f(x) admits a
convergent transformation to PD normal form, and there exist n — 1 independent analytic first
integrals.

Proof. By Lemma 2 there are linearly independent integer vectors (ki 1, ..., ki), with 1 <4 <
n — 1, such that the eigenvalues of A, satisfy

D kijh=0, 1<i<n-—1,
J
This means that (A1, ..., A,) lies in the one-dimensional solution space of a homogeneous linear

system of equations with integer coefficients, hence (A1,...,\,) is a complex multiple of an
integer solution. This implies the existence of some § > 0 such that

Zml/\l 75 0, m; € 7t = ’Z miN\;

>4,

and this, in turn, implies Bruno’s “Condition w”; see [3], Part I, Ch. III, Subsection 3.2.
On the other hand, every nonconstant homogeneous polynomial vector field p admitting the
monomial first integrals ¢; which correspond to the above integer vectors (as we may assume
from Proposition 5) will be a polynomial multiple of Asz: If y € C™ is such that the Jacobian
matrix 9(é1,...,0n-1)/0(x1, - ,2,) has rank n — 1 at y, then p(y) and A,y are linearly
dependent. Since the set of these y is nonempty and Zariski-open, one has linear dependence
for all y € C™. For the components p; of p this implies

)\iiEipj = /\jxjpi (1 S i, j S n)

Since at least one eigenvalue is nonzero, we have that p; = 0 whenever \; = 0. If ¢ # j and both
A #0 and A\; # 0, we see that x; divides p; and x; divides p;. Invoking the linear dependence
condition again we have that p(x) = o(z)Asz with a polynomial o (which is necessarily first
integral of A, since the Lie bracket equals zero). Thus any normal form f of f will have the
form 7- A, with a formal first integral 7, and therefore Bruno’s “Condition A” (see [3], as above)
is satisfied. The convergence assertion follows from Theorem 1 in [3], as above.

4. REVERSIBILITY AND CONSERVED FIRST INTEGRALS

For some classes of reversible systems, such as the two-dimensional center problem with
nondegenerate linearization, one knows that nontrivial first integrals exist. Here we will discuss
such systems in some detail, considering a generalized version of reversibility, with certain
primitive roots of unity taking the role of the familiar —1. This makes notation and statements
more cumbersome, but the greater generality seems worth the effort.
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Lemma 10. Let p be a prime number, m a positive integer, ¢ a p-th root of unity, and
Wi, ... W complex numbers that are linearly independent over the algebraic number field Q [C].
Moreover let C' be a diagonal matriz either of size mp X mp with entries

w17<w17 .- '7Cp_1w17
w2, C(UQ, R C;D—lw27
W, Cwma ) 7Cp_lwm7

in this order, or of size (mp + 1) x (mp + 1) with the above entries and a final entry 0. Then
there exists an invertible matriz T such that

T-'cTr=¢-C,

and T permutes cyclically the elements of each set {x1,...,xp}, {Tp+1,...,22,}, ete.
The invariant algebra of C' is generated by the following algebraically independent polynomi-
als.

¢r = @y Tp
P2 = Tpi1-Tpia-o- Ty
Om = Tm—-1)p+1 " L(m—1)p+2 """ Tmp

and, depending on the case, ¢mi1 = Tmp+1-

Proof. Only the assertion about the generators of the invariant algebra requires a proof. If
a nonnegative integer linear combination of the eigenvalues of C' is equal to zero then every
partial linear combination involving only

-1 .
wjvcwjv"'vcp Wiy ISJSm,

will also be zero, due to the linear independence requirement on the w;. Thus the problem is
reduced to relations of the type

p—1
Sme=o
i=0
with (nonnegative) integers m;. There is a distinguished relation
L+ ¢+ 4¢P =0,

and every other integer linear combination of 1,...,(P~! yielding 0 is an integer multiple of this
distinguished one. (Note that a linearly independent integer linear combination of the ¢* that
yields zero would imply the existence of a polynomial with rational coefficients that annihilates
¢ and has smaller degree than p — 1; this is a contradiction to the irreducibility of the p-th
cyclotomic polynomial.)

From this we see that ¢1,..., ¢, are invariants of C, and that they generate the invariant
algebra. O

Proposition 11. Let p, m, ¢ be as in Lemma 10, let A be conjugate to the matriz C' in Lemma
10, and assume that f = A+ --- in (2) satisfies T~ o foT = (- f for some linear invertible
T. Then all first integrals of A are conserved in a PD normal form of f.

