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Abstract

Hopf algebra deformations are merged with a class of Lie systems of Hamiltonian type,
the so-called Lie-Hamilton systems, to devise a novel formalism: the Poisson-Hopf algebra
deformations of Lie-Hamilton systems. This approach applies to any Hopf algebra defor-
mation of any Lie-Hamilton system. Remarkably, a Hopf algebra deformation transforms
a Lie-Hamilton system, whose dynamic is governed by a finite-dimensional Lie algebra of
functions, into a non-Lie-Hamilton system associated with a Poisson—Hopf algebra of func-
tions that allows for the explicit description of its t-independent constants of the motion from
deformed Casimir functions. We illustrate our approach by considering the Poisson—-Hopf
algebra analogue of the non-standard quantum deformation of sl(2) and its applications
to deform well-known Lie-Hamilton systems describing oscillator systems, Milne-Pinney
equations, and several types of Riccati equations. In particular, we obtain a new position-
dependent mass oscillator system with a time-dependent frequency.
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1 Introduction

A Lie system is a nonautonomous system of first-order ordinary differential equations whose
general solution can be written as a function, a so-called superposition rule, of a family of
particular solutions and some constants [1, 2, B]. Superposition rules constitute a structural
property that emerges naturally from the group-theoretical approach to differential equations
initiated by Lie, Vessiot, and Guldberg, within the context of the development of the geometric
program based on transformation groups, as well as from the analytic classification of differential
equations developed by Painlevé and Gambier, among others. Indeed, Lie proved that every Lie
system can be described by a finite-dimensional Lie algebra of vector fields, a Vessiot—Guldberg
Lie algebra [1], and Vessiot used Lie groups to derive superposition rules [2].

In the frame of physical applications, it was not until the 1980s that the power of superpo-
sition rules and Lie systems was fully recognized [4], motivating a systematic analysis of their
applications in classical dynamics and their potential generalization to quantum systems (see
[4, 5, 6l [7] and references therein).

Although Lie systems, as well as their refinements and generalizations, represent a valuable
auxiliary tool in the integrability study of physical systems, it seems surprising that the methods
employed have always remained within the limitations of Lie group and distribution theory,
without considering other frameworks that have turned out to be a very successful approach
to integrability, such as quantum groups and Poisson—Hopf algebras [8 O, [10, 11, 12]. We
recall that, beyond superintegrable systems [I1, [12], Poisson coalgebras have been recently
applied to integrable bi-Hamiltonian deformations of Lie-Poisson systems [13] and to integrable
deformations of Réssler and Lorenz systems [14].

This paper presents a novel generic procedure for the Poisson-Hopf algebra deformations of
Lie—Hamilton (LH) systems, namely Lie systems endowed with a Vessiot—Guldberg Lie algebra
of Hamiltonian vector fields relative to a Poisson structure [15]. LH systems posses also a finite-
dimensional Lie algebra of functions, a so-called LH algebra, governing their dynamics [15].
Then, our approach is based on the Poisson coalgebra formalism extensively used in the context
of superintegrable systems together with the notion of involutive distributions in the sense of
Stefan—Sussman (see [16, (17, [I§] for details). The crux will be to consider a Poisson-Hopf
algebra structure that replaces the LH algebra of the non-deformed LH system, thus allowing
for an explicit construction of ¢-independent constants of the motion, that will be expressed in
terms of the deformed Casimir invariants. Moreover, the deformation will generally transform
the Vessiot—Guldberg Lie algebra of the LH system into a mere set of vector fields generating an
integrable distribution in the sense of Stefan—Sussman. Consequently, the deformed LH systems
are not, in general, Lie systems anymore.

Our novel approach is presented in the next section, where the basics of LH systems and
Poisson—Hopf algebras are recalled (for details on the general theory of Lie and LH systems,
the reader is referred to [I, 4, 5] [0} [7, 5] 19, 20, 21, 22, 23| 24, 25, 26l 27, 28]). To illustrate
this construction, we consider in section 3 the Poisson—Hopf algebra analogue of the so-called
non-standard quantum deformation of s((2) [29, 30} 3], 32] together with its deformed Casimir
invariant.

Afterwards, relevant examples of deformed LH systems that can be extracted from this
deformation are given. Firstly, the non-standard deformation of the Milney—Pinney equation is
presented in section 4, where this deformation is shown to give rise to a new oscillator system with
a position-dependent mass and a time-dependent frequency, whose (time-independent) constants
of the motion are also explicitly deduced. In sections 5 and 6 several deformed (complex and



coupled) Riccati equations are obtained as a straightforward application of the formalism here
presented. We would like to stress that, albeit these applications are carried out on the plane,
thus allowing a deeper insight in the proposed formalism, the method here presented is by no
means constrained dimensionally, and its range of applicability goes far beyond the particular
cases here considered. Finally, some remarks and open problems are addressed in the concluding
section.

2 Formalism

For the sake of simplicity we will develop our formalism and its corresponding applications on R?,
but we stress that this approach can be applied, mutatis mutandis, to construct Poisson—Hopf
algebra deformations of LH systems defined on any manifold.

