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Abstract

The determination of solutions of the Jacobi partial differential equations (PDEs) for finite-dimensional Poisson systems is
considered. In particular, a novel procedure for the construction of solution families is developed. Such a procedure is based on the
use of time reparametrizations preserving the existence of a Poisson structure. As a result, a method which is valid for arbitrary
values of the dimension and the rank of the Poisson structure under consideration is obtained. In this article two main families of
time reparametrizations of this kind are characterized. In addition, these results lead to a novel application which is also developed,
namely the global and constructive determination of the Darboux canonical form for Poisson systems of arbitrary dimension and
rank two, thus improving the local result provided by Darboux’ theorem for such a case.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The search, classification and analysis of solutions of the Jacobi partial differential equations (PDEs) [31,37,44],
has deserved an important attention during the last decades [2,6,7,10,12-22,24,26,30,33,43]. Such equations are given
by the system of nonlinear coupled PDEs

n
Z(Juazij + Jijoi ki + Do Jij) =0, i, j,k=1,...,n, 9]
I=1

where 0; = 9/0x;, and at the same time the so-called structure functions J;; (x1, ..., x,) = J;j (x) must also verify the
additional skew-symmetry conditions

Jijz—j,', i,j:l,...,n. (2)
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Egs. (1)~(2) are defined in a domain (open and connected set) £2 C R” in such a way that the C*°(£2) functions J;; (x)
conform in £2 the entries of an n x n structure matrix 7 (x) which can be degenerate in rank. Such a rank will be
denoted by r in what follows.

The applied interest of this problem is due to its key role in the framework of Poisson systems. Recall that a finite-
dimensional dynamical system defined in a domain £2 C R" is said to be Poisson (or to define a Poisson structure
in £2) if it can be written [37] in terms of a smooth set of ODEs of the form

n

%:ZJ,-j(x)ajH(x), i=1,...,n, 3)
j=1

or briefly x = J (x) - VH (x), where J (x) = (J;;(x)) is a structure matrix, and function H (x), which is by construction

a first integral, plays the role of Hamiltonian.

Finite-dimensional Poisson systems (e.g. see [37] and references therein for an overview and a historical discus-
sion) are ubiquitous in most fields of applied mathematics and related areas such as physics and theoretical biology,
for instance in mechanics [9,12,14,32,42], control theory [4], electromagnetism [8,10], plasma physics [40], optics
[11,28], population dynamics [23,25,35,36,41], dynamical systems theory [6,7,9,26,32,34], etc. In fact, describing a
given dynamical system in terms of a Poisson structure allows the obtainment of a wide range of information which
may be in the form of perturbative solutions [8], invariants [10,32,43], bifurcation properties and characterization of
chaotic behaviour [11,32,40], efficient numerical integration [29], integrability results [32,34,37], reductions [1,10,
11,16,18-21,23,24], as well as algorithms for stability analysis [3,25,27,38,42], to cite a sample.

Moreover, there are additional fundamental reasons justifying the importance and interest of Poisson systems. One
is that they provide a generalization of classical Hamiltonian systems, allowing not only for odd-dimensional vector
fields, but also because a structure matrix verifying (1)—(2) admits a great diversity of forms apart from the classical
(constant) symplectic matrix. Actually, Poisson systems are a generalization of classical Hamiltonian systems on
which a (typically) noncanonical Poisson bracket is defined, namely

n
[f@). g} = Y 8 f ()i (098 (x) @)
i, j=1

for every pair of smooth functions f(x) and g(x). The possible rank degeneracy of the structure matrix 7 implies
that a certain class of first integrals (D(x) in what follows) termed Casimir or distinguished invariants exist. There is
no analog in the framework of classical Hamiltonian theory for such constants of motion, which have the property of
having zero bracket in the sense of (4) with all smooth functions defined in £2, namely: {D(x), f(x)} = 0 for every
f(x). It can be seen that this implies that Casimir invariants are the solution set of the system of coupled PDEs:
J(x) - VD(x) = 0. The determination of Casimir invariants and their use in order to carry out a reduction (local,
in principle) is the cornerstone of the (at least local) dynamical equivalence between Poisson systems and classical
Hamiltonian systems, as stated by Darboux’ theorem [37]:

Theorem 1.1 (Darboux). Consider an n-dimensional Poisson system defined in a domain 2 C R”" for which the rank
of the structure matrix has constant value r everywhere in §2. Then at each point of §2 there exist local coordinates