Proof. We may assume that A is diagonal. Moreover, due to [18], Proposition 2.8, we may
assume that f is in PD normal form. By Lemma 10 one has ¢ o T' = 1 for every polynomial
(as well as every formal) first integral ¢ of A, and X(¢) is again a formal first integral of
A, because Xy and X4 commute. Now let p be a formal first integral of A. Evaluating the
(universally valid) identity

XTflofoT(p 0 T) - Xf(p) oT,
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we obtain (X (p) o T = Xy(p) o T. So
(X1(p) = X5 (p),

and therefore X;(p) = 0. O
Example 1. The three-dimensional system
0 Aox1T9 + 2&317% — 2a3x§ — a9x1T3
T = f(a:) = 1WITo + bl,T% + box1xo + b3$% + byxoxs + 3()51‘% + 2bgx1T3 ,
—iw:vg —blx% — 2b6$1$2 — 3b5$% — b4$2$3 — bgl'% — b2$11}3

with complex parameters w # 0, a; and b; satisfies

T lofoT =—f,
for the permutation matrix T that exchanges xo and x3, and therefore both first integrals of the
linear part are conserved. In this case, Theorem 9 also shows that a convergent transformation

to normal form exists, and therefore the system admits two independent analytic first integrals.
(The labelling of the parameters has been chosen in view of Section 6.)

Example 2. Let

and consider the differential system

a1r1T2 + agxg

i=f(x)=A 2+ | azrows+aga? |,

asr1To + CLG.I%
with real parameters aj. If ¢ is a primitive third root of unity and T = diag (1, ¢, ¢), one
verifies T~ o f oT = (- T. Therefore the cubic first integral 1 of A is also a first integral
of every formal normal form of this system. This indicates that the generalized notion of
reversibility is also relevant if one is only interested in real systems. (Note: The quadratic part
is the most general admitting reversibility. In the example following Proposition 2.8 in [18], a

more special system was discussed, with the additional property that Bruno’s [3] “Condition A”
holds for the normal form).

The algebraic independence assumption for the w; in Proposition 11 cannot be discarded in
general, as is shown by the example following Corollary 3.17 in [17]: Given the (m, p) resonance
in dimension 4 (with relatively prime m,p € ZT), a reversible system of this type generically
admits two independent first integrals, but not three, and Proposition 11 does not hold.

5. THE CASE OF ZERO EIGENVALUES

Throughout this section we assume that there is an integer m, 1 < m < n, such that
A ==X, =0, (3)

(so 0 is an m-fold eigenvalue of Ag) and moreover

> ki) # 0 whenever kpy1,... ky € Z¥ with Y k; > 0. (4)
1=m-+1
We recall the familiar characterization of the normal forms in this case.

Lemma 12. Assume that conditions (3) and (4) are satisfied, that A is in Jordan canonical
form, and that f(x) = Az + --- is in PD normal form. Then fi,...,fm depend only on
Llyeoey Loy

Proof. A monomial z!' - - - zfre;, with j < m, is resonant if and only if > ism liri = 0. Accord-

ing to (4), this implies £, 41 = -+ =¥£, =0. 0
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Theorem 13. Assume that conditions (3) and (4) are satisfied, and that A is in Jordan
canonical form. Then there is a bijective correspondence between:

(i) The formal first integrals of (2). .
(ii) The formal first integrals of a corresponding f in PD normal form.
(iii) The formal first integrals of the m-dimensional subsystem

.fl fl(Il,...,Im)

j7m fm(xl,...,xm)
of f in PD normal form.

Proof. The correspondence between (i) and (ii) follows from the fact that (formal) coordinate
transformations map first integrals to first integrals. Moreover, Proposition 3 shows that every
formal first integral of f depends on 1, ..., ,, only, and therefore is also a first integral of the
subsystem, whence (ii) implies (iii). The converse is obvious. O

Corollary 14. A system f in PD normal form admits m independent formal first integrals if
and only if fi =---= fmn =0.