2.1 Lie—Hamilton systems

Let us consider the global coordinates {z,y} on the Euclidean plane R?. Geometrically, every
nonautonomous system of first-order differential equations on R? of the form

dx dy
= (¢t —Z — q(t 2.1
o = fGey), g =eltay), (2.1)
where f, g : R®> — R are arbitrary functions, amounts to a t-dependent vector field X : R x R? —
TR? given by

0 d
. 2 2
X:RxR 9(t,xjy)rﬁf(t,x,y)(rh—i—g(t,x,y)ayGTR . (2.2)

This justifies to represent and its related system of differential equations by X (cf.
[7]). Let us assume X to be a Lie system on R? namely it admits a superposition rule (see
[T, 4, 5, 6 [7, 19] for details). Since the general solution to a Lie system is not generally
known, the use of a superposition rule enables one to unveil its general properties or to simplify
the use of numerical methods [4], [7]. Lie systems are, for instance, several Riccati, Kummer—
Schwarz and Milne—Pinney equations when written as first-order systems of differential equations
[7, 211, 22, 23).

According to the Lie-Scheffers Theorem [I [5 6], a system X is a Lie system if and only if

l

Xt(xvy) = X(tu'r?y) - sz(t)xz(x7y)7 (23)

for some t-dependent functions by (t),...,b(t) and vector fields X1, ..., X; on R? that span an
[-dimensional real Lie algebra V of vector fields, i.e. the Vessiot—Guldberg Lie algebra of X.

A Lie system X is, furthermore, a LH one [7, 15, 2], 22, 23], 28] if it admits a Vessiot—Guldberg
Lie algebra V' of Hamiltonian vector fields relative to a Poisson structure. This amounts to the
existence, around each generic point of R?, of a symplectic form, w, such that:

Lx.w =0, (2.4)

for a basis Xi,...,X; of V (cf. Lemma 4.1 in [22]). To avoid minor technical details and to
highlight our main ideas, hereafter it will be assumed, unless otherwise stated, that the sym-
plectic form and remaining structures are defined globally. More accurately, a local description
around a generic point in R? could easily be carried out.



Each vector field X; admits a Hamiltonian function h; given by the rule:
1x,w = dhy, (2.5)

where 1x,w stands for the contraction of the vector field X; with the symplectic form w. Since
w is non-degenerate, every function h induces a unique associated Hamiltonian vector field Xj,.
This fact gives rise to a Poisson bracket on C*°(R?) given by

{ o+ CF(R?) x O™ (R?) 3 (f1, fo) = Xp, 1 € O (R?), (2.6)

turning (C*°(R?), {-, },,) into a Poisson algebra [16]. The space Ham(w) of Hamiltonian vector
fields on R? relative to w is also a Lie algebra relative to the commutator of vector fields.
Moreover, we have the following exact sequence of Lie algebra morphisms (see [16])

0= R < (C®(R?),{-,},) = (Ham(w), [-,-]) — 0, (2.7)

where 7 is the projection onto 0 and ¢ maps each f € C°°(R?) onto the Hamiltonian vector field
X_¢. In view of the sequence (2.7)), the Hamiltonian functions hq,...,k; and their successive
Lie brackets with respect to pan a finite-dimensional Lie algebra of functions contained
in ¢~1(V). This Lie algebra is called a LH algebra H, of X. We recall that LH algebras
play a relevant role in the derivation of constants of motion and superposition rules for LH
systems [21] 23], 2§].

2.2 Poisson—Hopf algebras

The core in what follows is the fact that the space C* (H;) can be endowed with a Poisson—
Hopf algebra structure. We recall that an associative algebra A with a product m and a unit n
is said to be a Hopf algebra over R [8 9] [10] if there exist two homomorphisms called coproduct
(A:A— A® A) and counit (e : A — R), along with an antihomomorphism, the antipode
v: A —> A, such that for every a € A one gets:

(ld® A)A

a

a) = (A ®Id)A(a),
e®1d)A(a) = a,
(v ® Id)A(a)) = e(a)n,

where m is the usual multiplication m(a®b) = ab. Hence the following diagram is commutative:

A AMN®Y 404

s\

A R— " -4

\A& ,/
y®Id

ARA— AR A

If A is a commutative Poisson algebra and A is a Poisson algebra morphism, then
(A, m,n,A,e,7) is a Poisson—Hopf algebra over R. We recall that the Poisson bracket on A® A
reads

{a®b,c®@d}aga = {a,c} @ bd+ ac ® {b,d}, Ya,b,c,d € A.



In our particular case, C* (H}) becomes a Hopf algebra relative to its natural associative
algebra with unit provided that

A(f) (1, 22) = flor +22),  m(h@g)(x) := h(z)g(x),
e(f)=f00), n)@):=1,  A()x):=f(-=),

for every x,x1,29 € H, and f,g,h € C°(H}). Therefore, the space C* (H}) becomes a
Poisson—-Hopf algebra by endowing it with the Poisson structure defined by the Kirillov—Kostant—
Souriau bracket related to a Lie algebra structure on H,,.