(P1s-- s Prj2:q1, -1 Grj2, 215 - - ., Zn—r) In terms of which the equations of motion become
. oH . oH 1 )
= —, i =, I1=1,...,r N
9 api b 9g;

z;=0, j=1,...,n—r

This justifies that Poisson systems can be regarded, to a large extent, as a generalization of classical Hamiltonian
systems. This connection is an additional and important advantage of Poisson systems, as far as it accounts for the
potential transfer of results and techniques from classical Hamiltonian theory once a given system has been recognized
as a Poisson one and the Darboux canonical form has been constructed, specially if this can be done globally in the
domain of interest [1,10,11,16,18-21,23,24].

In addition, the problem of describing a given vector field not explicitly written in the form (3) in terms of a Pois-
son structure is a fundamental question in this context, which still remains as an open issue [6,7,22,26,39]. This is a



B. Herndndez-Bermejo / J. Math. Anal. Appl. 344 (2008) 655—-666 657

nontrivial decomposition to which some efforts have been devoted in past years following different approaches. The
source of the difficulty is twofold: First, a known constant of motion of the system able to play the role of the Hamil-
tonian is required. And second, it is necessary to find a suitable structure matrix for the vector field. Consequently,
finding a solution of the Jacobi identities (1) complying also with conditions (2) is unavoidable.

Together, the previous features explain the attention deserved in the literature by the obtainment, classification
and analysis of skew-symmetric solutions of the Jacobi equations. Among the very diverse procedures used for the
identification of new solutions of (1)—(2), one possibility consists of the use of a previously known structure matrix
which is taken as starting point. In other words one structure matrix, assumed to be known, is the basis used in the
search of more general solutions. This kind of strategy often has the advantage of simplifying notably the Jacobi
equations. In particular, approaches of this type have been successfully used in different contexts [5,10,17,23]. In
the present work an investigation of this kind is carried out, as it will be described in detail in the next section. For
the moment, two properties of the forthcoming analysis are worth being emphasized. In first place, the following
results provide a generalization of solutions which is valid for arbitrary values of the dimension n and the rank r
of the Poisson structure under consideration—an uncommon feature in the analysis of the Jacobi PDEs. In second
term, the generalization methodology considered here is dynamically meaningful as far as it is naturally associated
to the analysis of time reparametrizations of Poisson systems. Equivalently, the investigation to be performed can
be formulated in terms of the conditions to be verified in arbitrary dimension n by a structure matrix and a time
reparametrization if the Poisson structure is to be preserved after the time reparametrization is applied to the associated
Poisson system. In this article two main solution families of time reparametrizations of this kind are characterized. In
addition, these results lead to a novel application that is also developed. Such an application is the constructive and
global determination of the Darboux canonical form for Poisson systems of arbitrary dimension and rank two. It is
worth recalling that the global determination of the Darboux coordinates in arbitrary-dimensional Poisson systems is
typically a nontrivial task only known for a few classes of Poisson structures [20,21,23,24,40,44]. Accordingly, the
present application leads to an additional global construction of this kind, thus improving the local scope of Darboux’
theorem for such a case.

The structure of the article is the following. In Section 2 a detailed description of the problem under consideration
is presented. Sections 3 and 4 are respectively devoted to the characterization of two solution families of time repara-
metrizations which preserve the existence of a Poisson structure for generic Poisson systems. The work concludes
in Section 5 which develops an application to the global construction of the Darboux canonical form for rank two
Poisson structures of arbitrary dimension.

2. Formulation of the problem

Provided 7 (x) is an n-dimensional structure matrix of constant rank in a domain £2 C R”, we shall now consider
the following problem: given an arbitrary function 7 (x) : £2 — R which is smooth in £2 and does not vanish in £2, we
shall investigate the conditions such that the product n(x)J (x) is also a structure matrix.