Proof. By Proposition 5 there exist m independent first integrals for f if and only if z1,..., 2,
are first integrals of the system given in Theorem 13 (iii). O

Turning to the analytic case, we replace (4) by a stronger condition: We require the existence
of a d > 0 such that

z": ki

1=m-+1

> § whenever kps1,...,kn € Z% with Y k; > 0. (5)

Even if there is no convergent transformation to PD normal form, convergence may be ascer-
tained for certain transformations to less restrictive types of normal form, such as quasi-normal
form (QNF), as introduced in Bibikov [2], Section 10. In the special case of eigenvalue con-
ditions (3) and (4), with A in Jordan form, a system (2) is in QNF if and only if f1,..., fim
depend only on z1,...,x,. Since PD normal forms are special QNF’s, an arbitrary system
admits a formal transformation to QNF.

Theorem 15. Assume that conditions (3) and (5) are satisfied, and that A is in Jordan
canonical form. Assume further that (2) admits m independent formal first integrals. Then this
system admits m independent analytic first integrals, and moreover there is an m-dimensional
local analytic manifold of stationary points of f. Moreover, if system (2) is real and all nonzero
eigenvalues have real part < 0 then the stationary point O is stable in the sense of Lyapunov.

Proof. By Corollary 14 we have f; = --- = f,, = 0 for any formal PD normal form. Due to
this and to condition (5), the hypotheses (i) and (ii) of Bibikov [2], Theorem 10.2 are satisfied;
in particular hypothesis (ii) holds because the left hand side of the required inequality is equal
to zero. Therefore an analytic transformation to QNF f* exists. Since f{,..., f5 contain only
resonant vector monomials, there exists a formal transformation to a PD normal form f which
sends x; to x; for 1 < i <m. (This holds e.g. for the transformation given in [18], Theorem 2.4).
In particular, f = ﬁ =0 for 1 < i < m, and both assertions follow, since the transformation
to QNF is convergent.

The stability assertion follows from the QNF: Every affine subpace given by x1 = y1,..., 2, =
Ym (With |y1], ..., |ym| sufficiently small) is invariant. Stability of any stationary point

(ylv"'vymaov"'ao)v
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is therefore determined by the eigenvalues of

off
O(ylv"'vym) = (ax (ylv'-'vymvoa-'-70)>
J m<i,j<n

All eigenvalues of C(0,...,0) have negative real parts, and this property continues to hold if
all |y;| are sufficiently small. O

Corollary 16. Assume that conditions (3) and (5) are satisfied, and that A is in Jordan
canonical form. Then the analytic system (2) admits m independent formal first integrals (and
also m independent analytic first integrals) if and only if it admits an m-dimensional local
analytic manifold of stationary points.

Proof. By Theorem 15 the “only if” part is proven. Now we will show the “if” part.
(i) Assume that f is some normal form of f and (f1,..., fm)"™ not identically zero. If

2 : 4 O
Oégl »»»»» mell'”xm #Ov

is the homogeneous lowest order nonvanishing term in fj then we may assume that the same
holds for f;, because there exist analytic transformations into normal form up to any finite
degree.
(ii) There is an m-dimensional local manifold of stationary points for f, which may be param-
eterized by
tq 91(t1,...,tm)
O: — :
tm Hn(tl,...,tm)
with ©(0) = 0. We may assume that
0 0
(5 5)

with block matrices of suitable size and invertible B. The identity f(©(¢)) = 0 implies
Df(0)-DO(0) = A-DO(0) =0,

and therefore

Db, 41(0) =---=DB,(0) =0
which forces the rank of (D61(0),..., D#,,(0))" to equal m. Therefore the map
t1 O1(t1, .., tm)
: = : g
tm Om(tr, .. tm)
is a local analytic diffeomorphism, and we may assume that 6, = t¢4,...,60,, = t,, and further-
more that 0,,41,...,0,, are series of order > 2 in t1,...,t,,.

(iil) By parts (i) and (ii) we have
0= Zael ,,,,, ) tfl - -tf;; + h.o.t.,

because the higher order terms in « of f; become higher order terms in ¢ of f; 0 ©. But this is
a contradiction. O

Remark 17. Variants of the arguments in the proofs of Theorem 15 and Corollary 16 were also
employed (in more restrictive settings) in [5], Theorem 1 and [15], Proposition 2. Moreover,
the result in Li et al. [11] corresponds to the case m =1 above.