2.3 Deformations of Lie-Hamilton systems and generalized distributions

The aim of this paper is to provide a systematic procedure to obtain deformations of LH systems
by using LH algebras and deformed Poisson—Hopf algebras that lead to appropriate extensions
of the theory of LH systems. Explicitly, the construction is based upon the following four steps:

1. Consider a LH system X ([2.3) on R? with respect to a symplectic form w and admitting
a LH algebra #,, spanned by a basis of functions hy,...,h € C*(R?) with structure

constants c¥

1o 1€

l
{hishjto =3 by, ij=1,....L
k=1

2. Introduce a Poisson-Hopf algebra deformation C*°(H} ,) of C°°(H},) with deformation

parameter z € R (in a quantum group setting we would have ¢ := e?) as the space of
smooth functions F'(h,1,...,h,;) with fundamental Poisson bracket given by
{hz,ia hz,j}w = Fz,ij(hz,lv cee 7hz,l)7 (28)

where F,;; are certain smooth functions also depending smoothly on the deformation
parameter z and such that

l
: g : v : -~ _ k
Wmhei=hi, W0 Vhe=Vhi,  mFj(han,. . heg) = ; Khe, (29
where V stands for the gradient relative to the Euclidean metric on R2. Hence,
li ; do=1{hi, hite. 2.1
Zl_r}(l){hz,za hzjtw = {his hjte (2.10)

3. Define the deformed vector fields X, ; by the rule
sz,iw = dhzﬂ', (2.11)

so that
lim X = Xi. (2.12)

4. Define the deformed LH system of the initial system X ({2.3)) by

X o= bi(t)X.,. (2.13)



Now some remarks are in order. First, note that for a given LH algebra H,, there exist as
many Poisson—Hopf algebra deformations as non-equivalent Lie bialgebra structures § on H,, [9],
where the 1-cocycle § essentially provides the first-order deformation in z of the coproduct map
A. For three-dimensional real Lie algebras the full classification of Lie bialgebra structures is
known [33], and some classification results are also known for certain higher-dimensional Lie
algebras (see [33],[34] [35] and references therein). Once a specific Lie bialgebra (H,,, d) is chosen,
the full Poisson—Hopf algebra deformation can be systematically obtained by making use of the
Poisson version of the ‘quantum duality principle’ for Hopf algebras, as we will explicitly see in
the next section for an (sl(2),0) Lie bialgebra.

Second, the deformed vector fields X ; (2.11) will not, in general, span a finite-dimensional
Lie algebra, which implies that (2.13]) is not a Lie system. In fact, the sequence of Lie algebra
morphisms (2.7)) and the properties of Hamiltonian vector fields [16] lead to

l
OF i
X, Xoj] = [0(hz0), (B )] = @({heis ha j}e) = @(Frij(hans o hap) = = 5 I:
k=1 7

)

X, k-

In other words,

!
Ko Xogl =D Gh i, 1) X o g, (2.14)
k=1

where the G’;ij(x, y) are smooth functions relative to the coordinates z,y and the deformation

parameter z. Despite this, the relations (2.10) and the continuity of ¢ imply that
X X)) = ({hio Yo = ¢ (M {he i he o) = T ofhe heyho = K. X ]

Hence

. k o
212% G.ij(7,y) = constant

holds for all indices. Geometrically, the conditions (2.14)) establish that the vector fields X ;
span an involutive smooth generalized distribution D,. In particular, the distribution Dy is
spanned by the Vessiot—Guldberg Lie algebra (X, ..., X;). This causes Dy to be integrable on
the whole R? in the sense of Stefan—Sussman [16], [17, [I8]. The integrability of D,, for z # 0, can
only be ensured on open connected subsets of R? where D, has constant rank [16].

Third, although the vector fields X, ; depend smoothly on z, the distribution D, may change
abruptly. For instance, consider the case given by the LH system X = 0, + tyd, relative to the
symplectic form w = dz A dy and admitting a LH algebra H, = (h1 := ¥, ho := y?/2). Let us
define h,1 =y and h, 2 :=y*/2 + zx. Then X, = 0, + t(y0, — 20y) and dim Dy (z,y) = 1, but
dim D, (z,y) = 2 for z # 0. Hence, the deformation of LH systems may change in an abrupt way
the dynamical and geometrical properties of the systems X, (cycles, periodic solutions, etc).

Fourth, the deformation parameter z provides an additional degree of freedom that enables
the control or modification of the deformed system X,. In fact, as z can be taken small,
perturbations of the initial Lie system X can be obtained from the deformed one X, in a
natural way.

And, finally, we stress that, by construction, the very same procedure can be applied to other
two-dimensional manifolds different to R?, to higher dimensions as well as to multiparameter
Poisson—Hopf algebra deformations of Lie algebras endowed with two or more deformation
parameters.



2.4 Constants of the motion

The fact that C>°(H: ) is a Poisson-Hopf algebra allows us to apply the coalgebra formalism
established in [21I] in order to obtain t-independent constants of the motion for X,.

