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CrossMark
Abstract
A stratified Lie system is a nonautonomous system of first-order ordinary differ-
ential equations on a manifold M described by a r-dependent vector field X =
Z;ZlgaXa, where X1, ..., X, are vector fields on M spanning an r-dimensional
Lie algebra that are tangent to the strata of a stratification F of M while
g1,---,& R x M — R are functions depending on ¢ that are constant along
integral curves of X1, . . ., X, for each fixed z. We analyse the particular solutions
of stratified Lie systems and how their properties can be obtained as gener-
alisations of those of Lie systems. We illustrate our results by studying Lax
pairs and a class of -dependent Hamiltonian systems. We study stratified Lie
systems with compatible geometric structures. In particular, a class of strati-
fied Lie systems on Lie algebras are studied via Poisson structures induced by
r-matrices.

Keywords: integrable system, superposition rule, Lax pair, Poisson structure,
r-matrix, foliated superposition rule, foliated Lie system

1. Introduction

A Lie system is a nonautonomous system of first-order ordinary differential equations (ODEs)
in normal form whose general solution can be written as a function, a so-called superposi-
tion rule, of a family of particular solutions and some constants related to initial conditions

[12, 13, 15, 16, 38, 73]. The Lie—Scheffers theorem [13, 38, 41, 73] states that a Lie system
amounts to a 7-dependent vector field taking values in a finite-dimensional Lie algebra of vector
fields, called the Vessior—Guldberg Lie algebra of the Lie system.
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By applying the Lie—Scheffers theorem, Lie proved that every Lie system on the real line
is locally diffeomorphic, around a generic point, to a Riccati differential equation?

X = 0 + i + a0,

where a; (1), ax(t), a3(f) are arbitrary -dependent functions [15, 38, 41, 73]. Although Lie also
classified all finite-dimensional Lie algebras of vector fields on the plane around a generic
point up to local diffeomorphisms, his results presented several unclear points (see [32]).
Gonzdlez—Lopez, Kamran, and Olver clarified Lie’s classification and, as a result, they proved
that there exist 28 families of finite-dimensional Lie algebras of vector fields on R2, the here-
after called GKO classification. From their results and the Lie—Scheffers theorem, one can
classify, up to local diffeomorphisms, Lie systems at generic points of the plane [4, 32].

Previous facts illustrate that most systems of differential equations are not Lie systems
[10, 15]. Notwithstanding, Lie systems have a plethora of geometric properties and relevant
applications [2, 7, 12, 15, 17, 20, 41, 42, 59, 60, 73], e.g. matrix Riccati equations are Lie sys-
tems appearing in the study of Bécklund transformations and other fields [21, 22, 49, 50, 73],
which motivates their analysis.

The theory of Lie systems has been extended in different manners to analyse much more
general families of systems of differential equations. Partial differential equation (PDE) Lie
systems [13, 48, 55] were applied to the study of conditional symmetries and Bicklund transfor-
mations [11, 40]. Quasi-Lie schemes and quasi-Lie systems were developed to investigate inte-
grability conditions for systems of ODES and PDEs, e.g. dissipative Milne—Piney equations
and nonlinear oscillators [10, 11, 14]. Superposition rules for discrete differential equations
were considered by Winternitz and his collaborators [53, 56, 63]. Super-superposition rules,
which are aimed at the analysis of general solutions to superdifferential equations, were anal-
ysed in [5, 6]. A detailed survey on the previous and other generalisations of the theory of Lie
systems can be found in [15, 41].

This work focuses on another generalisation of Lie systems that has been scarcely analysed
so far: the foliated Lie systems [12], which are here more properly called stratified Lie systems.
Recall that a stratification of a manifold N is a partition of N into connected disjoint immersed
submanifolds, the so-called strata, of not necessarily the same dimension [52, 67-69]. If all
the strata have the same dimension, the stratification is said to be regular. In this case, it is said
that the stratification is a foliation and its strata are called leaves.

A stratified Lie system is a nonautonomous system of first-order ODEs in normal form
describing the integral curves of a -dependent vector field on a manifold N of the form

X(t,0) = gt 0)Xa(x), VIER, VxeN, (1.1
a=1

where X, . . ., X, are vector fields on N that span an r-dimensional Lie algebra V, i.e. [X,, X3] =
Z;:lc(wﬁ,Xﬁ, for certain real constants c,g, with o, 5,y = 1, ..., r, and they therefore span an
integrable Stefan—Sussmann distribution DY = {Y(x): Y € V,x € N} on N (see [36, 67-69]
for details), while gi,...,g, € C*(R x N) are common ¢-dependent constants of motion of
X1, ..., X,, namely if we consider X1, . . ., X, as vector fields on R x N in the natural way [15],
then X,g5 =0fora, 3 =1,...,r. Finally,if g, ..., g, depend only on time, (1.1) is called a
Lie systein.

3 Some works additionally assume that a;(f)as(f) must not be equal to zero for every 7 € R (see [62]).

2



J. Phys. A: Math. Theor. 55 (2022) 385206 J F Carifiena et al

An integrable Stefan—Sussmann distribution on N, like DV (see [36, 67—69]), gives rise to a
stratification so that the tangent bundles to their strata are determined by the Stefan—Sussman
distribution. If F is the stratification by integral submanifolds induced by DY, we call X and V
an F-stratified Lie system and a Vessiot—Guldberg Lie algebra of X, respectively. The elements
of V are tangent to the leaves of F. It follows from (1.1) that each vector field X, : x € N —
X(t,x) € TN, for every fixed t € R, is also tangent to the strata of . Hence, the restriction of X
to any stratum of F is a Lie system admitting as a Vessiot—Guldberg Lie algebra the restriction
of V to the stratum.

Now it is clear that although our definition of stratified Lie system matches what is called
a foliated Lie system in [12], the change of terminology is due to the fact that (1.1) is, more
precisely, associated with a stratification than with a foliation. In fact, the latter only occurs
when the strata of the stratification of D have all the same dimension. Anyhow, we shall
show that assuming that DY gives rise to a foliation is a very mild condition and allows for
studying relevant problems while avoiding technical minor details. In fact, most results in this
paper are proved for stratified Lie systems whose associated stratification is a foliation.

The work [12] provided a few applications of stratified Lie systems to the theory of inte-
grable systems and many other theoretical examples. Apart from [44], where stratified Lie
systems are applied to describe relative equilibrium points of a #-dependent energy—momentum
method, no new result on stratified Lie systems seems to have been analysed in the literature.
Meanwhile, our work provides new theoretical results and physical applications of stratified
Lie systems.

We prove that foliated Lie systems appear naturally while transforming a 7-dependent
Hamiltonian system onto a new simpler one through a #-dependent canonical transformation
[70]. It is also shown that such foliated Lie systems admit a Lax pair formulation, providing a
nonautonomous generalisation of results given by Babelon and Viallet in [3].

Then, we define an F-foliated superposition rule notion for a nonautonomous system of
first-order ODEs in normal form on N as a function ¥ : N"*! — N such that \Il(}",?”“l) C Fr
forevery leaf F; of F, and ¥ allows us to describe the particular solutions of the system passing
through any leaf of F in terms of a generic family of m particular solutions contained in the
same leaf and a parameter in J related to the initial conditions of each particular solution in
Fr. As an application, we provide foliated superposition rules for certain Lax pairs (understood
as systems of ODEs in normal form in a natural way) and a class of #-dependent Hamiltonian
systems.

Itis here proved that a foliated Lie system admits a foliated superposition rule. As a byprod-
uct, we provide an analogue of the Lie’s condition for foliated Lie systems. We also devise a
method to obtain foliated superposition rules by means of a modification of the technique
developed in [13] to derive superposition rules for Lie systems. Additionally, our work studies
the properties of first-order systems of ODEs in normal form admitting a foliated superposi-
tion rule. Next, we prove that solving a foliated Lie system reduces to integrating a type of
foliated Lie system on a trivial principal bundle, called an automorphic foliated Lie system.
In turn, given an automorphic foliated Lie system on the total space P of a trivial principle
bundle 7 : P = G x N — N, a Lie group action ¢ : G x M — M whose set of orbits, M/G, can
be endowed with a differentiable structure diffeomorphic to N, i.e. M/G ~ N, allows one to
construct a stratified Lie system on M whose general solution can be determined by a particular
solution of the automorphic foliated Lie system within each fibre of the principal bundle on
P. These results constitute the generalisation to stratified Lie systems of the relations between
standard Lie systems and automorphic Lie systems appearing in [12, 15, 41, 71, 72].

Finally, foliated Lie systems are employed to provide a new generalisation of Ermakov sys-
tems admitting a Lewis—Riesenfeld invariant [57, 58, 61]. We also prove that a class of Lax
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pairs and their associated t-dependent Hamiltonian systems are related to the same automorphic
foliated Lie system. As a last application, it is shown how r-matrices and several associated
Poisson brackets on Lie algebras can be applied to the study of foliated Lie systems related
to Lax pairs and automorphic foliated Lie systems. Moreover, r-matrices are also utilised to
study certain stratified Lie systems. These examples allow us to define the so-called stratified
Lie—Hamilton systems, which generalise standard Lie—Hamilton systems [19]. The general-
isation of the theory of Lie systems with compatible geometric structures (see [41]) can be
developed analogously.

The structure of the paper goes as follows. In section 2 we survey the theory of Lie systems.
Section 3 introduces the definition of stratified and foliated Lie systems by providing several
new examples. Examples of foliated Lie systems are studied in section 4. Section 5 introduces
foliated superposition rules, while section 6 shows that foliated Lie systems admit a foliated
superposition rule, gives an algorithm to derive it, and it analyses the properties of a system
admitting a foliated superposition rule. This can be understood as the extension to foliated
Lie systems of the Lie—Scheffers theorem. We define automorphic foliated Lie systems and
explain how they can be used to solve foliated Lie systems in section 7. Section 8 develops
several applications of our methods. In section 9 we summarise our achievements and describe
some further work in progress.

2. Fundamentals of Lie systems

Let us survey the basic theory of Lie systems and related notions needed to understand the
results of our paper. To simplify our presentation and to stress our main results, we assume all
mathematical structures to be smooth and globally defined (see [12, 15, 41] for further details).
If not otherwise stated, every differential equation is hereafter considered nonautonomous and
every manifold is connected. In what follows, N is an n-dimensional manifold.