There remains the obvious question whether Condition (5) can be replaced by a weaker con-
dition (e.g. analogous to Bruno’s “Condition w”) such that Theorem 15 and Corollary 16 still
hold. The statements and results in Bruno [3], Part II, on sets of analyticity are highly relevant
in this context, and strongly indicate that substantially weaker conditons suffice. However, most
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of these statements are given without proofs, or with references to partial proofs only. Condition
(5) was chosen because proofs of all the results we require are readily available in [2].

Example 3. Consider the four-dimensional system

1-— X1 I3
. T3+ 174 Ty
— = (— —2
&= f(x) = (—z1 + 2273) - + (=224 + 12273) 1 + o3
T1T2T3 1429

This system has a stationary point in O with linearization A = diag (—1, 0, 0, —2) and by con-
struction 0 is contained in a two-dimensional local manifold of stationary points. By Corollary
16 there exist two independent local first integrals.

6. A THREE-DIMENSIONAL CENTER PROBLEM

In this section we discuss three-dimensional real systems

T = Bx + h.o.t.

with
0 0 O
B = 0 0 —w |, w>0.
0 w 0

Specifically we ask for necessary and sufficient conditions on the higher order terms such that
the system admits a maximal number of independent formal first integrals. Since B admits two
independent polynomial first integrals, this maximal number is equal to two. By Theorem 9,
the existence of two independent formal first integrals implies the existence of two independent
analytic first integrals
pr=z1+-, ¢p=a5+ai+-,

and moreover there exists a convergent transformation to PD normal form. Roughly speaking,
real differential systems of the above type with two independent conserved first integrals are
distinguished by the property that all trajectories near 0 are stationary or closed. In this sense
one may speak of a “three-dimensional center”.

We will consider the problem for quadratic right-hand side. A direct evaluation of the
conservation conditions and use e.g. of Grobner bases does not seem feasible (at least with
standard algorithms and implementations) in view of the high number of coefficients. We
will therefore follow a strategy employed already by Dulac [7] and Frommer [8] in dimension
two: Normalize the system by suitable transformations, determine necessary conditions for
the existence of two independent first integrals (using normal forms and Proposition 8), and
relate to classes of equations which are known to admit two independent first integrals. Only
elementary algebraic arguments will be used.

A linear transformation to diagonalize B will yield

0 alx% + asx1x0 + 2a3:1:% + asgxoxs + 2a5x§ + agxr1xs3
T = f(,CC) = iLUIQ + ble + b2$1$2 + ng% + b4$2$3 + 3b5$§ + 2b6I1{E3 . (6)
—wrs clx% + 2cox1x0 + 30333% + cqxo3 + C5{E§ + cgr113

Since (6) stems from a real quadratic system, the following relations hold between the coeffi-
cients:
ay =ai, G =0z, a5=0d3, a4 = 0y, B B (7)
Clzbl, Cﬁzbg, C5:b3, C4=b4, C3:b5, CQZbG.

We first record some known cases.

Lemma 18. System (6) admits two independent first integrals in the following cases:

i) The system is reversible with respect to the map exchangin T2 and ZI3.
ii) The system has divergence zero and admits the first integral T1.
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(iii) The system is Hamiltonian with respect to the Lie-Poisson bracket defined by the stan-
dard vector product.

We note that the system is reversible if and only if all coefficients are purely imaginary, thus
a1 = 0, az + ag = 0 etc.; see the example following Proposition 11. Case (iii) can be described
as follows: Letting

Y1 = m +22/2 + wrexs

VYo = Ml + Y132 + Y323 4+ o3 + Y573 + YeT3T1,
one obtains a quadratic vector field by taking the vector product of the gradients of ¢; and
12. By construction this vector field admits the first integrals ¢ and 2. Explicitly the
homogeneous quadratic part is as follows:

—wYaT1T2 — 2wY3T3 + 2wWYsT3 + WYET3T1
—v623 + (2wy1 — Y4)T1T2 + WY2TE + WYeT2T3 — 2V5T3T1 | - (8)
’72117% + 2937122 — WYaT2T3 — w’7233§ + (74 — 2wy1) w321

For later use we record certain normalizations.

Lemma 19. Let o € R* and 8 € C with |3| = 1. The linear invertible transformation

rT = ary

T2 P

x3 = [l
sends (6) to a quadratic system (corresponding to a real quadratic system) with the same linear
part. By this transformation, by is changed to a?B~ by, ¢1 is changed to o?fBci, as is changed
to Bag, and ag is changed to f~  ag.