Let S (H,,) be the symmetric algebra of H,,, i.e. the associative unital algebra of polynomials
on the elements of H,,. The Lie algebra structure on H,, can be extended to a Poisson algebra
structure in S (H,,) by requiring [v, ] to be a derivation on the second entry for every v € H,,.
Then, S (H,) can be endowed with a Hopf algebra structure with a non-deformed (trivial)
coproduct map A defined by

A:S(Hy) = S(H) @8 (He), Al) =vi®@l+10wu, i=1...0 (215

which is a Poisson algebra homomorphism relative to the Poisson structure on S(#H,,) and the
one induced in S(Hy) ® S(Hw). Recall that every element of S(H,) can be understood as a
function on H}. Moreover, as S(H,,) is dense in the space C*°(H})) of smooth functions on the
dual H} of the LH algebra H,,, the coproduct in S(#,,) can be extended in a unique way to

A C%(HE) — C® (HL) ® C% (1Y) .

Similarly, all structures on S(H,,) can be extended turning C*°(#;) into a Poisson-Hopf algebra.
Indeed, the resulting structure is the natural one in C°°(#},) given in section 2.2.

Let us assume now that C*° (H})) has a Casimir invariant

C=C(v,...,u),

where vy,...,v; is a basis for H,. The initial LH system allows us to define a Lie algebra
morphism ¢ : H,, — C(M), where M is a submanifold of R? where all functions h; := ¢(v;),
fori=1,...,l, are well defined. Then, the Poisson algebra morphisms

D:C®(H:) — C®(M), D@ :C0%(H)QC®(H) = C®(M)@C®(M),  (2.16)
defined respectively by
D(UZ) = hi(xlvyl)v D(z) (A<Uz)) = hi(l’l,yl)‘i‘hi(l'Q,yQ), i = 17"'al7 (217)

lead to the t-independent constants of motion F(1) := F and F® for the Lie system X given in

where
F:=D(C), F%.=D® (). (2.18)

The very same procedure can also be applied to any Poisson-Hopf algebra C*°(H? ,) with
deformed coproduct A, and Casimir invariant C, = C,(v1,...,v;), where {vy,...,v;} fulfill the
same Poisson brackets ([2.8)), and such that

Iim A, = A, lim C, = C.
z—0

z—0

Following [21], the element C, turns out to be the cornerstone in the construction of the deformed
constants of the motion for the ‘generalized” LH system X,.



3 A Poisson—Hopf algebra deformation of sl(2)

Once the general description of our approach has been introduced, we present in this section the
general properties of the Poisson analogue of the so-called non-standard quantum deformation
of the simple real Lie algebra s[(2). This deformation will be applied in the sequel to get
deformations of the Milne—Pinney equation or Ermakov system and of some Riccati equations,
since all these systems are known to be endowed with a LH algebra H,, isomorphic to s[(2) [21]
22, 23).
Let us consider the basis {.J3, J4, J_} for s[(2) with Lie brackets and Casimir operator given
by
[Js, Jx] = +2J4, [T, ] =Js3,  C=3J3+ (Jyd_ + J_Jy). (3.1)

Amongst the three possible quantum deformations of s[(2) [36], we shall hereafter consider the
non-standard (triangular or Jordanian) quantum deformation, U,(s((2)) (see [29, 30} BT} 32] for
further details). The Hopf algebra structure of U,(s[(2)) has the following deformed coproduct
and compatible deformed commutation rules

A(Jp)=Jr@1+10 0, A())=Jj0e v e g, je{-3)

h(22J
[T, T4, = S<:+) [J5,J ], = —J_ch(22J4) — ch(22J) I,  [Jy,J ], = J5.

The counit and antipode can be explicitly found in [29, 31], and the deformed Casimir reads [30]

sh(2zJ4) I sh(2zJ4)

1
C.=-J;
SR I 22

+ % ch?(22J4).

Let g be the Lie algebra of G. It is well known (see [9, [10]) that quantum algebras U(g)
are Hopf algebra duals of quantum groups G,. On the other hand, quantum groups G, are just
quantizations of Poisson—Lie groups, which are Lie groups endowed with a multiplicative Poisson
structure, i.e. a Poisson structure for which the Lie group multiplication is a Poisson map. In
the case of U, (sl(2)), such Poisson structure on SL(2) is explicitly given by the Sklyanin bracket
coming from the classical r-matrix

r=2zJ3NJy, (3.2)

which is a solution of the (constant) classical Yang-Baxter equation.

Moreover, the ‘quantum duality principle‘ [37, [38] states that quantum algebras can be
thought of as ‘quantum dual groups’ G, which means that any quantum algebra can be obtained
as the Hopf algebra quantization of the dual Poisson—Lie group G*. The usefulness of this
approach to construct explicitly the Poisson analogue of quantum algebras was developed in [34].