The naturalness of this question should be clear because of the close relationship of this issue with the problem
of determining whether or not a specific new-time transformation (or NTT, also called time reparametrization in the
literature) applied to a Poisson system preserves the existence of a Poisson structure. In order to explain this, let us
begin with the following:

Definition 2.1. Given a smooth dynamical system

dx
Pl fx)
with x € R", a new-time transformation (or NTT) is a reparametrization of the time variable of the form
dr=—d 5)
T=—0
1(x)

where 7 is the initial time variable, 7 is the new time and n(x) : £2 C R” — R is a smooth function in §2 which does
not vanish in 2.
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Thus, given a Poisson system (3) defined in £2, the time reparametrization (5) leads from (3) to the system (not
necessarily of Poisson type) of the form

& _ nJ -VH. (6)

dr
It is already known in the literature [14,16] that the new vector field (6) obtained from (3) after a general time repara-
metrization is always a Poisson system in the cases of dimensions n = 2 and n = 3. On the contrary, this is not
necessarily the situation for dimensions n > 4, which are then our main subject in what follows. In addition, apart
from being a natural problem in this framework, the study of time reparametrizations is interesting because some-
times [16,18,19,21] (but not always [10,20,23,24,40]) their use is necessary in order to achieve the Darboux canonical
form for given families of Poisson systems. As we shall see in Section 5, the investigation of time reparametrizations
provides criteria and results of applied interest for the global determination of the Darboux canonical form.

In this context, it is also convenient to give a brief explanation about the condition n(x) # 0 in §2 just introduced.
Of course, it would be mathematically acceptable to investigate the conditions such that n(x)J (x) is a structure
matrix provided J(x) is, with the only requirement of a smooth n(x). However, according to Definition 2.1 such
a problem could not be assimilated to the use of time reparametrizations, which is of central interest in the present
context. Additionally, a second key reason for choosing a nonvanishing function 7(x) is derived from the fact that if
Rank (7 (x)) is constant in £2, then the rank of n(x)J (x) will be also constant in 2. The interest in this constancy is
of course the applicability of Darboux’ theorem, also of importance in this work.

The following definition is natural for the problem considered.

Definition 2.2. Let 7 (x) be an n X n structure matrix defined everywhere in a domain §£2 C R" and of constant rank
in £2, and let n(x) : £2 — R be a smooth function which does not vanish in 2 and such that n(x)J (x) is also a
structure matrix defined everywhere in £2. Then, the function n(x) will be called a reparametrization factor for 7 (x)
in 2.

In connection with the previous definition, it is necessary to provide the following result:

Proposition 2.1. Let 7 (x) be an n X n structure matrix defined everywhere in a domain §2 C R" and of constant rank
in §2, and let n(x) be a reparametrization factor for J (x) in §2. Then:

(a) The function D(x) is a Casimir invariant of n(x)J (x) in $2 if and only if it is a Casimir invariant of J (x) in $2.

(b) If a Poisson system having the structure matrix [J (x) can be reduced globally and diffeomorphically in 2 to the
Darboux canonical form, then every Poisson system having the structure matrix n(x)J (x) can also be reduced
globally and diffeomorphically in §2 to the Darboux canonical form.

Proof. The proof of (a) is clear since Casimir invariants are the solution set of the system of PDEs given by
J - VD = 0. Regarding (b), for the reduction of n(x).J (x) it suffices to perform a preliminary time reparametrization
dt = n(x)dr, where as usual ¢ is the initial time variable, and 7 is the new time. The outcome is thus a Poisson system
with structure matrix 7 (x) and time variable 7. The rest of the global reduction then follows the diffeomorphic steps
known by hypothesis for J(x). O

The previous proposition thus implies that the identification of a reparametrization factor for a family of structure
matrices immediately generalizes such a family, while the operational framework provided by the knowledge of the
Casimir invariants and the global Darboux reduction for the initial solution family is preserved in the generalization.
In addition, the investigation of reparametrization factors is relevant as far as it aims at characterizing those Poisson
structures that are not destroyed by (certain, at least) time reparametrizations.

With regard to the problem formulation, let us recall that the Jacobi PDEs (1) vanish identically if i, j, k are not all
different, as it can be easily verified. Thus, for convenience, in what follows we shall sometimes make use of Egs. (1)
with i, j, k=1, ..., n, together with the additional conditions i # j, i # k and j # k. As indicated earlier, we assume
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that an n-dimensional structure matrix 7 (x) is defined in a domain £2 C R", together with a function n(x) which is
C°°(£2) and does not vanish in £2. If we substitute the product n(x)J (x) in Egs. (1) we arrive to the conditions

n n
N udi i+ Jadidij + Tadidi) + > (id e+ Jadij + T Ja)dm =0, i, jk=1,....n.
=1 =1