We call generalised or Stefan—Sussmann distribution D on N a correspondence mapping
each point x € N to a subspace D, C TN (see [36, 52, 67, 68] for details). If the dimen-
sion of D, is the same at every x € N, then D is called regular. In some works, a regular
Stefan—Sussmann distribution is simply called a distribution. If there exists a decomposition
of N as a sum of disjoint connected immersed submanifolds ) such that 7\, F) = D, for every
x € F) an each F), then D is said to be integrable. To simplify the terminology, generalised
distributions will just be hereafter called distributions.

Let us define m : (f,x) € R X N +— x € N and let 7y : TN — N be the tangent bundle pro-
jection. A t-dependent vector field on N is a mapping X : (¢, x) € R x N — X(¢,x) € TN such
that 7y o X = m,. An integral curve of X is a particular solution v : R — N of

dx

pri X(t,x), V(tx)eRxN. 2.1
Consequently,7y : 7 € R — (#,7(#)) € R x Nisanintegral curve of the autonomization (or sus-
pension) of X, i.e. the vector field X on R x N given by X = 0, + X, where we use the natural
diffeomorphism ¢ : T(R x N) ~ TR x TN [1, 15]. The other way around, if y: R - R x N
is an integral curve of X and a section of the bundle mi(t,x) ERXN—teR, thenmoy
is a solution to (2.1). This one-to-one correspondence permits us to identify system (2.1) and
its associated t-dependent vector field X. In turn, this allows us to simplify the notation.

Every r-dependent vector field X on N gives rise to a family of standard vector fields on N
of the form {X; : x € N — X(t, x) € TN },cr. The smallest Lie algebra of X is the smallest (in
the sense of inclusion) Lie algebra of vector fields on N, let us say V¥, including the family of
vectors {X,}er. If Vis a Lie algebra of vector fields on N, we write D for the distribution
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on N spanned by the vector fields of V. Every distribution D" is regular in the connected
components of a dense open subset of N [41, 69]. In particular, if V is finite-dimensional, then
DV is integrable (cf [36, 67, 68]).

Each r-dependent vector field X on a manifold N can be considered as a vector field on
R x Nviag: T(R x N) ~ TR x TN.Moreover,every f € C*(R x N) canbe considered as a
t-parametrised family of functions f; € C*(N), with 7 € R, of the form f; : x € N — f(t,x) €
R. Consequently, if X is a vector field on N and f € C*(R x N), we can understand X/ as
the function on R x N such that (Xf), = Xf, for every t € R. Hence, a t-dependent constant of
motion of X is an f € C*°(R x N) such that Xf = 0.

A superposition rule [13, 15, 73] for a system X on a manifold Nisamap ¥ : N*" x N - N
satisfying that the general solution, x(f), to X can be written as

x(t) = \I/(X(l)(l), e, X(m)(l), k),

for a generic family of particular solutions x;)(?), . . ., X¢)(f) of X and a parameter k € N to be
related to the initial condition of X. We call Lie system a system of first-order ODEs admitting
a superposition rule [13, 15, 38, 73].

Theorem 2.1 (the Lie—Scheffers theorem [12, 13, 38,73]). A system X on N admits
a superposition rule if and only if X = _bo(DX, for a certain family Xi,...,X, of

vector fields on N spanning an r-dimensional Lie algebra of vector fields, a so-called
Vessiot—Guldberg Lie algebra of X, and a family b\(¢), . . ., b.(t) of t-dependent functions.

One of the simplest non-trivial nonlinear examples of Lie systems is given by the Riccati
equation [38]. Every Riccati equation is related to a -dependent vector field on R of the form

XRe(t, x) = (ai(t) + ar(Hx + a3(,)xz)%

for certain #-dependent functions a; (), a»(f), and a3(f). We recall that it is sometimes assumed
that a1 (f)as () is not identically equal to zero. Then, XRi¢ = Zi:la”(t)X”, where

9 9 5
e Xz—xa, X3=x o

are vector fields on R satisfying the commutation relations

X =

[X1, Xo] = X, [X1, X3] = 2X;, [X2,X3] = X,

and they therefore span a Lie algebra of vector fields isomorphic to sl, [38, 73]. According
to the Lie—Scheffers theorem, Riccati equations must admit a superposition rule. Indeed, it is
known [12, 34, 38] that the general solution, x(7), to a Riccati equation can be written in terms
of a function ¥ : R? x R — R in the form

x(t) = VUxay(®), x@) (1), x3)(0, k), k €R,
where x(1)(%), x2)(t), x3)(¢) are three different particular solutions to X and

uy(uz — up) — kuo(usz — uy)
U k) = 2.2
e ) = ) — kG — ) @2

and the limit k — oo should be admitted to retrieve the particular solution x)(#). This latter
remark about recovering x(»)(¢) and the fact that (2.2) is only well defined in an open dense
subset of R® x R explain why W is called, more properly, a local superposition rule [15].
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We will not study this aspect in detail here as it is not relevant to our purposes and it is not
important for practical applications (see [15, 41] for details).

Another relevant example of Lie system (see [12, 15, 41]) is given by the system of first-
order differential equations on an r-dimensional Lie group G of the form

X9(tg) =) ba(DX{(e). Vg€G, VIER, 2.3)

a=1
where X®, ..., X® stand for a basis of right-invariant vector fields on G and b, (%), . . ., b,(f) are
arbitrary t-dependent functions. Indeed, if R, : h € G — hg € G is the right-translation map
and {ej, ..., e,} is a basis of T,G, then the right-invariant vector fields X¥, ..., X%, defined by

X®(g) = Rgsc€q, span an r-dimensional Lie algebra of vector fields on G. Consequently, the
t-dependent vector field (2.3) defines a Lie system. The Lie—Scheffers theorem states that the
differential equation determining the integral curves of a -dependent vector field X© on G that
takes the form

dg G

— = X(t, 24
dr (t.8) (2.4)
admits a superposition rule. A simple application of the right-translation R,-1,, to both sides
of (2.4) leads to an equivalent equation for the solutions g(), i.e.

dg

Rg71*85

= ba(Deq € T.G. 2.5)

a=1

The right-invariance of the t-dependent vector field (2.3) relative to the right action of G on
itself, namely Ry, X (2, g) = X©(1, hg) forevery g,h € Gandt € R, shows the right-invariance
of equation (2.4), or its equivalent (2.5), i.e. any particular solution gp(t) to (2.4) gives rise to
a new particular solution R;,gp(t) of (2.4) for every h € G. As the initial conditions at t = 0
determine univocally particular solutions of (2.4), the general solution to (2.4), let us say g(¢),
can be brought into the form

8(1) = Ryg(0),

where g,,(7) is any particular solution to (2.4) and i € G. Then, X6 admits a superposition rule
involving one particular solution given by ¥ :(g,h) € G X G — R;g € G.

Lie systems of the form (2.3) are called automorphic Lie systems [15]. Their special role in
the theory of Lie systems is explained by the following theorem, which states that the general
solution to every Lie system can be obtained from the knowledge of any particular solution of
a related automorphic Lie system [12, 15, 41, 71, 72].

Theorem 2.2. Let X be a Lie system on N of the form X = _ b,()X, for certain t-
dependent functions b (1), . . ., b.(t) and an r-dimensional Vessiot—Guldberg Lie algebra V =
(X1, ...,X,). Let G be the unique connected and simply connected Lie group whose Lie algebra
is isomorphicto V. Let ¢ : G X N — N be the local Lie group action whose fundamental vector
fields* are spanned by X, ..., X,. Then, the general form of the integral curves, x(t), of X

can be written as x(t) = ¢(g(1), xo), where xo € N and g(t) is any particular solution to (2.4)

4We hereafter define the fundamental vector fields of a Lie group action ¢:GxN—N by X,(x) =
%L:O@(exp(—m)),x) for every v € T,G and x € N.
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associated with the automorphic Lie system on G of the form X°(t,g) = —Zg:lb”(t)Xg(g)
foreveryg € Gandt € R.

3. On the definition of stratified Lie systems

Let us introduce our stratified Lie system notion and illustrate its usefulness with several exam-
ples of physical and mathematical interest. Our terminology slightly differs from the one in
the previous literature, where stratified Lie systems are known as foliated Lie systems [12, 44]
because of the reasons already given in the previous sections.

Definition 3.1. We call a stratified Lie system on a manifold N a t-dependent vector field on
N of the form

X(t,x) = gt 0)Xa(x), VIER, VxeN, (3.1

a=1

where X1, ..., X, span an r-dimensional real Lie algebra V of vector fields and gy, ..., g, are
common f-dependent constants of motion of the elements of V, i.e. X,g; = 0 on N for every
a,B=1,...,r.Wecall (3.1) and V a decomposition and a Vessiot—Guldberg Lie algebra of the
stratified Lie system X, respectively. If X admits a decomposition (3.1) for a Vessiot—Guldberg
Lie algebra V so that the generalised distribution D" is regular, we say that X is a foliated Lie
system.

In virtue of the results by Stefan and Sussmann [36, 67, 68], the generalised distribution DY
associated with a Vessiot—Guldberg Lie algebra V of a stratified Lie system is integrable and
givesrise to a stratification F of N such that the tangent spaces to its strata coincide with DV. We
call F-stratified Lie system a stratified Lie system with a Vessiot—Guldberg Lie algebra V such
that DV consists of the tangent spaces to the strata of F. As the vector fields of V are tangent
to the strata of the stratification F, the system X can be restricted to the strata of F. Since
X3g, =0 for every o, 5 = 1,...,r, the restrictions of g,...,g, to a stratum F, of F give
rise to r functions depending only on #. Indeed, consider a smooth curve’® vy : u € [0,1] C R
(1) € F) connecting two points of a stratum F). Then, the tangent vector at y(u) to the curve
7, let us say 7(u), can be written as a linear combination ¥(u) = > _, fo(u)X,(y(w)) of the
values of the tangent vectors X; (y(u)), . . ., X,(y(u)) spanning T’ F for certain u-dependent
functions f1, ..., fr : [0, 1] — R. Moreover,

1 a 1.
8(t, (1) — g(1,7(0) = /0 (7 = /0 S Fu@)(Xag) (3 ()i = 0.
a=1

Consequently, g(z, x) = g(t, x") for arbitrary points x, x’ € F, and any 7 € R. Therefore, the
restriction of (3.1) to a stratum F) becomes a Lie system. More specifically, an F-stratified
Lie system gives rise to a Lie system on each stratum of F with a Vessiot—Guldberg Lie algebra
given by the restriction to the stratum of the vector fields of the Vessiot—Guldberg Lie algebra
of the stratified Lie system. As a consequence of previous comments, the dimensions of all the
induced Vessiot—Guldberg Lie algebras on the strata are bounded. This last result can be used
to show that defining a Lie system on each stratum of a stratification of a manifold does not
necessarily give rise to a stratified Lie system.