In the case of U,(sl(2)), the Lie algebra g* of the dual Lie group G* is given by the dual of
the cocommutator map ¢ that is obtained from the classical r-matrix as

z)=[rel1+1®z71], Vx € g. (3.3)
In our case, from and we explicitly obtain
§(J3) =2z J3 N Jq, 0(J+) =0, 0Jo)=2zJ_NJg,
and the dual Lie algebra g* reads
+ % =

[j —2z5°,  [til=-2z5", [*.i]=0, (3.4)



where {2,771, 57} is the basis of g*, and {.J3, J,,.J_} can now be interpreted as local coordinates
on the dual Lie group G*. The dual Lie algebra (3.4) is the so-called ‘book’ Lie algebra, and the
complete set of its Poisson-Lie structures was explicitly obtained in [35] (see also [39], where
book Poisson—Hopf algebras were used to construct integrable deformations of Lotka—Volterra
systems). In particular, if we consider the coordinates on G* given by

1
v = J+, Vg = §J3, V3 = —J,,

the Poisson—Lie structure on the book group whose Hopf algebra quantization gives rise to the
quantum algebra U,(s[(2)) is given by the fundamental Poisson brackets [35]

{v1,v9}, = —she(2zv1)vy, {vi,v3}, = —2v9, {ve,v3}, = — ch(2zv1)vs, (3.5)
together with the coproduct map
Az(vl) =11 ®1+1®uv, Az(vk) =V ® e** + e 2 ® Vg, k=23, (36)

which is nothing but the group law for the book Lie group G* in the chosen coordinates
(see [34] 135 39] for a detailed explanation). Therefore, and define a Poisson—Hopf
algebra structure on C'*°(G*), which can be thought of as a Poisson—Hopf algebra deformation
of the Poisson algebra C'*°(s[(2)*), since we have identified the local coordinates on C°°(G*)
with the generators of the Lie-Poisson algebra s[(2)*.

Notice that we have introduced in (3.5]) the hereafter called cardinal hyperbolic sinus function

defined by
sh(z)

she(x) := (3.7)

Some properties of this function along with its relationship with Lie systems are given in the
Appendix.
Summarizing, the Poisson—Hopf algebra given by and , together with its Casimir
function
C. = shc(2zv;) viv3 — v3, (3.8)

will be the deformed Poisson—Hopf algebra that we will use in the sequel in order to construct
deformations of LH systems based on sl(2). Note that the usual Poisson-Hopf algebra C*°(sl(2)*)
is smoothly recovered under the z — 0 limit leading to the non-deformed Lie—Poisson coalgebra

{or,020 = —v1, {03} = —2v2,  {va,v3} = —us, (3.9)
with undeformed coproduct (2.15]) and Casimir

C = vyvg — v3. (3.10)

We stress that this application of the ‘quantum duality principle’ would allow one to obtain
the Poisson analogue of any quantum algebra U,(g), which by following the method here
presented could be further applied in order to construct the corresponding deformation of the
LH systems associated to the Lie—Poisson algebra g. In particular, the Poisson versions of
the other quantum algebra deformations of s[(2) can be obtained in the same manner with no
technical obstructions (for instance, see [34] for the explicit construction of the ‘standard’ or
Drinfel’d-Jimbo deformation).



4 Deformed Milne—Pinney equation and oscillator systems

As a first application of our approach, we will construct the non-standard deformation of the
well-known Milne-Pinney (MP) equation [40] [41], which is known to be a LH system [22] 23].
Recall that the MP equation corresponds to the equation of motion of the isotropic oscillator
with a time-dependent frequency and a ‘centrifugal’ or Rosochatius—Winternitz term. As we
will show in the sequel, the main feature of this deformation is that the new oscillator system
has both a position-dependent mass and a time-dependent frequency.

4.1 Non-deformed system

The MP equation [40, [41] has the following expression

d%x 9 c
where Q(t) is any t-dependent function and ¢ € R. By introducing a new variable y := dz/dt, the
system (4.1)) becomes a first-order system of differential equations on TRy, where Ry := R\{0},

of the form q 4
x y 9 c
— = — = -0t —. 4.2
=Y g () + 3 (4.2)
This system is indeed part of the one-dimensional Ermakov system [7}, [42] [43], [44] and diffeomor-
phic to the one-dimensional ¢-dependent frequency counterpart [21, 22, 23] of the Smorodinsky—

Winternitz oscillator [45].
The system (4.2]) determines a Lie system with associated ¢-dependent vector field [23]

X = X3 + Q%(t)Xy, (4.3)
where 5 ) 5 5 5 5
c
Xy i = —or— Xogi==y=— —ax— Xgi=y— + —— 4.4
1 :L‘aya 2 2<y8y $81’>, 3 y8$+x38y’ ( )

VMP

span a Vessiot—Guldberg Lie algebra of vector fields isomorphic to s[(2) (for any value of

¢) with commutation relations given by
(X1, Xo] = X1, (X1, X3] = 2Xo, [X2, X3] = X3. (4.5)

The vector fields of VMP are defined on Ri £0) where they span a regular distribution of order
two.

Furthermore, X is a LH system with respect to the symplectic form w = dx A dy and the
vector fields (4.4) admit Hamiltonian functions given by

1, 1 1/, ¢
h1:§x7 hQZ—il'y, h3:§<y +ﬁ), (46)

that fulfill the following commutation relations with respect to the Poisson bracket induced by
w:

{h1,ho}y = —hi, {h1,h3}y = —2ho, {h2, h3}w = —hs. (4.7)

Then, the functions hi, ho, h3 span a LH algebra HMP ~ s[(2) of functions on R?@éo? the t-
dependent Hamiltonian associated with the ¢-dependent vector field (4.3)) reads

h = hs + Q*(t)h;. (4.8)

10



We recall that this Hamiltonian is a natural one, that is, it can be written in terms of a kinetic
energy T and potential U by identifying the variable y as the conjugate momentum p of the
coordinate x:

1 1 c
h=T+U==p*+=0%t)z? + —.
+ 5P T3 ()904—2362

Hence h determines the composition of a one-dimensional oscillator with a time-dependent
frequency Q(t) and unit mass with a Rosochatius or Winternitz potential; the latter is just a
centrifugal barrier whenever ¢ > 0 (see [46] and references therein). The LH system thus
comes from the Hamilton equations of h and, obviously, when ¢ vanishes, these reduce to the
equations of motion of a harmonic oscillator with a time-dependent frequency.