Since J is by hypothesis a structure matrix, this leads to

n
Y Uadje+ Judij+ Jjphiddm =0, i, j.k=1,....n. (7)
=1
Consistently, we see that Eqs. (7) vanish if two or three of the indexes i, j and k take the same value. Moreover,
identities (7) also vanish identically if one of such indexes coincides with /, even in the case in which i, j and k are
all different. Accordingly, Eqgs. (7) can be equivalently expressed as
Xn: Uind + Jadiy + Tadiyom =0, K= Tem )
- ilJjk klJij jlJki)ormn =y, i itk jk.
14, ),k
In the forthcoming developments, either form (7) or (8) will be preferred according to convenience. Notice that the
outcome of the ansarz n(x)J (x) is a new problem in which now only one unknown function 5 (x) exists. Therefore,
Egs. (7) or (8) constitute a set of linear PDEs for a single dependent variable 1 (x). These features imply a significant
simplification of the problem. Note also that (x) = ¢ # 0, with ¢ € R being an arbitrary constant, is always a solution.
This trivial result will become a particular case of the first solution family of reparametrization factors to be determined
in brief.
In what follows we shall provide two solution families relative to problem (7) or (8). This is the purpose of the next
two sections.

3. First family of reparametrization factor solutions
The result corresponding to a first family of solutions of Eqs. (7) is described as follows:

Theorem 3.1. Let 7 (x) be an n X n structure matrix of constant rank everywhere in a domain 2 C R", and let D(x)
be a Casimir invariant of J (x) globally defined in §2. Then D(x)J (x) is a structure matrix everywhere in 2.

Proof. Let us consider the problem equations in the form (7). Such identities can be written in the following way

n n n
Jik Y Jadm+Jij Y Judm+ T Y Jjpdm =0, i, jk=1,....n. )
1=1 1=1 1=1

Thus, Egs. (9) can be expressed as
Jic (T V)i + Jij (T -V + Jii (T -V); =0, i, j,k=1,...,n. (10)

Consequently, if n(x) is a Casimir invariant, Egs. (10) are identically satisfied, as far as Casimir functions constitute
the solution set of the system J(x) - VD(x) =0. O

Theorem 3.1 has a direct consequence:

Corollary 3.1. Let J(x) be an n x n structure matrix of constant rank r in a domain 2 C R"*, having (n — r)
functionally independent Casimir invariants globally defined in §2. Then there are (n — r) functionally independent
reparametrization factors for [J (x) globally defined in $2, and every nonvanishing C°°(R"™") function of them is also
a reparametrization factor for J (x) everywhere in 2.

Proof. It is sufficient to make use of the following two remarks: in first place, every C* function of one or more
Casimir invariants is also a Casimir invariant; and secondly, as a consequence of the previous statement, a Casimir
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invariant D(x) which is vanishing somewhere in a given domain £2 can be trivially replaced by a nonvanishing one
functionally dependent on it. O

The previous results also allow regarding as a particular case the fact (already mentioned) that constants are always
solutions of Egs. (7), just as a consequence that constants are (trivial) Casimir invariants of every structure matrix.
Constant reparametrization factors are thus always present, even in the symplectic case (r = n). On the other hand, if
the rank is lower than the dimension (» < n) then the number of nonconstant reparametrization factors is infinity. We
shall turn back to these issues in the next section.

There is an alternative perspective that shows the naturalness of the result in Theorem 3.1. For this, consider a
Poisson system x = 7 (x) - VH (x). If we rescale the Hamiltonian as H*(x) = n(x) H (x) with n(x) being a Casimir
invariant, then the new system remains as a Poisson one, namely x = J (x) - V[5(x) H (x)]. However, this implies that

x=J) - V[n@)H®] =T &) [n@)VH@) +H®) V)] =nx)J (x) - VH(x)

and therefore it is clear that such a rescaling of the Hamiltonian (which is equivalent to a rescaling of the structure
matrix) must preserve the existence of a Poisson structure.

The family of reparametrization factors just characterized corresponds to a sufficient (but not necessary) condition
for the verification of Eqgs. (7). A natural question is if additional solutions exist. The answer is positive, as the next
section describes.

4. Second family of reparametrization factor solutions

Let us focus again on the problem of searching reparametrization factors, this time making use of the equations in
the form (8). Obviously, a sufficient condition (different from the one previously considered in Theorem 3.1) for the
verification of (8) is that

i, j.k,i=1,...,n,

i # ks jE R kAL
An interesting aspect of the conditions (11) is that they are merely algebraic, which is a remarkable simplification of
the initial PDE problem. If (11) is verified, then every C*° and nonvanishing function n(x) will be a valid reparame-
trization factor. The investigation of this possibility is the subject of the next theorem, which is the main result of this
section.