5 Smooth relative to the manifold structure with boundary on [0, 1] (see [1] for details).
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In fact, for instance, the #-dependent vector field on R3 of the form

(o @]

0 0
X(xy. = o4 ) &L o

n=0

where it is assumed that f((z) does never vanish and each f,(z), for n € N, is a smooth function
that vanishes for every z € [—n, n] and it is different from zero off this interval. Then, X gives
rise to a regular integrable generalised distribution DY spanned by the vector fields

o _ /0 9
Dleya) = <8x’ 8y>’

with leaves given by the foliation G by planes in R* of the form
G.={(x,y, 2 R :x,ye R}, VzeR.

The system X, at points with k < |z9] < k+ 1, where k € {0, 1,2,3,.. .}, takes the form

o & P
X ya) = 50+ D¢ L@
n=0

and, since the t-dependent vector field X on R? is tangent for every fixed 7 to the subman-
ifolds in R® of the form z =k for any k € R, the restriction of X to G, let us say X,
exists and it has a smallest Lie algebra V', | = {9/0x,0/0y, ..., x*d/dy}. Then, all remain-
ing Vessiot—Guldberg Lie algebras of the restriction of X to G, must contain V,9 |, which has
dimension k + 1. It turns out that the restrictions of X to the leaves of G admit smallest Lie
algebras whose dimensions cannot be bounded. Therefore, X is not a stratified Lie system.

Assume for a while that DV is not regular. As each finite-dimensional Lie algebra of vector
fields on N spans a generalised distribution whose rank is a lower semi-continuous function,
then its rank is locally constant on an open dense subset of N (see [69] for details). Hence,
every stratified Lie system is a foliated Lie system around a generic point.

4. Examples of foliated Lie systems

Let us provide several examples of foliated Lie systems with relevant physical applications.
As a first instance, given a Lie system defined by a r-dependent vector field on a manifold
N of the form

X(t,x) = Zba(t)Xa(x), Vx €N, VteR, “4.1)
a=1
for arbitrary 7-dependent functions b(¢), . . ., b,(f), so that there exist 7 real numbers cap’,
with a, 8,7 = 1,...,r, such that [X,, X3] = Z;:lca[ﬂXW. If f € C*(N), then fX is not, in
general, a Lie system any more because the vector fields X, = f X,, witha = 1,...,r, donot
need to close on a finite-dimensional Lie algebra. However, if f € C*(N)is suchthat X, f = 0
fora = 1,...,r, then the new t-dependent vector field fX is a stratified Lie system.

Consider a f-dependent completely integrable Hamiltonian system (h,w, T*R"), where
he C*(R x T*R") and T*R" is equipped with its canonical symplectic form wgy. Assume
that there exists a 7-dependent canonical transformation Ai(t,q,,...,q,,p;,.-.,p,), Where

8
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{q1s---+q4 D1»- - -» Py} stand for some cotangent bundle coordinates for 7*R”, onto a new -
dependent Hamiltonian H(z, P(?), . . ., P,(#)) that depends only on the momentum coordinates
of a new Darboux coordinate system, {Q,(?),. .., Q,(1, Pi(?),...,P,()}, on T*R" for every
t € R (see [1, 31]). In this case, the Hamilton equations for H(z, P) read

do; 0OH dP;

= —/(t, P), =0, i =1,...,n. 4.2
dr 6P,~( ) dr ! " (4.2)

This system is associated with the t-dependent vector field on T*R” given by

" OH 0
(t,P) T

X", 0,P) = (4.3)

— OP;

The vector fields {X"/},x span an Abelian Lie algebra VX" of vector fields. If VX" s finite-
dimensional, then X is a Lie system. Nevertheless, this does not need to be the case. For
instance, if H(t, P) = >+, cos(tP;), then

X", 0.Py ==Y sin(tP,-)taiQ (4.4)
i=1 !

and VX" is the infinite-dimensional Abelian Lie algebra spanned by the vector fields Y, =
S sin(/\P,-)a%i, with A € R, = {x € R|x > 0}. Therefore, in this particular case, X" is
not a Lie system.

Independently of the specific form of H(t, P), the manifold 7*R" always admits a foliation
FH by leaves

F ={(0,P) e T'R"|P, =ki,..., Py = ky}, 4.5)
parametrised via an n-tuple k = (ky, ..., k,) € R". System (4.2) reduces on each ]-",g” to
dQ; OH .
- =1,... 4.
dt‘ aPl(t’ k)’ l b ,n’ ( 6)

which describes the integral curves of the restriction of (4.3) to each /¥, namely

0
90;

"\ OH
X,f” = ﬁ(t’ k)
i=1 !

The vector fields {(X/), },er on F/¥, for any fixed k € R”, span a Lie algebra of vector fields,
Vj, contained in the finite-dimensional Lie algebra spanned by the restrictions to F of the
vector fields on 7*R” given by

0 0
VAl = (= ). 4.7

Hence, Vj is finite-dimensional and X}/ is a Lie system for every k € R". Moreover, the vec-
tor fields in V¥ span an n-dimensional integrable regular distribution on 7*R", whose leaves
are given by (4.5). Therefore, (4.2) becomes a foliated Lie system and VI is an associated
Vessiot—Guldberg Lie algebra.

Every X} is related to a Lie system whose smallest Lie algebra is contained in the Lie
algebra spanned by the restriction to 7/ of the elements of V*/. Consequently, although the

9
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Lie systems X/ may be different for distinct values of k, they all are restrictions of a Lie system
on T*R" with a Vessiot—Guldberg Lie algebra V", This relation will be studied more carefully
in forthcoming sections.

To illustrate more in detail the properties and applications of foliated and stratified Lie sys-
tems, let us consider another example: a r-dependent generalisation of a Lax pair studied in
[3] to analyse integrable systems. Let g/ = R" x R” be the semi-direct sum of Lie algebras
admitting a basis {e;, h;}i—1,._, suchthat R” ~ (ey,...,e,), R" ~ (hy, ..., h,) are Abelian Lie
algebras and

[hivejl = 28%;, ij=1,....n, (4.8)
where 0’ is the Kronecker delta. Let {v',...,v*} be the basis of g/’ dual to the basis
{vi=el,..., vy = €nVyy1 = h1,..., 02, = h,} of g”. Hence, {v',...,v*"} becomes a
global coordinate system on g'”. Define a family of #-dependent functions f, : R x g/” + R
of the form f,, = f,(t,v"T!,...,v*) for o = 1,...,n i.e. the function really depends on the
last n last variables. We set

d n

dit} N _; falt,v)ady, v = X" (t,v), Vv eg”? VieR, (4.9)

where ad,, v = [v,, V].
If g is a matrix Lie algebra, the Lie bracket of g/’ becomes the matrix commutator. Then,
(4.9) can be rewritten in the more common manner as a Lax pair

dv 1
b [v,m(t,v)], m(t,v) = ; Fult, V)0g. (4.10)

If g7 is a general Lie algebra (not necessarily a matrix Lie algebra), one can alternatively extend
by C®(R x g'P)-linearity the Lie bracket in g’ to the space C*(R x g'”) ® g’ of g’-valued
t-dependent functions on g'?. This allows us to use the expression (4.10) to describe every
system (4.9).

Consider the unique connected and simply connected Lie group G** with Lie algebra
g'?. Then, G acts on g” via the adjoint action Ad: (g,v) € G¥ x g/ — Ad,v € g'. The
fundamental vector fields of the adjoint action read

Adexp(—ryv = —ad,v, Yv,w € g’ 4.11)
t=0

w

d
Xad ——
(v) &

This enables us to bring (4.9) into the form

n

dv

T D falt. )X (). (4.12)
a=1

In our chosen coordinate system and in view of (4.8), the fundamental vector fields of the
adjoint action for the Lie algebra g/ take the form

0 0
X () = 20T X)) = “20e s a=ln
Hence, ngfg =0,fora=1,...,2n,  =1,...,n In particular, (4.9) takes the form
d « d a—+n
;’t — 2t v)0, “dt —0, a=1,....n

10
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Consider the Lie algebra V&” = (Xf‘lﬁ =29/00', ... ,X,%lp = 20/0v"). The previous system
can be rewritten as

n

d
T =g XS @), ga(tv) = fultop ™, a=Lon (413)

a=1

]
The elements of V8" span a distribution DV : of rank n on g’P. The leaves of the foliation,

. . Ip
Fa”_ associated with D¥*" on g” take the form

F = (@ o™ e gt =k, 0 = k), k= (k... k) € R
(4.14)

Moreover, the functions g,, with & = 1,...,n, are -dependent constants of motion of the
vector fields belonging to V9" Therefore, (4.13) is a foliated Lie system associated with a

Vessiot—Guldberg Lie algebra ve” In particular, the integration of the distribution Dvg/p gives
rise to the foliation 78" We can say then that X is an F9"foliated Lie system.
The #-independent Lax pair studied in [3] can be considered as a t-independent foliated Lie
system of the form (4.13) with f,, = Oh/0v**", with h = h(v"T!,...,v*)anda = 1,...,n.
System (4.13) does not need to be a Lie system. For example, one can consider the case
when the t-dependent functions g, on g¢' take the form

ga(t,v) = sin(tw* ™™™, a=1,...,n.

Then,

- 0
X" (1,v) = ZZ sin(tva“)va“%

a=1

Ip . . . . .
and VX7 is infinite-dimensional.