We stress that it has been already proved in [22, 23] that the MP equations comprise
the three different types of possible sl(2)-LH systems according to the value of the constant c:
class P9 for ¢ > 0; class I for ¢ < 0; and class I5 for ¢ = 0. This means that any other LH
system related to a Vessiot—Guldberg Lie algebra of Hamiltonian vector fields isomorphic to
s[(2) must be, up to a t-independent change of variables, of the form for a positive, zero
or negative value of ¢. This implies that the second-order Kummer—Schwarz equations [20), [47]
and several types of Riccati equations [48, 49, 50, BI), 52, 53, H4] are comprised within HZ\J/IP
(depending on the sign of ¢). The relationships amongst all of these systems are ensured by
construction and these can be explicitly obtained through either diffeomorphisms or changes of
variables (see [22] 23] for details).

The constants of motion for the MP equations can be obtained by applying the coalgebra
formalism introduced in [21] and briefly summarized in section 2.4. Explicitly, let us consider the
Poisson-Hopf algebra C*°(HMP*) with basis {v1,v2, v3}, coproduct (2.15)), fundamental Poisson

brackets (3.9) and Casimir (3.10[). The Poisson algebra morphisms (2.16))
D: C®(HYT*) = C®(R2 ), D®: C®(HYT*) @ CF(HYT) = O™ (RS 49) ® C™(R] ),

(4.9)

defined by (2.17)), where h; are the Hamiltonian functions (4.6), lead to the t-independent
constants of the motion F(!) := F and F? given by lb through the Casimir 1| for the
Lie system X (4.2); namely [21]
c
F = hy (w1, y1)hs(w1,y1) — h3(x1,31) = T
2
F® = ([hi(z1,91) + ha (22, y2)] [ha(21, 1) + hs(z2,32)]) — (ha(z1,31) + ha(22, 42))
(xF + 23)*

1 9 C
= - — - 4.10
4($192 x2y1) + 4 x%m% ( )

We observe that F(® is just a Ray-Reid invariant for generalized Ermakov systems [43, 55
and that it is related to the one obtained in [12, 56] from a coalgebra approach applied to
superintegrable systems.

By permutation of the indices corresponding to the variables of the non-trivial invariant F(2),
we find two other constants of the motion:

F1(§) = S13(F®), Fg(? = So3(F@), (4.11)

where S;; is the permutation of variables (z;,y;) < (xj,y;). Since 8(F(2),F2(§))/8(x1,y1) #
0, both constants of motion are functionally independent (note that the pair (F (2),F1(§)) is
functionally independent as well). From these two invariants, the corresponding superposition
rule can be derived in a straightforward manner. Its explicit expression can be found in [21].
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4.2 Deformed Milne—Pinney equation

In order to apply the non-standard deformation of sl(2) described in section 3 to the MP
equation, we need to find the deformed counterpart h; (i = 1,2, 3) of the Hamiltonian functions
h; (4.6, so fulfilling the Poisson brackets (3.5)), by keeping the canonical symplectic form w.

This problem can be rephrased as the one consistent in finding symplectic realizations of
a given Poisson algebra, which can be solved once a particular symplectic leave is fixed as a
level set for the Casimir functions of the algebra, where the generators of the algebra can be
expressed in terms of the corresponding Darboux coordinates. In the particular case of the
U.(sl(2)) algebra, the explicit solution (modulo canonical transformations) was obtained in [57]
where the algebra was found to be generated by the functions

1
vi(g:p) = 5 @,
1 shzg?
'U2(q7p) = _5 qu qp,
1 shzg? 1 zc
v3(q,p) = = ?

2 z2q2 b 2 shzq?’

where w = dg A dp, and the Casimir function reads C, = ¢/4. In practical terms, such a
solution can easily be found by solving firstly the non-deformed case z — 0 and, afterwards, by
deforming the v;(q, p) functions under the constraint that the Casimir C, has to take a constant
value. With this result at hand, the corresponding deformed vector fields X, ; can be computed
by imposing the relationship and the final result is summarized in the following statement.