Jiudjk + Judij + Jjidki =0, { (11)

Theorem 4.1. Let 7 (x) be an n X n structure matrix defined in a domain 2 C R" and of constant rank r everywhere
in §2. Then the product n(x)J (x) is a structure matrix in 2 for every C*°(82) function n(x) if and only if r < 2.

Proof. Every implication will be demonstrated separately.

In one sense, let us first demonstrate that if Rank(7) < 2, then the product by every C* function 1 preserves the
property of being a structure matrix. For this, consider the following submatrix of 7, which is obtained after deleting
all its rows and columns different from those at the positions i, j, k and [ (with i, j, k, [ all different)

0 Jij Ji Ji
—Jit —Jig 0 Ju
=Ju —Jy —Ju O
If Rank(7) < 2, then it must be | 71/¥1| = 0 in (12) for all possible values of the four indexes i, j, k, [. But notice
that in fact it is

|j[ijkl]| = (Jidjk + I Jij + I i)

Consequently, identities (11) are verified and the proof in this sense is already accomplished.

Conversely, let us demonstrate that if the product by every C* function n preserves the character of structure
matrix, then Rank(7) < 2. For convenience, we shall equivalently prove that if Rank(.7) > 4, then the product by
every possible C* function 5 does not always preserve the property of being a structure matrix. For this, we shall

ikl (12)
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consider a given point xo € £2, and let J;; (xo) = a;; forall i, j =1, ..., n. The first part of the following reasoning is
close to the one employed for the construction of the normal form for skew-symmetric matrices. In first place, let us
assume without loss of generality that aj> 7 0. If this is not the case, it is always possible to place another nonzero
element in the position (1, 2): let a;; # 0, then we can permute the first and second rows with the ith and jth rows,
respectively, and later the first and second columns of the resulting matrix can also be permuted with the ith and
Jjth columns, respectively. Therefore, independently of the value of aj; the outcome is the following skew-symmetric
matrix

0 Amimy  Ammy - Qupm,
* Amymy 0 mmy - amym, _ 0 iy Erxen-2
Sty = =| —auynm 0 (13)
En-2)x2 ‘ En-2)x(n-2)
Anymy  Ougms Omgmy - - - 0
where (71, ...,7m,) is a permutation of (1,...,n): if ajp # 0, then such a permutation is the identical one; and if

a2 = 0, the permutation is given by m; =i, m; = 1, mp = j, m; = 2, and 7y = k for every k different from 1,2, i
and j. Thus matrix (13) is our starting point in either case, with az,7, 7 0. In the right-hand side of (13), the letter
E denotes three submatrices of the sizes indicated by their respective subindexes. Since row and column elementary
operations do not alter the rank of a matrix, we can make use of them in order to transform (13) into the skew-
symmetric matrix

0 A 1y ©2><(n—2)
S:: = —Am 7y 0 . (14)

Om-2)x2 ‘ Em-2)x(n—2)

In Eq. (14) and in what follows, @, denotes the p x ¢ null submatrix. In addition, in submatrix E (n-2)x(n—2) of (14)
we now have the entries,

0 Ay --- Ammy,
_ Ay 0 oo duym,
En-2)x(n-2) =
A,y Augmy - - 0
where it is
1
ankn’] =a7rk711 + (an’lmanzn’k _anlﬂkaﬂzm)v krl =3’ RN (15)
T2

At this stage, since Rank(SY;") > 4, there must be a nonzero element in E-2)x(n1—2): if dryn, # 0, then we do not need
to perform any changes for what is to follow. On the contrary, if dr,7, = 0 we can again permute rows and columns
in such a way that the position (3, 4) is occupied by a nonzero entry dy,, from E(n,z)x(n,z) (with both 7 and m;
different from 71 and ), the resulting matrix being also skew-symmetric. Consequently, we can assume without loss
of generality that it is G, 7 0. Then, from matrix S¢ in (14) we can pick out the following submatrix composed by
the intersection of the first four rows and columns

0 A5y 7y 0 0
S)[c1234] _ —Amm, 0 0 _ 0 (16)
0 0 0 0 Anymy
0 0 —0ymy 0

with both @y, 7, # 0 and Gz, # 0, as indicated. The determinant of S5 in (16) is |S4 Y| = (ax, 1y dmsm,)? # 0.
Now without loss of generality and for the sake of clarity, let us assume 7; =i foralli =1, ..., 4. From (15) we thus
have that