5. On foliated superposition rules

Let us now study how one can obtain all the solutions to an F-foliated Lie system passing
through a leaf of F associated with the foliated Lie system in terms of other particular solutions
passing through the same leaf. This will lead to introduce the notion of a foliated superposition
rule.

Consider again the foliated Lie system (4.2) on T*R". This system was associated with a
foliation F/ whose leaves F//, with k € R", were given in (4.5). Particular solutions to (4.2)
have the form

V@), P,=P,... P, =P")
for a point P = (P!, ..., P%) € R" and a particular solution, Q"(#), to

dQ; OH 0 .
= P =1,...,n.
ar 8P,»(t’ ), i N
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Moreover, (QV(1) + Q, PY, ..., P%), for any Q € R”, is another particular solution of (4.2)
within F{*. In fact, every solution to (4.2) within 7} can be written as

Q. PY,....P% =V +0.P,....P"), (5.1)

for a unique 0 € R" and every expression of this latter form is a solution. This allows for
defining a map ™ : T*R" x T*R" — T*R”" given by

v W PV 0, P) = (V) + Q, P),

which satisfies that every solution, £(f) = (Q(f), P(¢)), to (4.2) with initial condition in a ]-",g”
can be brought into the form

&0 = v, N,

in terms of a particular solution & D (#) of (4.2) with an initial condition in F: ,5” and a parameter
A\ € FV. Moreover, there exists a one-to-one relation between the initial conditions of the
solutions £(7) of (4.2) in F and the values of A € F/*. Finally, one has that U is a standard
superposition rule involving one particular solution for any Lie system on 7*R" of the form
dQ; ar;

= b;(0),
dr ® dr

0, i=1,...,n,

for arbitrary t-dependent functions by (¢), . . ., b, (7).
One can see that the foliated Lie system related to the Lax pair (4.10) shares similar prop-
erties. This motivates to introduce the following definition.

Definition 5.1.  An F-foliated superposition rule depending on m-particular solutions for a
system X on a manifold N relative to a foliation F on N is a superpositionrule U : N* x N — N
for a certain Lie system on N such that

(a) \I/(]-",?’J’l) C Ji for every leaf Fy of F,
(b) Every particular solution, x(#), of X containing a point of a leaf F; of F, namely there
exists fp € R such that x(ty) € Fy, takes the form

x(t) = \I/(X(l)(l), ey X(m)(l), )\)

in terms of a particular set x(jy(), . . ., x(n)(f) of m generic particular solutions of X con-
tained in F; and a unique \ € F.

Let us recall that it stems from the previous definition that if X admits an F-foliated superpo-
sition rule, then the particular solutions of X are always contained in a leaf of /. Note also that
the particular solutions of F taking values in each leaf of F are always described in terms of
the same number m of particular solutions within the same leaf. We will refer to an F-foliated
superposition rule simply as a foliated superposition rule if F is known from the context or
its specific form is irrelevant to our considerations. Note that if X is restricted to a leaf F; of
F, then all the solutions of X within F; can be written as a function of a generic family of
particular solutions of X within F;. Moreover, X can be restricted to each F; as every X;, for
t € R, is tangent to the leaves of F. Additionally, the foliated superposition rule becomes a
standard superposition rule for the restriction of X to F, which is a Lie system.

In view of definition 5.1, the foliated Lie system (4.2) admits an F/-foliated superposition
rule U : T*R" x T*R" — T*R", where the leaves of ™ take the form (4.5).

12
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Let us stress an interesting fact on the foliated superposition rule for (4.2). The foliated Lie
system (4.2) admits a Vessiot—Guldberg Lie algebra V¥ = (X; = 3/0Q,, ..., X, = 9/9Q,).
Then, V¥ is a Vessiot—Guldberg Lie algebra of the Lie systems on 7*R" of the form

do; ap;

== dai ’ - Y | = 15 M A
m” di(1) i 0, i n
for arbitrary t-dependent functions d;(?), . ..,d,(f). These Lie systems admit a superposition
rule (cf [13]) given by

U T"R" x T"R" — T'R"
©V,PY;0,P) — (QV+0,P).

Then, U becomes an F™-foliated superposition rule for (4.2). In other words, the foliated
superposition rule for the foliated Lie system (4.2) can be retrieved via a superposition rule for
the Lie systems related to its Vessiot—Guldberg Lie algebra. An explanation of this fact will
naturally appear in the next section.

Note that it is only the restrictions of a foliated superposition rule W : N" x N — N to
Uk]-",:"+1 what really matters to the study of solutions of foliated Lie systems. Despite this
fact, foliated superposition rules take the form ¥ : N" x N — N in applications (as in previous
examples) and this latter form can easily be obtained in next sections from the relation between
foliated superposition rules and standard superposition rules.

6. On a foliated Lie—Scheffers theorem

Let us now study the properties of first-order systems of ODEs admitting a foliated super-
position rule. Our results can be considered as a generalisation of the standard geometric
Lie—Scheffers theorem [13, 38, 73]. As a byproduct, our characterisation gives us an algorithm
to obtain foliated superposition rules and clarifies the relation between superposition rules of
Lie systems with a Vessiot—Guldberg Lie algebra V and the foliated superposition rules for
foliated Lie systems with the same Vessiot—Guldberg Lie algebra.

Let us first recall a standard definition and a lemma in the previous literature on Lie systems
(see [13, 15, 41]).

Definition 6.1. If X is a vector field on N, let us say X = > ., X'(x)9/0x', its diagonal
prolongation to N™ is the vector field on N"* given by

m

xlml — Z ZXi(X(a))%,

a=1 i=1 (a)

,,,,,

coordinate system x', . .., x" on each copy of N within N"™'.

Lemma 6.2 (see [13, 15]). Let Xy, ..., X, be vector fields on N whose diagonal prolon-
gations to N™ are linearly independent at a generic point. If by, . ..,b, € C°(N"T), then
S b X = YU for g vector field Y on N if and only if by, . . ., b, are constant.

Theorem 6.3. If X is an F-foliated Lie system, then it admits an F-foliated superposition
rule ¥ : N X N — N such that ms > dim V, where s is the dimension of the leaves of F.

Proof. Assume that X is an F-foliated Lie system admitting a decomposition (3.1) whose
Vessiot—Guldberg Lie algebra V is such that D" gives the tangent space to the foliation F. Let
us construct an F-foliated superposition rule for X.

13
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The F-foliated Lie system X gives rise on each leaf F; of F to a Lie system

Xi(t,x) = galt, k)Xol 7,

a=1

where X,|r, is the restriction of F; of X,, that can be considered as the restriction to
Fi of a Lie system on N of the form Yy = Y| _ g4(t, k)X, possessing an r-dimensional
Vessiot—Guldberg Lie algebra V= (Xi,...,X,). All Lie systems Yy admit a common
superposition rule ¥ :N" x N— N, but, in general, \Il(}",?”“l) =# Fi. Hence, the curve
W(xay(®), ..., x@my(1), \), where x1)(1), . . ., X (f) are particular solutions to X and A is within
Fi, 1s not in general a solution of X} and, therefore, is not a particular solution to X. Let us pro-
vide a method to obtain a superposition rule for all the Y, such that \I/(]-",:”“) C Fy. This will
give an F-foliated superposition rule for X, because W (x)(?), . . . , X()(£), A) will be a particular
solution to Yz within F; and, therefore, a particular solution to X.

On aneighbourhood of a generic point of N, there exists a local coordinate system adapted to
the foliation F with s-dimensional leaves. In other words, we can construct a local coordinate
system {01, ...,0,,I11,...,I,} whose first s coordinates give rise to a coordinate system on
each leaf F; and the last n — s coordinates are constant on each leaf of F. Then, one can write
in coordinates

N ) 8
XQZE X;(e,l)%, a=1,...,r, 0=(0",...,0°, I=E"" .1,
i=1

for certain functions XQ(G,I) fori=1,...,sand o« = 1,...,r. Let us restrict ourselves to a
generic leaf of F, e.g.

Fi = {(017'~'a95als+1a~'~a1}1) GN:IerI = s+1’~~~’ln :kn}a k:(kx+1’~~~akn)~

The vector fields X1, . . ., X, are tangent to ;. Hence, their restrictions to F; can be considered
as vector fields on the leaf. For m large enough, the diagonal prolongations X }’”J, .., X" on
N" become linearly independent at a generic point (see [15] for a proof). As the vector fields
X%’”J, ..., X" are tangent to F}", one obtains

ms > dim V, 6.1)

where s is by assumption the dimension of a leaf of F. It is worth comparing the above
expression with Lie’s condition, which only shows that mdim N > dim V.
To obtain a foliated superposition rule for X, consider the diagonal prolongations

Xm0 X o N1 Let us define a local coordinate system on N”t! given by
{6,091, I®} with a =0,...,m. The vector fields X" ™", ... X"+ admit
the common first-integrals ¥, | = 1821, LW, =19 Since XU XU span a dis-
tribution of rank dimV < mdim N, one can find, at least, s new functionally independent
first-integrals, ¥y, ..., ¥y, common to X%mHJ, o ,Xﬁ’”‘H] such that

oWy,...,¥,) 20— oWy,..., ¥y 20,

20, 010 19

1 e, ....00)

This gives rise to a mapping U:N"t' N of the form WO, 1O, .. om [m)—
(¥y,...,¥,). Then, one can use the Implicit function theorem to find the unique mapping
® : N" x N — N such that

X0) = (I)(X(l), <o X(m)s J) = \I/(X(O), e ,X(m)) = 0.

14
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In particular, ®(x(1, . .., X, A) € Fz for A = (Aq,..., s, k), where A, ..., )\, are arbitrary
and k = (Ifﬁl, .., 1Y), In this way, given m particular solutions x1y(?), . . ., Xum)(f) to Xj
belonging to the same leaf 7, the mapping

DXy (D - s Xy (D5 K1y« o o kg, k) = x(2)

gives us every solution x(7) to X within the leaf F; for every (ki, ..., ks, k) € Fi. Then, x(7)
is a solution of X and the mapping ® allows us to obtain all solutions to X within F7 out of
particular solutions to X in the same leaf and a parameter in J7.