In particular, we may assume that by s purely imaginary and thus ¢; = —bi. In case

b1 = c1 = 0 we may assume ag = —as to be purely imaginary.

From now on we impose the following condition:
by +c1 =0. (9)

Now we start to use results from the computation of normal forms. (The requisite com-
putations of normal forms, performed by a standard computer algebra system according to
Algorithm 2.6 in [18], will not be recorded here; they are quite bulky.) The normal form up to
degree 2 can be read off directly:

0 alx% + aqx0x3
fQ(CC) = W2 + boxi 2o =+
—wrs CT1T3

Lemma 20. The normal form up to degree 2 admits the first integrals x1 and xoxs if and only
if

a1 =as =0 and by +cg = 0. (10)
These conditions are therefore necessary for the conservation of two independent first integrals

of A= Df(0).

Computing a normal form up to degree 3 and requiring that z; is a first integral of the
homogeneous cubic term yields the condition by(as + ag) = 0 and therefore we find, or may
assume, due to Lemma 19, that

as + ag = 0. (11)

(In any case the parameter 3 in Lemma 19 is now fixed, unless by = as = 0). Substituting

ae¢ = —ag and re-calculating the normal form of degree 3 leads to the following set of conditions:
ag(b4 + 04) = 4((1502 — agbﬁ);

b1 (b4 + C4) = —2b1(b3 + 05); (12)

CqC5 — b3b4 == 2(0,502 - agbg).
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Lemma 21. The following statements hold.
(a) Given (9), (10) and (11), equations (12) imply

by (—az + 2¢5 + b4) (b4 + 04) =0. (13)
(b) In the case by # 0 and by + ¢4 = 0, conditions (12) are equivalent to
bi+cy = 0
b3 +c5 = 0, (14)
a5Co — a3b6 = 0.

(c) In the case by # 0 and —ag + 2¢5 + by = 0, conditions (12) are equivalent to

as+2bs+cy = O
—az+2c5+by = 0 (15)
—ag(bg —|— 05) = 2(&562 — agbﬁ).

The first two of these conditions are equivalent to div f = 0.
Proof. Combining the first and third equations in (12) yields
az(bs + c4) = 2(cacs — bybs) = 2¢5(bs + ca) — 2b4(b3 + ¢5).
Multiplying by by and using the second equation in (12) one obtains
biaz(bs + ca) = 2b1c5(ba + c4) + b1ba(bs + ca),

and hence the assertion of (a). The remaining assertions follow from straightforward computa-
tions. (]

Remark 22. The rewriting procedure in the first equation of the proof is not accidental. In
principle, we are determining the ideal I in Clay,as,...,cs,cs] whose zero set corresponds to
conservation of the first integrals in a normal form of (6). On the other hand, the example
following Proposition 11 shows that zero set of the ideal

J = (a1,a2 + as, a3z + as, a1, b1 + c1,b2 + ¢, b3 + ¢5,ba + €4, b5 + ¢3, b6 + ¢2)

lies in the zero set of I. Since J is generated by degree one polynomials, it is prime and hence
radical. Hilbert’s Nullstellensatz now shows I C J. Similar considerations have been employed
for the two-dimensional center problem; see Jarrah et al. [9].

From here on we assume that
by # 0. (16)
Geometrically, this means that the straight line defined by xo = x3 = 0 is not invariant for
system (6).

We proceed to further discuss the case from Lemma 21(b). The homogeneous normal form
terms of degree four (resp. five) provide five (resp. six) additional conditions for the coefficients,
and it seems advisable to first consider the easily accessible ones. (Some routine verifications
will only be mentioned; we will outline the non-routine arguments). Recall that we have by # 0,
and assume equations (9) (thus ¢; = —b1), (10) (thus a1 = a4 = 0 and ¢g = —b3), (11) (thus
ag = —az) and (14), which implies ¢4 = —by and ¢5 = —b3. The remaining condition from (14)
will be rewritten as

a5(02 + bﬁ) — bﬁ(ag + a5) =0. (17)

From the degree four normal form one obtains:

b1(as + as) + az(bs + c2) =
4bi(as +as) + (3ag+ by —2b3)(bs +c2) = 0.