~ 1 2
(a12G34)* = [6112((134 + a—lz(amazs - 013024)):| #0. (17)
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Eq. (17) immediately implies that
J12(x0) J34(x0) + J14(x0) J23(x0) + J31(x0) J24(x0) # 0. (18)

Let us investigate the implications of (18) in Egs. (8). For this we may consider, for instance, the equation in (8)
corresponding to the choice i =1, j =2 and k = 3. Such an equation takes the form

n
(J1aJ23 + Jaa iz + JaaJ30)0an + Y (JuJos + JaJiz + Jo J31)9m = 0. 19)
=5
Now two cases must be distinguished, namely n =4 and n > 5:

Case I: n = 4. We proceed by means of two auxiliary lemmas:

Lemma 4.1. Let J (x) = (J;j(x)) be an n x n skew-symmetric matrix defined in a domain §2 C R". Then, for every
X € §2, the quantities

Eijkt (x) = it () Jji () + S () Jij () + Jji () Jei (x), i, j ok, I=1,....n,

are completely skew-symmetric in all the subindexes (i, j, k,[).
Proof. The result can be verified by direct evaluation of the index skew-symmetry properties. [0
The second lemma required now is:

Lemma 4.2. Let 7 (x) be a 4 x 4 structure matrix defined in a domain 2 C R* and such that Rank(7) = 4 everywhere
in §2. Then the only possible reparametrization factors allowed for [J (x) in §2 are the constant ones.

Proof. Now Egs. (8) amount to:

Jirdjx + Jadij + Jj1Jrki)om =0 (20)
where in (20) the indexes (i, j, k,[) may be every possible permutation of (1, 2,3, 4). Due to the skew-symmetry
property demonstrated in Lemma 4.1, the number of independent equations in (20) is actually four:

G J,k,)=(,2,3,4) = (JiaJoz + J3aJ12 + J24J31)dan =0,
G J,kD)=0,2,4,3) = (Ji3Joa+ JazJi2+ J23J41)93n =0,
G J,k,)=(0,3,42) = (JinJza+ Ja2J13 + J32J41)02n =0,
G j,k,D)=2,3,41) = (ua+JaJs+ J31J42)01n=0.
In addition, if 7 is a regular 4 x 4 skew-symmetric matrix, its determinant is
\T| = (J12J34 + J31J24 + J14J23)* #0. (22)

Hypothesis (22) implies that Eqgs. (21) are actually simplified to 9jp =0 forall =1, ..., 4, namely 5 is a constant.
Lemma 4.2 is thus proven. 0O

21

Therefore n(x) cannot be an arbitrary function when n = 4 and Case I is demonstrated. Let us now turn to the
second possibility considered:

Case II: n > 5. Notice now that Eq. (19) is valid, in particular, at xo € 2. Assume, for instance, that a function 1 (x)
is chosen in such a way that d4n # 0 at xg. Then, Eq. (18) implies that it is not possible at the same time to make the
choice 9;n = 0 at x¢ for all / > 5. Consequently, function n(x) cannot be arbitrary in the complementary case n > 5.
This demonstrates Case II.

The proof of Theorem 4.1 is complete. O

The results provided in the framework of this second family of reparametrization factors now investigated, can be
complemented by means of an additional result, which actually generalizes Lemma 4.2.
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Theorem 4.2. Let 7 (x) be an n X n structure matrix (n > 4) defined in a domain 2 C R" and such that Rank(J) =n
everywhere in §2. Then the only possible reparametrization factors allowed for J (x) in §2 are the constant ones.

Proof. We begin with an auxiliary result:

Lemma 4.3. Consider the structure matrix

n/2
(0 1\——/(0 1
s=(5 5)& B (0 o)

with n > 4 an even integer. Let 2 C R" be a domain. Then the only possible reparametrization factors allowed for S,
in §2 are the constant ones.

Proof. Let us consider four different cases for the entries of S,,.

Case I. Leti be odd, with 1 <i < (n — 3). Now we choose indexes (i, j, k) = (i,i + 1,i + 2). Then from Egs. (7)
we obtain

n n
> Uidjx+ Jadij + Jjpdi)dm =Y Jig210m = Jiy2.i 430430 = 0i 437 =0 (23)
I=1 =1

and consequently (23) implies ojp =0forl =i +3=4,6,...,n.