Observe that the last theorem gives a procedure to construct a foliated superposition rule.
This will be detailed and illustrated with examples in section 8.2.

Theorem 6.4. [f a system X on N admits an F-foliated superposition rule W : N" x N —
N, then there exists vector fields X, ...,X, on N tangent to the leaves of F and common
t-dependent constants of motion f1, ..., f, € C*(R x N) for X, ..., X, so that

X(t,x) = falt, 0Xo(x)

a=1

and
(X, Xgl = > WXy a,B=1,....r, (6.2)
y=1

where h, g are functions on N taking constant values on the leaves of F.

Proof. Consider that we have an F-foliated superposition rule for a system X on N and the
leaves of the foliation F have dimension s. By the definition of foliated superposition rules,
the particular solutions to X are contained in the leaves of F and the vector fields X; must be
tangent to its leaves.

Let us fix a point (x(y, ..., X)) € F;' of a leaf 7, of F. We can then use the Implicit
function theorem to obtain a new function ® : N x N — N such that

F(X(]), <o X(m)s )\) = X)) (D(.X(()),X(l), . ,X(m)) =\

The function @ is constant on generic families of m + 1 particular solutions of X, let say
x©0)(®), - . ., xem)(?), belonging to the same leaf of the foliation F. Therefore,

d~ _
0= a<I>(x(0)(z), e X)) = XTI (x0 (D), - . ., Xy (1) = 0.

Recall that the foliated superposition rule induces on F;"™! a horizontal foliation over F}"
relative to the projection onto the last m copies of Fy, i.e. the projection is a diffeomorphism
between a leaf in 7”*! and its projection onto F™. The coordinates of the function ® take
constant values exactly on the leaves of the horizontal foliation. Consequently, the vector fields
{x!" N _p span a distribution Dy contained in the tangent space to the leaves of the horizontal
foliation on " '. We can extend such a distribution with the linear combinations of successive
Lie brackets of {X""'},. to obtain a regular distribution D, at a generic point of }"é"“,
containing Dy and contained in the tangent space to the leaves of the foliation on F£’+l.

Consider a finite family of elements X%’"“], ..., X!"+11 forming a local basis of the distri-
bution Dy. As the linear combinations of Lie brackets of diagonal prolongations are diagonal

15



J. Phys. A: Math. Theor. 55 (2022) 385206 J F Carifiena et al

prolongations, the previous basis can be expanded to produce a family X{’"“], o, XUl of
vector fields spanning a regular distribution D almost everywhere. Since the leaves of our hor-
izontal foliation on F"*! project diffeomorphically onto 7", the vector fields X", ..., X!
on J;" become linearly independent at a generic point. By lemma 6.2, the Lie brackets of
Xt X+ close a finite-dimensional Lie algebra of vector fields. Let us denote by
X1s - - -5 1 X, the restrictions of X1, . . ., X, to F;. Hence,

[ X0 21Xl = Z Cag” (]E) }Xq/
y=1

on F;. The previous procedure can be extended to other leaves JFs for different values K’ close
enough to k so that the vector fields X", ... XI"+11 for the initial F; can also be used
locally. Moreover, X! must be on each leaf a linear combination of the X {"’H], oo, XA
with coefficients given by t-dependent functions on N"*!. Hence,

X" = galt OXIMTI(E),
a=1

for certain functions g, (z, ). Let us restrict the above expression to an arbitrary leaf }",:"“.
Using lemma 6.2, we obtain on F; that

X,(0) = galt, )Xa(x),

a=1
and g, (1, x) = g, (¢, x') for points x, x" in the same leaf of 7 and every 1 € R. O

The proof of the last theorem almost reassembles the proof of the Lie—Scheffers theorem.
In despite of that, there exists a relevant difference. At the very end, we cannot ensure that we
obtain a foliated Lie system. The problem is that the vector fields X, . . ., X,,, which are tangent
to the leaves of F, may close a different Lie algebra on each leaf (see the example in section 3).
Therefore, there will be no vector fields X,, such that X,, = 22:1 fagf( 3 for functions f,4 that

are constants on the leaves of F in such a way that (5( Ly oove ,f(,) is a Lie algebra of vector fields
on N. This is due to the fact that if such vector fields exist, then the vector fields X;, ..., X,
must span a Lie subalgebra of the one spanned by X1, ..., X,.

7. Automorphic foliated Lie systems

We showed in section 2 that the evolution of a Lie system can be determined by an automorphic
Lie system. More generally, we are going to prove that the evolution of a foliated Lie system
can be obtained via a foliated Lie system on a principal bundle of a particular type.

Definition 7.1. Consider a trivial principal bundle 7:G x M — M with structural r-
dimensional Lie group G acting on G X M by ¢ :(g,,(8,,k)) € G X (G X M) — (8,85, k) €
G x M and a t-dependent vector field on G x M given by

X[t g. k)= fult.XE(g. k), (7.1)

a=1
where XX, ..., X form a basis of fundamental vector fields of the action of G on G x M, and
fiooo s fr € C®(R x G x M) are t-dependent common constants of motion of XX, ... X%
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which therefore can be considered as functions on R x M. We call (7.1) an automorphic
foliated Lie system.

Note that every vector field on G can be considered in a natural way as a vector field on G x
M via the vector bundle isomorphism 7(G x M) = TG x TM. Indeed, they can be considered
as vertical vector fields relative to the projection 7 : G x M — M. Then, X%, ... ,Xf can be
understood as right-invariant vector fields on G. They also span a finite-dimensional Lie algebra
of vector fields on G x M and a regular r-dimensional generalised distribution. In fact, at each
point of the bundle the values of X%, ..., X span the vertical space at such point of the bundle
m:G X M — M. Since fi,..., f, are common #-dependent constants of motion for vertical
vector fields, they are constant on the fibres of 7 : G x M — M and they can be considered, in
a unique manner, as 7-dependent functions on M. Therefore, (7.1) is a foliated Lie system.

When M is a point, fi, ..., f, become functions depending only on 7 and (7.1) turns into a
standard automorphic Lie system [15]. More generally, every trivial principal bundle 7 : P —
M with a structural group G and fundamental vector fields spanned by X|, . .., X, gives rise to
a t-dependent vector field X on P of the form

X(t,x) = falt,)Xa(x), VxeP, VIER,

a=1

where f1,..., fr € C*(R x P) are t-dependent constants of motion of X, ..., X,. The trivial-
isation of the principal bundle 7 : P — M maps diffeomorphically X onto XX. Consequently, X
is, up to a local bundle diffeomorphism, an automorphic foliated Lie system.

Let us prove that, in analogy with Lie systems, every J-foliated Lie system gives rise to
an automorphic foliated Lie system, whose solutions allow us to obtain the general solution
of the foliated Lie system. Recall that every #-dependent function on a fiber bundle that is a
t-dependent constant of motion of its vertical vector fields can be considered as a t-dependent
function on the base manifold in a canonical way.

Theorem 7.2. Let X(t,x) = Y. _, fo(t, X)X0(x) be a foliated Lie system on N associated
with an r-dimensional Vessiot—Guldberg Lie algebra V = (X1, ...,X,). Let ¢:(g,x) € G x
N ¢.(g) = &(g, x) € N be the effective local Lie group action associated with the integra-
tion of the vector fields of V. Assume that the space M of leaves of DV admits a manifold
structure so that the w: N — N/G = M. Let us define the automorphic foliated Lie system on
the total space of the principal bundle 7 : G X M — M given by

Xt g ) ==> fult.XE(g.k), ViR, VgeG, VkeM, (7.2)
a=1

where —X® and X,, are the fundamental vector fields associated with the same element of T,G
relative to the actions .. and ¢, correspondingly. Then, each particular solution x(t) of X
contained in the leaf indexed by k € M can be written as

x(1) = P(g(0), x(0)), (7.3)
where v :t € R — (g(t),k) € G X M is a particular solution to XX(t, g, k) with g(0) = e.

Proof. Letus prove that x(¢) given by (7.3) is a particular solution to X for every x(0). Using
(7.3), we have that
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B(g(Dg™ (1), P(g(to), x(0)))

1=ty

dx d
E(t()) T

d
= Te@o(s(10)x(10)) (dr g(t)g_l(to)> . (7.4)

Since (g(1), x) is a particular solution to (7.2) and X?(g) = Rg*gXR(e) for every g € G, one
has that

1=ty

dg - dg
300 = = Falto, DRg()2eXE(€) = Rt .41 . (0)

== falto, XE(e).

a=1

Since —Xff and X, are fundamental vector fields related to the same element of 7,G relative
to the ¢ and (. actions, one obtains, after considering Xff as a right-invariant vector field in
the natural way, that —7,¢,X%(e) = X, (x) forevery x € Nand o = 1,. .., r. Substituting this
relation in (7.4) and since the functions f,(#, x) are just t-dependent on the orbits under the
action of ¢, we obtain

dx :
E(IO) = —TePo(sitg).x(10) lz falto. )XE(e)

a=1

— Z Falto, x(t0))X o (x(10)).
a=1

In fact, it worth noting that f, (¢, x(#y)) depends only on ¢ and 7(x(#y)). Therefore, ¢(g(f), x(0))
is a solution of X for every x(0) € N. Note that every solution of X on N is of the above form
and the result of our theorem follows. ([

8. Applications

Let us use our results of previous sections to study several physical problems. First, we focus
our attention on an extension of the generalised Ermakov system [37]. Next, we study Lax
pairs for -dependent Hamiltonian systems, extending and explaining certain results in [3]. In
this case, we obtain the automorphic foliated Lie system associated with it. We also analyse
the existence of related Hamiltonian structures, which extends, in a geometric way, some of
the results given in [3].

8.1. A new class of generalised Ermakov systems

There exists an extensive literature on the so-called Ermakov systems and their generalisations
(see [18, 30, 37, 57, 58, 61] and references therein). We propose here a class of generalised
Ermakov systems that cannot be described through Lie systems but they admit a description in
terms of foliated ones.