Combining these equations one obtains

(CLQ — b4 + 2b3)(02 + bﬁ) =0. (19)

L

(18)
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This provides a natural distinction of two cases. If as — by + 2b3 = 0 then the system has
divergence zero, and conversely. We first dispose of the other case.

Case bl:
Co = —b6 = as = —as by (18)
From the degree five normal form and b; # 0 one obtains
CLQ(b5 + 03) = 0

If ¢c3 = —b5 then, by Lemma 18 the system is reversible. If as = 0 and c3 + b5 # 0 then another
degree four condition implies

a3b1:0 = a3:O:a5a
and hence x; is a first integral of the quadratic system. A further degree five condition forces
by —2b3=0 = divf=0.

Therefore, in Case bl every system (6) admitting two independent first integrals is among those
listed in Lemma 18. This leaves

Case b2:
as — by + 2b3 = 0;  divergence 0.
Here we obtain another degree four condition, viz.
as(c2 +bg) + bi(az +as) = 0. (20)
Combination with (17) yields

(ca + bg) - (agbg + asby) = 0; (21)

(a3 + as) - (a2b + asby) = 0
These conditions suggest a further splitting into subcases.
Subcase b2.1:

ca+bs=0 = as+as=0 by (20).
Here we are back in Case bl. Assume ¢y + bg # 0 now.
Subcase b2.2:
ast+as;=0 = as=a3=as5=0 by (17), (20).
Thus z; is a first integral of (6) and the system has divergence zero, so Lemma 18 applies.
Subcase b2.3:
asbg + asb; = 0. (22)

Here we employ Lemma 19 a second time, by choosing the real parameter . Due to b; # 0,
we may assume

as € {0, by, —b1}.
Subcase b2.3.1:
a3=0 = az=a;=0 by (22).
Again, Lemma 18(b) applies.
Subcase b2.3.2:
az=by = bg=—as and ca = —ag by (22), (17).
From degree five and b; # 0 one has
bs 4¢3 =0,
and there are two more (simplified) degree four conditions:

(b1 + bg + 3b5)(a5 + ag) = 0;

(5b1b5 + 8b3b5 + 7b1b3 + 4.b§ + 3b%)(a5 + ag) = 0. (23)
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If ag + a5 = 0 then one also has ¢y + bg = 0 in this case, and reversibility. If as + a5 # 0, the
conditions from (23) simplify to

b1+b3+3b5 = O;

—4b5(b1 =+ b3) 0;

and therefore

b1+b3:b5:O, and03:O.
This implies that the system is Hamiltonian with respect to a Lie-Poisson bracket (Lemma
18(¢)).
Subcase b2.3.3: This runs closely parallel to the previous case. If as = —b; # 0 then bg = a5 and
c2 = ag by (22) and (17), and evaluating the normal form of degree five one finds b5 + ¢z = 0.
The remaining arguments are similar to those in Case b2.3.2, and again one finds that the
vector field is Hamiltonian with respect to a Lie-Poisson bracket. To summarize:

Proposition 23. The following statements hold.

(a) Every system (6), with by # 0, which admits two independent first integrals and satisfies
the hypotheses of Lemma 21(b) is listed in Lemma 18.

(b) Generally, if system (6) has nonzero divergence, and does not admit the invariant line
given by xo = x3 = 0, then it admits two independent first integrals near 0 if and only
if it is reversible.

Concerning the remaining cases, if by # 0 and the conditions in Lemma 21(c) hold, then by
similar, but more arduous, arguments and computations (using normal forms up to degree 6)
one can show that only systems of the types listed in Lemma 18 admit two independent first
integrals near 0. It does not seem appropriate to include these extensive computations and
reasoning in the present paper.

As for the last remaining case, viz. by = 0, the list from Lemma 18 certainly will not suffice.
Consider a special system (6) such that it admits the first integral 21 and that the second and
third entries of the right-hand side are independent of z1. Clearly, such a system admits two
independent first integrals if the two-dimensional system for xo and x3 admits a nonconstant
first integral (and thus a center). Inspection shows that this system is of the type listed in
Lemma 18 if and only if the two-dimensional equation for x5 and 3 is either Hamiltonian or
reversible. However, as it is known from Dulac [7], there exist two-dimensional quadratic center
systems of other types (e.g. admitting a Darboux first integral). It seems that the case by =0
is much harder to tackle, and it may require more advanced methods than we have used.
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