Case II. Now let (7, j, k) = (1, 3,4). Again from (7) we are led to

n n
Y Windji+ Judij + Jjpiddm =Y Judm = Jiadan = dan = 0.
=1 =1

Case III. This time we choose even values of i, with 2 <i < (n — 2). Then, with indexes (i, j, k) = (i,i + 1,i + 2)
from Egs. (7) we now have

n n
Z(Jil-]jk + Judij + JjiJki)om = Z Jidm = Jii—10i-1n =—0;—1n =0 (24)
=1 =1

and thus (24) leadsto ojnp =0forl=i—1=1,3,..., (n —3).

Case IV. Finally, let (i, j, k) = (n — 3, n — 2, n). Therefore (7) implies
n

n
Y Uadje+ Jadij + I ki) =Y Jntdin = Jun-19p-11 = —,_1n =0.
=1 =1

Together, Cases I-1V provide the result stated in Lemma 4.3. O

Let us now continue the main proof. For this, it is worth noticing that after a general smooth change of variables
y = y(x) transforming a structure matrix 7 (x) into a new one 7 *(y), every reparametrization factor n(x) is converted
into n*(y) = n(x(y)). To see this, it suffices to recall the general transformation rule for structure matrices subjected
to smooth coordinate changes y = y(x),

n
ay;
HOEDY ax; T (x)

k=1

i
ax;’

i,j=1,...,n. (25)

Clearly, according to (25) the transformation of n(x).7 (x) leads to n*(y)J*(y), with n*(y) = n(x(y)), as indicated.
Now let xp € £2 be a point, and consider the value of the matrix at that point, namely 7 (xg). It is well known that
there exists a regular matrix Ey, such that Ey, - J (xo) - EXT0 = &,. On the basis of this relationship, we perform on
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J (x) the change of variables, diffeomorphic in R", given by y = E,, - x. According to (25), the outcome is evidently
T*(y) =Ex, - T(x()) - EXTO Let yo = Ey, - xo. Thus, in particular we have that J*(yg) = S,,. Consider then Eq. (7)
for the reparametrization factor in the new variables y
n
S O3 + W5 0) + T ]y n* () =0, i, j.k=1,....n. (26)
=1
Since Egs. (26) are valid everywhere in £2* = y(£2), they are valid in particular in yy € £2*, namely

n

S [T 00560 + TG0 5 (50) + T 605 G0 ] (0yn* Wly) =0, i jk=1,....n. 27)
=1

Given that J*(yo) = Sy, as indicated, the analysis provided in Lemma 4.3 is immediately applicable to Eqgs. (27).
Consequently we find that
In*(y)

=0, i=1,...,n. (28)
dyi

Y0
Taking into account that it is n*(y) = n(x(y)), or equivalently that n(x) = n*(y(x)), an application of the chain rule

combined with (28) shows that
:i(an*(y) ><8yj
o/ \ 9%i

)| _ " (y(x)
8x,~ axi X0 =1 ayj

Since the analysis leading to (29) can be carried out for every point xo € £2, we conclude that actually it is 9,;7(x) =0

everywhere in §2 for alli =1, ..., n, namely n(x) is in fact a constant. The proof of Theorem 4.2 is complete. O

):o, i=1....n (29)
X0

X0

Of course, in Theorem 4.2 the maximal rank condition Ran k() = n implies that we are dealing with even val-
ues of the dimension n. In spite of being a somehow exclusive result, such a theorem complements the previous
contributions for the characterization of reparametrization factors.

In the next section the goal will be to provide a novel application of the results just developed.

5. Application: Global Darboux reduction for Poisson structures of rank two

An applied consequence of the study of time reparametrizations for Poisson systems (and in particular of the second
family of reparametrization factors, characterized in Section 4) is the possibility of constructing the global Darboux
reduction for Poisson systems having structure matrices of rank two and arbitrary dimension. This improves the scope
of Darboux’ theorem for such a kind of systems. The result is given in the next theorem.