Ray and Reid introduced the so-called generalised Ermakov systems [58, 61] on RZ =
{(x,y) : xy # 0} of the form

%= —wl(O)x +g(y/x), j=— 2(z)+f( /y), (x,y) ER2, €R, 8.1)

where f and g are real functions f, g: R — R and the dots over the variables x,y stand for
their time derivatives. The equation introduced by Milne [46] was given by one of the above
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equations, let us say the one depending on y with f(x/y) = x/y, and its mathematical study
can be found in [54]. Meanwhile, the so-called Ermakov—Pinney system corresponds to the
particularisation g(u) = u and f(u) = 0 for every u € R. This generalisation admits a con-
stant of motion, the so-called generalised Lewis invariant (see [15] and references therein), of
the form

1 x/y
1y, 69) = 30— 30 + / Lf () — u2g(1 /u)]dut. (82)

It was noted by Ray, Reid, and Goedert [30, 57, 61], that the term w?(#) can be replaced by much
more general expressions (cf [37]). For instance, there exist generalisations of (8.1) where
w(f) depends on the time-derivatives of x and y [61]. As a new generalisation, we propose the
second-order system of differential equations given by

g, y/x)

¥ = —w(t, Dx + 2 B y=—wit,Dy+

1
f(’ixz/y), (x,y) €R}, tER,
Xy

(8.3)

where f, g: R — R are arbitrary non-vanishing functions and / is given by (8.2). In the case
where f(I,u) = u and g(I, u) = u for every u € R, one recovers the generalised Ermakov sys-
tem studied in [37]. Consider the system of first-order differential equations on TR% of the
form

dx
dr
dy
dr
dvy
dr
dvy
dr

e+ S,
x%y

2(t Iy _|_f( x/y)
y2x

obtained by adding the variables v, = X and vy, = ¥ to (8.3) and where [ is a function as in
(8.2) but with i and y replaced by v, and v,, respectively. This system is associated with the
t-dependent vector field X = w?(t, DX3 + X, on TR%, where the vector fields

fd,x/y) 0 gU,y/x) 9 a9
X = 2 O, v )3y X2y Ou, +U'x8x’
TR )
T2y Pon, T ox T Mon )
0 0
X = _yavy _xavx’

have the commutation relations
[X1, X5] = X, [X1, X3] = 2X;, [X2, X3] = X3,

and therefore span a Lie algebra of vector fields V&5 isomorphic to s/(2, R). A straightforward
calculation shows that 7 is a common first-integral to X;, X5, X3 and X; A X, A X3 # 0 on a
dense open subset O C TR3. Then, X becomes a foliated Lie system on O C TR}.
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Let us comment on fact that (8.3) admits a Lie algebra of Lie symmetries isomorphic to
51(2,R) [37]. Indeed, note that the restriction of X to every leaf of the foliation determined
by the integral leaves of the distribution with DY becomes a Lie system. Since X; A X, A
X3 # 0 on these leaves, one obtains a so-called locally automorphic Lie system on each leaf
(see [33]). It was proved in [33] that such a Lie system admits a Lie algebra of Lie symmetries
isomorphic to s[(2, R). Gluing together these vector fields on each leaf, we obtain a Lie algebra
of Lie symmetries of X on TR3 isomorphic to s[(2, R). This feature is common to many other
generalisations of Ermakov systems [37].

8.2. How to obtain foliated superposition rules

The proof of theorem 6.3 shows in an implicit way how to obtain a foliated superposition rule
for a foliated Lie system. This section aims to illustrate this method and to describe it in detail.
A careful reading of the proof of theorem 6.3 shows that the steps of the method go as follows:

e Consider a Vessiot—Guldberg Lie algebra Vr of an F-foliated Lie system X on an dr-
dimensional manifold 7.

e Find the smallest m € N so that the diagonal prolongations of the vector fields of V span
a distribution of rank dim Vr at a generic point of 7. This states the number of particular
solutions of the foliated superposition rule, namely m.

e Consider a coordinate system 6',...,6%, It ... I adapted to the foliation F around
a generic point x € T, i.e. the first s coordinates give rise to a local coordinate system
on each leaf F; of F, while the last d7 — s coordinates are constant on the leaves of F.

Define the same coordinate system 6, ..., 6, I**!, ... I on each copy T within 7" !,
This gives rise to a coordinate system on 7! of the form 6, . ... 6%, I Lo ,I(if) for
a=20,...,m.

e Define ¥**! = If$ LT = I(%T) and obtain s common first-integrals ¥', ..., ¥* for

the diagonal prolongations of the elements of V to 7" satisfying that

AU, ..., wir) FSIC AT )
1 X s+1 dr 75 0= o 91 05 # 0.
8(9(0), e, 9(0),1(0) - .,I(O)) ( 0o (0))
e Assume U' =k,..., U =k, and obtain Ol - - .,9{0),15'5;1, . ,I(%T) as a function of

1 s s+1 dr _ .
ki,... ka, andﬁ(a),...,ﬁ(a),l(a) ,...,I(a) fora=1,...,m,i.e.

eéo) = F' Oty L1ys - - - > Omys Lomys K1 - -+ k), I(jo) = kj,

for certain functions F' : 7" x T — R, withi = 1,...,s and j =s+1,...,dr. This gives
rise to a superposition rule ¢ : 7" x T — T for every Lie system with a Vessiot—Guldberg
Lie algebra Vr of the form (see [13, 15, 41] for details)

@(9(1),1(1), P G(m),l(m),kl, e ,de) = (Fl, e ,F“’,I(S(;)rl, e ,Ié)T))

Hence, the map @ : 7" x T — T becomes an F-foliated superposition rule for X at a
generic point of 7.

Let us illustrate our method by applying it to the Lax pair (4.13). In this case, the manifold
where the Lax pair is defined is 2n-dimensional and s = n. We recall that the foliated Lie
system given by the Lax pair (4.13) was related to the Vessiot—Guldberg Lie algebra V8"
The vector fields of a basis of V" are linearly independent at a generic point. Hence, we
can obtain a foliated superposition rule depending on one particular solution. The coordinates

20



J. Phys. A: Math. Theor. 55 (2022) 385206 J F Carifiena et al

0' =ol, ..., 0" =", ' = v"F!, ... " = v* are adapted to the foliation F9” of the system
under study. Consider the coordinate system on (g'”)? of the form /9(1a), RN /0 A
with @ = 0, 1. Take the diagonal prolongations of the elements of V9" to (g”)%. To obtain 2n

functionally independent constants of motion for such diagonal prolongations choose AR
Loy, V" = Iy and O' = 0y — 0, fori=1,...,n. Then,

P50 AN 70
1 n n
R N )

£0.

By fixing ! = ky,..., ¥?" = ky,, asuperpositionrule ® : g x g — g/ forevery Lie system
with a Vessiot—Guldberg Lie algebra V9" reads

D01y, L1y, k) = (9(11) + ks 00+ knskngrs ko).

Restricting oneself to the case k,1 = I}y, ..., ko, = I{}), one gets an F " _foliated superpo-

)
sition rule W? : g7 x g/ — g'” such that the particular solutions to X”” in the leaf 72, with
k = Iy € R", are of the form

V(OO Ly ks - kan) = Oy + ki O+ K Iy 1))
for a particular solution (61)(?), I1)) of X"? in ]-"kglp.

8.3. Lax pairs and automorphic Lie systems

Let us study the systems (4.2) and (4.13) by means of a common automorphic foliated Lie
system.

The foliated Lie system (4.2) is associated with a Vessiot—Guldberg Lie algebra V¥ of the
form (4.7), which is isomorphic to the Lie algebra (R”, +). We denote by { A, ..., A, } the dual
basis to the canonical basis {ey,...,e,} on R". The Lie group action obtained by integrating
the vector fields of V¥ reads

¢: R'xTR" — TR,
()\,Q,P) = (Q_A,P),

where we denote Q = (Qy,...,0,), A = (A1,..., \y),and P = (Py, ..., P,). Observe that the
Lie group action has been chosen so that the fundamental vector fields of the elements of
the basis {ey,...,e,} of the Lie algebra (R",+) be {0/00Q,,...,0/00,}, respectively. The
space of leaves of the distribution spanned by the elements of V*/ is diffeomorphic to the
manifold M = R”. Indeed, the variables P;, ..., P, on T*R"” ~ R?>" can be considered as a
global coordinate system on M, which parametrises the leaves of the foliation F/.

The automorphic foliated Lie system related to (4.2) is, in virtue of theorem 7.2, defined on
the (R", +)-principal bundle 7 : R” x M — M, 7 : (\, P) — P, and it reads

", OH d

XtAP) = -  — (1, P)—.
£ 0P, " 0N,

Consider now the Lax pair given by (4.10) with

", OH
mtv) =y —( Neg. (8.4)
2o,
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This particular value of m(t, v) was studied in [3] for H being 7-independent and it was shown
to lead to a Lax pair for (4.2) under a simple change of variables.
The system (4.13) admits a Vessiot—Guldberg Lie algebra V¢ with a basis given by

0 0
S n+1 s 2n
{YI—ZU 7,01,...,Yn——21} ’U”}.

Such vector fields span an Abelian Lie algebra isomorphic to (R”, +). The distribution spanned
by the vector fields of V¢ on the submanifold of g’ of the form

2n
0 = {(vl,...,vz") eg?: H vt #£ O},

a=n+1

gives rise to a family of leaves of the form (4.14) for []\_ & # 0. Note indeed that O™ is the
submanifold of g& where the coordinates ¢, I' used in [3] make sense. Therefore, the variables
v"*t1, ..., 0% can be considered as a coordinate system on the space of leaves, M, of V4
within ©*, which becomes a manifold locally diffeomorphic to R”. It is indeed an open subset
of R”.

The vector fields Y7}, ..., Y, can be integrated to obtain a local Lie group action
i R'x0 o 04,
ol ,vz") — (vl B N AN T L, WYLy S ,vz"),
such that the fundamental vector field of e; in the canonical basis {ey, . . ., ¢, } of the Lie algebra

(R",+) of R"is Y} fori = 1, ..., n. The automorphic foliated Lie system associated with this
foliated Lie system on 0%, i.e.

n

d'U Ip " " BH a+n
T ;ga(t, nX§ (v) = ;fa(f, V)Y, gat,v) = 3P—a+nv , a=1,...,n,

reduces to the form of a t-dependent vector fields on R” x M of the form

", OH 0
Xt o)== —— (0" 0P .