Proposition 4.1. (i) The Hamiltonian functions defined by

1, 1 1 c

1 2 2, 2
hp = 3% hyo = —3 she(zx?) xy, h,3:= B <shc(za: )y© + She(ea?) az2> , (4.12)

close the Poisson brackets with respect to the symplectic form w = deAdy on Ri;&o; namely
{hz,la hz,Z}w = _ShC(Qth,l)hz,b {hz,la hz,3}w = _2hz,27
{hz,Qa hz,?)}w - - Ch(Qth,l)hz,37

where she(z) is defined in . Relations (4.13) define the deformed Poisson algebra
CoOMHEL).
(i1) The vector fields X, ; corresponding to h,; read

(4.13)

0 1 o 1 d
X, =—2— X, o= [ ch(zz?) — = she(z22) | y— — = she(z2?) 2—
1 l‘ay, 2 (c (zz*) 55 c(zx )) y@y 55 c(zx )xax,
0 c ch(za?) she(zx?) — ch(za?) 0
_ 2 < 2
X3 = she(zz )yax + [x?) she?(222) + - Y By’

which satisfy
(Xo1, Xop] = ch(z2®) Xop, [Xen, Xap] = 2Xe

(4.14)
[X. 2, X.3] = ch(za?) X, 3 + 22 (c + 2%y? she?(z2?)) X, 1.

Since lim, o shc(zz?) = 1 and lim, ;¢ ch(z2?) = 1, it can directly be checked that all the
classical limits (2.9), (2.10) and (2.12) are fulfilled. As expected, the Lie derivative of w with

respect to each X, ; vanishes.

12



At this stage, it is important to realize that, albeit (4.13)) are genuine Poisson brackets
defining the Poisson algebra C*° (7—[2/[5 *), the commutators show that X, ; do not span a
new Vessiot—Guldberg Lie algebra; in fact, the commutators give rise to linear combinations of
the vector fields X, ; with coefficients that are functions depending on the coordinates and the
deformation parameter.

Consequently, proposition leads to a deformation of the initial Lie system (4.3)) and of
the LH one (4.8) defined by

X, :=X.3+0H)X,1,  h,:=h,3+ Q). (4.15)
Thus we obtain the following z-parametric system of differential equations that generalizes (4.2)):

d

(% = shc(zz?) y,

dy 9 c ch(zz?) she(zx?) — ch(z2?)

—= = -Q(t — . 4.16

dt Dz + 3 shc?(za?) x 4 (4.16)

From the first equation, we can write
1 dz
she(za2) dt’
and by substituting this expression into the second equation in (4.16)), we obtain a deformation
of the MP equation (4.1)) in the form

dia:+ 1 =z \(dz 2——92(t):nshc(zx2)+ _ ¢z
dt? x  th(za?) dt ) xth(za2)

Note that this really is a deformation of the MP equation in the sense that the limit z — 0
recovers the standard one (4.1]).

y:

4.3 Constants of motion for the deformed Milne—Pinney system

An essential feature of the formalism here presented is the fact that t-independent constants of
motion for the deformed system X, can be deduced by using the coalgebra structure of
C>(HA*). Thus we start with the Poisson-Hopf algebra C*°(H}*) with deformed coproduct
A, given by and, following section 2.4 [21], we consider the Poisson algebra morphisms

D CF(HYT") = C(R,q), D - 0% (") @ O (HAE") = O (2 40) @ O (B2 40).
which are defined by
D.(vi) = hag(ar,y) = b}

Z,00

i=1,2,3,
D@ (Ax(v1)) = haa(z1,51) + ha (@2, 42) = hf% )
D) (A, (v))) = haj(ar, yr)e?h=1(@292) 4 o= 2han(@ryi) o (g) 4o = hf} , J=2,3,

where h, ; are the Hamiltonian functions (4.12)), so fulfilling (4.13). Hence (see [57])

1
h;% =-3 (shc(zx%) Jclylemg 4 g7 she(zz3) x2y2> ,

¢ 22 1 —zx? 2\ .2 c
—————+ | €2 4+ —e *"1 | she + "5 |-
z? shc(zx%)) 2 < (222) v2 3 shc(zac%))
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Recall that, by construction, the functions hfz) fulfill the Poisson brackets (4.13). The t¢-
independent constants of motion are then obtained through

F, = Dz(Cz)a F(2) = D(2) (AZ(CZ)) )

z z

where C, is the Casimir (3.8)); these are
F, = she(2:h{))h01RCS — (h3)" = 7.
FO = she(2zh2)n0E) — (h))? (4.17)

z, z,
shc? (2(2% + 23)) (23 + x3)? a2 2
she(za?) she(zad)  a3a3 ’

1
=1 shc(zx%) shc(zx%) (12 — x2y1)2 +c

so providing the corresponding deformed Ray—Reid invariant, being (4.10)) its non-deformed
counterpart with z = 0. Notice that this invariant is related to the so-called ‘universal constant
of the motion’ coming from U, (s(2)) and given in [56]. As in (4.11)), other equivalent constants

of motion can be deduced from F; 22 by permutation of the variables.

4.4 A new oscillator system with position-dependent mass

If we set p := y, the t-dependent Hamiltonian h, in (4.15) can be written, through (4.12)), as:
c

222 she(zx?)’

so deforming h given in (4.9)). The corresponding Hamilton equations are just (4.16]).