Theorem 5.1. Let 2 C R" be a domain (n = 2) where is defined a Poisson system

d

T =J0 VHE)
having an n x n structure matrix J (x) = (J;j(x)), and such that Rank(J) = 2 everywhere in §2. Let (D3(x), ...,
D, (x)) be a complete set of independent Casimir invariants of J(x) in §2. In addition, let (d1(x),dy(x)) be two

arbitrary C*(£2) functions such that the transformation

i =di(x), i =1,2,
{yz i (%) l. (30)
yi=Djkx), j=3,...,n,
is one-to-one everywhere in §2 and its Jacobian matrix M verifies
a(di(x),dr(x), D3(x),..., D
M| = ‘ (d1(x), d>(x), D3(x) n(x)) £0. forallx e . 31)

a(xlv"'vxn)

Then such a Poisson system can be reduced globally in §2 to a one degree of freedom Hamiltonian system and
the Darboux canonical form is accomplished globally and diffeomorphically in 2 in the new coordinate system
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1, ..., Yn) and the new time t, where (y1,...,y,) are given by transformation (30) which is a diffeomorphism
globally defined in §2; while the new time t is defined by the time reparametrization
T
dr = ({d1(0), 20} 7)] (A = [(Vadi (0)" - T @) - (Va2 ()] ., dt =00 . (32)

Proof. The constancy of Rank(J) implies that Darboux’ theorem is applicable. In column matrix notation for the
gradients, the Jacobian matrix of (30) can be written as

y = 3d1x). dr(x), D3(x), ... Du(x)) _

3(x1. %) (Vadi(x) Vida(x) Vi D3(x) ... Van(x))T. (33)

Note in particular that functions d (x) and d>(x) cannot be Casimir invariants because they are functionally indepen-
dent of a complete set of independent Casimir functions. It is well known that, according to (25), the effect of (30) is
to transform 7 (x) into a new structure matrix J*(y) = M - J - MT . With the help of (33) we find, still in column
matrix notation

j*ZM'([j'del(x)] [j'vde(x)] Onx1 ... @nxl)- (34)

Using in (34) the fact that for any pair of matrices A and B that can be multiplied, we can write A - B = (BT - AT)T
we immediately find that (34) becomes

_(del)T -J - Ved _(deZ)T -J - Ved 0 ... 0

_(del)T -J - Vidy _(deZ)T - J - Vidy 0
T* = 0 0 0 ... 0] (35)

0 0 0 ... 0

But now recall that for any two functions f(x) and g(x) itis
n
£, 80} 700 = (VDT -T-Vag =Y 05 /)i (0x;0). (36)
i,j=1

Thus in (36) expression { f(x), g(x)}7(x) denotes the Poisson bracket of f(x) and g(x) in the sense determined by
J (x). According to (35) and (36) we arrive at

I ={dix), di(0)} ; =0, I3 ={da(x), da(x)} ;=0

and J}, = {d(x), d2(x)} 7 = —J3;. Consistently we obtain by construction that matrix [J* is skew-symmetric. More-
over, since Rank(7) = 2 and Rank(M) = n everywhere in £2 by hypothesis, matrix J* is congruent on R with 7
and then it is also Rank(J™*) = 2 everywhere in £2* = y(£2). Accordingly it is J},(y) # 0 everywhere in £2*. This
implies that in order to fulfill the Darboux reduction we only need to perform the time reparametrization dt = n(y) dt
as detailed in (32), which is well defined everywhere because now

() = ({di(0), 20} 7)) = [(Ve1 )" - T ) (Vo () ][y = T2 (3)

is C*°(£2*) and does not vanish in £2*. Evidently, this time reparametrization transforms the structure matrix J* into
the Darboux canonical one, thus completing the global reduction. In order to conclude the proof, it is only required to
demonstrate that transformation (30) is a global diffeomorphism in §2. This is actually a consequence of several facts:
the change of coordinates (30) is a function globally onto (since £2* = y(§2) by definition) and by hypothesis one-to-
one in £2. Consequently, (30) is a global bijection and the inverse function of (30) exists everywhere and is unique.
Moreover, both the transformation (30) and its inverse are globally differentiable (and therefore continuous) since the
functions (d; (x), d2(x), D3(x), ..., Dy(x)) are C*°($2) and |M| # 0 in all points of §2, as indicated in (31). O

It is worth recalling that the contribution given in Theorem 5.1 generalizes the local result ensured by Darboux’
theorem for the case of arbitrary dimension and rank two. Additionally, since Theorem 5.1 is a purely n-dimensional
construction, it provides a kind of development not very frequent in the literature, apart from some exceptions [20,21,
23,24,40]. Moreover, the generality of the result presented is clear from the fact that some Darboux reductions reported
in the literature [10,16,18,19,21] actually become particular cases of the algorithm developed in Theorem 5.1.
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