Consequently, the solution to the Lax pair (4.10) on O for the particular value of m(t, v)
given in (8.4) reduces to the same automorphic Lie system as the foliated Lie system (4.2) on
the submanifold H of T*R"” where Py - - - - - P, # 0. Moreover, there exists a diffeomorphism
¢ H C T*R" — O™ mapping (4.2) onto (4.10). It is easy to see that when two foliated Lie
systems are diffeomorphic, they share the same foliated automorphic Lie system. It is also
immediate that foliated Lie systems related to the same automorphic foliated Lie system do
not need to be diffeomorphic as they may be defined on manifolds of different dimension.

8.4. Stratified Lie—Hamilton systems and r-matrices

Let us illustrate the use of Poisson structures to investigate stratified Lie systems through a
couple of examples. This suggests how to generalise the theory of Lie—Hamilton systems in
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[19] to the realm of stratified Lie systems. As a byproduct, several results on the use of r-
matrices to study stratified Lie systems will be provided, which generalises previous findings
from [3].

e Let{ey,...,eq} be abasis of the Lie algebra g of a Lie group G and let {v', .. ., v?} be its
dual basis. Consider the non-autonomous first-order system of differential equations on g
given by

d
d
d_)t‘ =Y fat.0X¥@), Vxeg ViER, (8.6)
a=1
where X gf, o X;‘S are the fundamental vector fields of the adjoint action of G on g induced
by {ei,...,eq}, respectively, and fi, ..., f; are common ¢-dependent constants of motion

for all the vector fields ng', o ,ng. Note that (8.6) is a stratified Lie system on g.

Let xo € D* be a point where the rank of the distribution D*' spanned by X2¢, . . ., X2
reaches its maximum, dmax, On g. Then, there exist ana, vector fields taking values in D
which are linearly independent at xy. Such vector fields will also be linearly independent
at every point of a local neighbourhood U of x(, which causes the rank of DY t0 be amgx
on U (cf [69]). Hence, (8.6) may be restricted to an open submanifold O C g, where
DM isa regular distribution of rank an.x. Then, system (8.6) becomes a foliated Lie system
on 0%,

Let us endow g with a Poisson structure so as to study (8.6) via Poisson geometry
techniques. This will provide an intrinsic geometric definition of the so-called Kirillov
bracket on g introduced in [3] in an algebraic implicit manner. Assume that g admits an
ad-invariant non-degenerate constant metric g = Zi,g:lé’aﬁva ® 07, ie. g([x, x'],x") +
g(x', [x,x"]) = 0 for all x,x’,x"” € g (see [47] for details on ad-invariant metrics). This
allows us to define a metric tensor & = Ziyy: 18w dv” @ dv” on g and a vector bundle
isomorphism & e, € Tg — B,(ey, ) € T*g between the tangent and cotangent bundles
of g for all e, € T,g and every x € g. Since & is non-degenerate, &’ has an inverse
&% : T*g — Tg. Let E be the Euler vector field on g generating dilatations, namely E =
S v*d/dv”. It is immediate that E does not depend on the dual basis in g* used to
define it, which turns E into a geometric object.

Define

{f. h}k = &UBS (dS), & (dh)x, E), Yf.h € C(g), 8.7

where [-, -]x is an extension of the Lie bracket on g to X(g). More specifically, if c,57,
with «, 3,7 =1,...,d, are the structure constants of the Lie algebra g in the basis
{e1,...,eq},1.e [eqn, 5] = fozlcag"’en, fora, 3 =1,...,d,then [f0/0v", g0 /v ]x =
fozlfgcmg"’ﬁ/av"’ for a, 3 =1,...,d and every f,g € C(g). The [, -]x on X(g) is
sometimes called a bundle of Lie algebras. Let us prove that (8.7) recovers the expres-
sion of the Kirillov bracket given in [3]. Expression (8.7) is antisymmetric and satisfies
the Leibniz property. Let us prove that (8.7) fulfils the Jacobi identity. Since g is non-
degenerate and {ey, . .., e,} is a basis of g, the linear functions f,, : x € g — g(eq,x) € R,
with &« = 1,...,d, form a coordinate system on g. In the coordinate system {f1, ..., fs},
expression (8.7) becomes { fu, f53}x(x) = g([ea, 5], x) = Sleaesi(x) for a, 8 =1,....d
and every x € g. Then, {fo.{f3 f}k}x(x) = g([ea, [es,e,]1],x) for a, B,y =1,....d
and x € g. It follows that (8.7) satisfies the Jacobi identity for any three functions chosen
among f1, ..., f4. Due to this and the fact that (8.7) satisfies the Leibniz property, (8.7)
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obeys the Jacobi identity for all functions on g. Hence, (8.7) becomes a Poisson bracket,
and its Poisson bivector reads

ZA(dfdf) /\a lzd:c”’fa/\a (8.8)
k@fo,dfg) 77 N7 = = B fre N —. .
(1 p=1 f f 2(1,8,’)/:1 ’ afa afB

Recall that the vectors {ey,...,es} can be considered as a coordinate system on the

dual space g*. The Kirillov—Kostant—Souriau (KKS) bracket on g* reads (see [69] for
details)

)
Z cag’ e”ae” dey

(y?’) 1

The diffeomorphism ¢ :x € g+ g(x,-) € g* yields that A = ¢ ,Ag. Hence, (8.7) is
induced by the KKS bracket on g*.
Let us use the fact that g is ad-invariant to prove that the vector fields X, ... X3

d

on g are Hamiltonian relative to Ag. The ad-invariance of g gives that ang‘sg&, =
5=1

— Z cwg gafora, B,v=1,...,d.1f gQ‘B are the entries of the inverse matrix of the metric

gin the basis {ey,...,eq}, one gets that

d
Z 8" cas’ 808" = Z c15' 808" g™ = Zg"”c gT= =) s’
y=1

4,7,a=1 ¥,0,0=1

Renaming indices and rewriting slightly, S%_ ¢"9cqs’ = —32%_ ¢%c,57 for every

~v,a,0 =1,...,d. Since v" = Z;’Zlg‘”fn,, using (8.8), and in view of previous results,
we have that
d
1 0 0
_ ne fBo
Ag = 5 Z cap 8" 8" g Do —81;0
By pmr.o=1
d
1 bo. v 4 O 0 0
=— > e, A s
25(”“/ lg v vs vt v

A short calculation shows that Ag(dv?, ) = Zé:lgﬁﬁ Xﬁ‘g foro = 1,...,d, and then

d
X:j = AK <d2 gﬁgﬁvﬁ, ) - AK(df[)), ) (8'9)

forevery 5 = 1,...,d. This proves that the Vessiot—Guldberg Lie algebra of (8.6) consists
of Hamiltonian vector fields on g relative to the Kirillov bracket on g. The same applies to
the restriction of the Vessiot—Guldberg Lie algebra of (8.6) and Ag to O, It is worth not-
ing that, in view of (8.9), the characteristic distribution of Ak is spanned by xad o ,de.
Hence, the symplectic leaves induced by the Poisson bracket Ak are indeed the integral
strata of the distribution spanned by X2, ..., X3 and Ax can be restricted to such strata.
Whether the Lax pair (8.6) is a Hamiltonian system or not relative to the Kirillov bracket
on O™ is not much relevant to us. In fact, it was proved in section 8.2 that our method
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to derive foliated superposition rules for (8.6) requires to determine some common first-
integrals for X2¢, . . ., X2 on the strata of D** on O*® and their diagonal prolongations. This
can be achieved by using that these vector fields are Hamiltonian (see [19]). Moreover,
(8.6) can be restricted to the intersection of 0% with any leaf S of D%, Since D is
regular with maximum rank on O™, a leaf S of D™, which always has a fixed dimension,
is totally included in O™ or disjoint to it. We can also consider the restriction to some
S C O¥ofX(t,x) = Zi:1 falt, x)X¥(x), where x € S, which is a Lie—Hamilton system.

Again, whether (8.6) is a Hamiltonian system or not, per se, is not relevant.

e Letus consider now the automorphic foliated Lie system related to the foliated Lie system
(4.12), considered on O™, relative to its Vessiot—Guldberg Lie algebra V9. The analysis of
this system will again support our idea about how one should endow stratified Lie systems
with a compatible Poisson structure to study their properties.

Consider the Lie algebra g/ and its connected and simply connected Lie group GX*'. We
consider the elements of g’? as left-invariant vector fields on G*” and we set X%,..., XX
to be the right-invariant vector field on G related to a basis {ey,...,es,} of g”. Let r
be an antisymmetric triangular 7-matrix of g’?, i.e. r € A*g’” and [r, rlsy = 0 with [, -]sy
being the Schouten—Nijenhuis bracket (see [24, 35, 69] for details), and define

2n

1 [
A= > rIxEAXE,
a,B=1
where r = 13°%. r*e, A esand the vector fields X¥, ..., XX, satisfy that their non-zero
commutation relations read [XX,,, X% = —2XX for a = 1,...,n. Then, A, is a Poisson

bracket on G* due to the fact that 7 is a triangular 7-matrix. In particular, consider the
r-matrix r = ZZ: 1€a N hgq,in gll’. This gives rise to a Poisson structure

AP =>"XEAXE, (8.10)
a=1
on G**.
Let us prove that the right-invariant vector fields XX, ..., X® are Hamiltonian relative
to AL”. Take the basis of right-invariant differential one-forms {n%,..., 7% } on G** that

are dual {X¥,... XX} Then,

dyR(XE X5 = —R(x5.X5), By =1.....2n

Since [X%, XX] is a linear combination of XT, ..., XK, one gets that dnf = 0 for « = n +
1,...,2n. Since G** is simply-connected, 7% = dk, for &« =n+1,...,2n and certain
functions k41, . . . , ko, On g, Consequently, if follows from (8.10) that

XR = —APdkyin, ), a=1,...,n,

are Hamiltonian vector fields relative to A",

The t-dependent vector field given by (4.12) on O is related via theorem 7.2, when
one considers that it admits the restriction of a Vessiot—Guldberg Lie algebra V:* ~ g/
to O, to the automorphic foliated Lie system

d n
d_(j - _Zfa(l, Upsts - 02)XN(Q), g€ G, (8.11)
a=1
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on the principal bundle 7% : G¥ x M* — M™. This automorphic foliated Lie system
admits a Vessiot—Guldberg Lie algebra (XX, ..., X¥) of Hamiltonian vector fields relative
to AL, Hence, a superposition rule relative to this Lie algebra can be obtained using the
methods in [19]. Once again, one obtains that it is interesting to consider stratified Lie
systems whose Vessiot—Guldberg Lie algebras are Hamiltonian relative to some Poisson
bivector.

e Let us provide another example of foliated Lie system related to a Vessiot—Guldberg Lie
algebra of Hamiltonian vector fields relative to a Poisson structure induced by a general
r-matrix.

Recall that if r = %Zi’fgzlr‘“@e” A e is an r-matrix for g?, the Sklyanin bracket on
G"* related to r (see [24]) is given by the Poisson bivector

2n
1 ‘
AS = 5 § P XEAXE - XRAXE). (8.12)
a,f=1

It can be proved that this Poisson bivector admits additionally properties (see [24]), which
justify to call it a Lie—Poisson bracket. It is well known that an r-matrix on g induces a
mapping d, : v € g — [r,vlsy € g A g whose transpose leads to a Lie algebra structure on
g and this, in turn, gives rise to a unique connected and simply connected Lie group G*
related to g*. Moreover, the r-matrix induces a unique Lie algebra structure, the Drinfeld-
double, on the vector space 0 = g & g* that is ad-invariant, reduces on g to the original
Lie algebra, and it reduces on g* to the Lie algebra induced by r (see [24] for details). Let
D be the connected and simply connected Lie group associated to the Lie algebra 9. The
embeddings g < 0 and g* < 0 allow us to consider G and G as Lie subgroups of D.
Moreover, every f € D in a close enough open neighbourhood U of e € D can be written
in a unique manner as the product of an element of G by an element of G*, in that order.
In particular, hg € U, with h € G* and g € G admits a unique decomposition hg = g"h$
for g" € G and h® € G*.

There exists for every element ¥ € g* a unique left- and right-invariant differential one-
form on G, let us say 1%, n’; respectively, whose values at e are equal to 1J. Then, we define
X5 = AS(nk, -y and X5 = AS(nf, -). It is known that the vector fields X}, with ¥ € g*,
span a Lie algebra VI isomorphic to g*. Its elements are called left dressing vector fields.
The same applies to the vector fields Xf;d’, which generate a Lie algebra V" isomorphic
to g* whose elements are called right dressing vector fields. Both Lie algebras of vector
fields can be integrated to obtain an, at least local, action of G* on G, the so-called left and
right dressing actions, respectively.

Finally, let us define a last stratified Lie system related to a Poisson structure generalising
autonomous Hamiltonian systems studied in [9] (see that paper for details on further results).
Let us consider ¢y, : G* x G — G with 14,(h, g) = g" to be the left-dressing action®. Consider
the cotangent bundle 7*G, which is naturally diffeomorphic to G x g* via the diffeomorphism
U € TG (8, T, Lg,) € G x g forevery U, € T,G and any g € G. Itis also well-known
that 14, can be lifted to a new Lie group action Jd,. of G* on T*G ~ G x g* (see [1]). More
particularly (see [9, p 1511, equation (1)]),

Dar(h (8. 9) = (tbar(h, 8). Adie)), Vh € G, Vg€ G, VIeg.

6 There exists a little misprint [9, p 1511, line 5], where it should be I € Binstead of i € B*. This is a minor problem,
but it can lead to a misunderstood in the following.

26



J. Phys. A: Math. Theor. 55 (2022) 385206 J F Carifiena et al

This Lie group action has a momentum map J : 7°G ~ G x g* — g** ~ g obtained out of the
fundamental vector fields of 1, as standardly known (see [8] for details). Let X%, ..., X% be
a basis of fundamental vector fields for zzd,. One can define the 7-dependent vector field on
G x g* of the form

XY(t,8,9) =Y falt, g DX (2,9, (8.13)

a=1
where f1(t,2,9), ..., ft, g, ) are assumed to be common 7-dependent constants of motion
for X%, ..., X9, which are Hamiltonian vector fields with Hamiltonian functions (J(g, 9), ),
with o = 1,...,7, for a basis {ej, ..., e} of g. Then, X" is a stratified Lie system admitting

a Vessiot—Guldberg Lie algebra of Hamiltonian vector fields. Systems of this type are related
to collective Hamiltonian vector fields on g*, which admit interesting applications (see [9]).
Previous examples justify the following definition.

Definition 8.1. A stratified Lie—Hamilton system is a stratified Lie system X on a manifold
N admitting a Vessiot—Guldberg Lie algebra of Hamiltonian vector fields relative to a Poisson
structure on N.

Consider the two-dimensional Lie algebra by = (ej, e2) such that [}, e2] = e,. Let {e', €}
be the dual basis to {e;,e2}. A short calculation shows that any ad-invariant symmetric
bilinear map on b, is degenerate. Alternatively, the same result immediately stems from
[43, proposition 6.1]. Consequently, the first method of this section to relate (8.6) to a stratified
Lie—Hamilton system cannot be applied when (8.6) is defined on b;. Instead, one can use r-
matrices in other manners to define and to study the relations between stratified Lie—Hamilton
systems on by, its dual b3, the connected and simply connected Lie group, B,, of by,
etcetera.

The Lie algebra b, is a so-called Frobenius Lie algebra, i.e. there exists f € b}, e.g. f = e2,
such that f([-,-]), a so-called Kirillov form, is non-degenerate (cf [28, p 215] or [25]). In
fact, f([-,-]) = e' A €. Additionally, r = e; A e, can be inverted to give f([-,-]) € b} ® bj.
This is why r is called an r-matrix of the Kirillov form f([-,-]) on b,. More particularly,
r=e' Aé?* is sometimes called the Jordan r-matrix. Alternatively, one can see that b; is a
Frobenius Lie algebra because two-dimensional Frobenius Lie algebras are isomorphic to
the unique, up to Lie algebra isomorphisms, non-commutative two-dimensional Lie algebra
[23, 51].

Note that B, admits a Poisson bivector X/ A X%, where X, Xt are left-invariant vector
fields on B, such that X*(e) = ¢; and X%(e) = e, at the neutral element e in B,. In view of
[28, proposition 7], there exists a local diffeomorphism ¢ : g € B, — Ad, f* € b} for a certain
f € b3. In fact, coadjoint orbits are the symplectic leaves of the KKS bracket on b5 [1] and,
since the KKS bracket on b3 is non-zero, there exists a two-dimensional coadjoint orbit of B,
in b3. Let f € b; belong to such a two-dimensional orbit. Hence, ¢ ,(B>) is an open subset of
b3. Moreover, ¢ is a Poisson map relative to the KKS bracket on ¢¢(B2) C b; and the Poisson
bracket on B, related to —r (see [28, proposition 7] for details). Moreover, the diffeomorphism
¢ allows for mapping the Poisson-Lie bracket {*, -}« induced by the Poisson-Lie bivector
XF A X5 — XRA XS on B, with a new Poisson bracket on ¢#(B>) C b5 (see [24] for details).
Note that functions {e,, - }«, with a = 1,2, give rise to a stratified Lie-Hamilton system on
B, of the form X = Zizlba(t, 0)X,,, where X, = {e,, -}« and £ € C*(B,) is a certain Casimir
of {-,-}.. In turn, X can be mapped via the tangent map to ¢ onto a stratified Lie—Hamilton
system in ¢ ;(B2).
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Finally, it stems from [1, 23, 24, 28, 51] that the previous procedure can potentially be
extended to other Frobenius Lie algebras and related r-matrices giving rise, potentially, to new
stratified Lie—Hamilton systems. Note also that our other techniques in this section can be
applied to the Jordan r-matrix. In particular, our second technique concerning (8.10) is related
to a Lie algebra given by a direct sum of » non-commutative two-dimensional Lie algebras and
an r-matrix, which can be considered, up to a non-zero proportional constant, as a sum of n
copies of the Jordan r-matrix. Hence, by fixing n = 1, one obtain results concerning the Jordan
r-matrix. Finally, our third technique (see (8.12) and comments after that) can also be applied
quite easily to the Jordan r-matrix. We leave this as an exercise.

9. Conclusions and outlook

We have provided new applications of stratified and foliated Lie systems, which signifi-
cantly extend the examples given in [12]. We have introduced and studied foliated super-
position rules and first-order systems of ODEs admitting foliated superposition rules. We
have defined automorphic foliated Lie systems and their relations to foliated Lie systems
have been analysed. As applications, we have applied our techniques to a generalisation
of Ermakov systems, we have illustrated our method to obtain foliated superposition rules,
we have studied automorphic Lie systems related to Lax pairs and certain Hamiltonian sys-
tems, and the theory of Lie—Hamilton systems has been extended to stratified Lie—Hamilton
systems.

Our results can be extended to the so-called PDE Lie systems [13, 15, 48, 55]. This can
be accomplished by using the same fundamental ideas here depicted, but the development is
technically much more complicated due to the nature of PDEs. We are studying the possible
applications of such a theory to physical models, which may justify their study. Moreover, we
aim to look for generalisations of our ideas to collective systems related to (8.13), which could
give rise to a generalisation of some results in [9].

A natural generalisation of our techniques leads to analysing systems of ODEs given by a
t-dependent vector field X on a manifold N so that X is tangent a submanifold S C N, where
X becomes a Lie system. This could lead to the analysis of more general classes of systems of
differential equations.

Several foliated Lie systems studied in the applications of this work are concerned with
Hamiltonian systems admitting a maximal number of functionally independent autonomous
constants of motion in involution relative to the Poisson bracket induced by the associated
symplectic structure. Such systems can be understood as a r-dependent analogue of com-
pletely integrable Hamiltonian systems (see [29, 64, 65] for related notions). We aim to apply
our methods as well as their possible generalisations to the analysis of 7-dependent integrable
non-commutative systems, which could be a generalisation of the previous ones admitting a
maximal number of autonomous functionally independent constants of motion that need not
be in involution (see [26, 27, 29, 39, 45, 66]). Finally, it is interesting to study how the theory
of r-matrices can be applied to study the properties of certain Hamiltonian systems induced by
them.
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