It is worth mentioning that h, can be interpreted naturally within the framework of position-
dependent mass oscillators (see [58, [59L (60, 61 62), [63] (64, 65] and references therein). The above
Hamiltonian naturally suggests the definition of a position-dependent mass function in the form

1 1
h,=T,+U, = B she(zz?) p? + §Qz(t)x2 +

1 za? . .
() = she(zz?)  sh(za?)’ llg%) mz(w) =1, JEI:EOO ms(z) = 0. (4.18)

Then h, can be rewritten as

p? 1 c 1
h, = 3 () + sz(x)QQ(t) [;,;2 shc(zﬁﬂ + 5mo(2) [3:2 shc2(zx2)] :

Thus the Hamiltonian h, can be regarded as a system corresponding to a particle with position-
dependent mass m.(z) under a deformed oscillator potential U, osc(x) with time-dependent
frequency €2(t) and a deformed Rosochatius-Winternitz potential U, rw(x) given by

sh(zz?)

U. ose(z) := 2? she(za?) = —, (4.19)

1 ZT 2
UZ = = s
7RW(x) 22 ShCz(ZIEQ) < Sh(2$2))

such that
il_l% Uz,osc(x) = 1'27 xEI:Itloo Uz,osc(37) = +00,
. 1 )
llg(i) U.rw(z) = o2 i U.rw(z) = 0.
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— == Mzo(x)=1
mz-0.2(X)
M- 0.4(X)

mz=1(x)

k 1 1 I I I I I I s 4 X
5 4 2 0 2 4 6

Figure 1: The position-dependent mass (4.18]) for different values of the deformation parameter z.

Uz,osc(x)
F /
/
/
F /
L // - z=0,osc(x) = XZ
E Uz= 0.2,osc(x)
Uz-04.0sc(X)
Uz=1,0sc(x)
1 I " 1 X
0 1 2 3

Figure 2: The deformed oscillator potential (4.19)) for different values of the deformation parameter z.

The deformed mass and the oscillator potential functions are represented in figures 1 and 2.
The Hamilton equations (4.16)) can easily be expressed in terms of m,(z) as

op mz(:v)’
. ORMP ) ) c ch(z2?) o m(x)
p=- or —m(2)Q°(t) 2 she(za”) + m(z) 23 shcg(za:2) 2m2(z)’

and the constant of the motion (4.17)) turns out to be

1 [(z1p2 — 2ap1)? (23 + 23)?] _.o2 sa2
2 2 2 2 1 2
B = 1 G (ag) + e (@0)me(w2) she (sl a2)) g e
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5 Deformed complex Riccati equation

In this section we consider the complex Riccati equation given by

d
d% = bi(t) + ba(t)z + b3(t)2%, 2z €C, (5-1)

where b;(t) are arbitrary ¢-dependent real coefficients. We recall that is related to certain
planar Riccati equations [49, [50] and that several mathematical and physical applications can
be found in [66] (67, 68, [69].

By writing z = u + v, we find that gives rise to a system of the type , namely

du

o = ) +ba(tu+ b(t)(u? — v?), 5 = ba(t)o + 2bs(tyuv. (5.2)
Thus the associated t-dependent vector field reads
X =b1(t)X1 + b2(t)Xg + b3(t) X3, (5.3)
where 9 9 9 9
X = X9 =u-—+v X3 = (u? —v?) = + 2uw (5.4)

ou’ T ou o ou o’
span a Vessiot-Guldberg Lie algebra VR ~ 5[(2) with the same commutation relations (4.5)).
It has already be proven that the system X is a LH one belonging to the class Po [22] 23] and

that their vector fields span a regular distribution on ]Rz £0- The symplectic form, coming from
(2.4), and the corresponding Hamiltonian functions (2.5 turn out to be

du A dv
w = 5>

hi=——, hy = ——, hs = — ; (5.5)

v v

1 u u? + 02
v v

which fulfill the commutation rules (4.7)) so defining a LH algebra HER. A t-dependent Hamil-
tonian associated with X reads

h = bl(t)hl + b2(t>h2 + bg(t)hg. (5.6)

In this case, the constants of the motion (2.18]) are found to be F' =1 and [23]

(ug — u2)? + (v1 + v2)?
V102 '

F = (5.7)
As commented above, the Riccati system (/5.2)) is locally diffeomorphic to the MP equations
(4.2) with ¢ > 0, both belonging to the same class Py [22]. Explicitly, the change of variables

1/4 1/2

C U __g |’U|—C
s =

) Yy = +—F U= 20
vadl VAl x x
map, in this order, the vector fields li on R?E o» the symplectic form w = dz Ady, Hamiltonian
functions 1j and the constant of motion (4.10) onto the vector fields || on Rg 205 1} and
1' (up to a multiplicative constant :I:%c1 3.

To obtain the corresponding (non-standard) deformation of the complex Riccati system (/5.2)),
the very same change of variables ([5.8) can be considered since, in our approach, the symplectic

form (5.5)) is kept non-deformed. Thus, by starting from proposition and applying (/5.8
(with ¢ = 4 for simplicity), we get the following result.

c >0, (5.8)
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Proposition 5.1. (i) The Hamiltonian functions given by

1 u shc?(22/v) u? 4 v?
hoy=——,  h.y=—she(22/0) %, hys=-—
21 o 22 she(22/v) 23 she(2e/v)v

fulfill the commutation rules with respect to the Poisson bracket induced by the symplectic
form w defining the deformed Poisson algebra Coo(’Hgg*).

(i1) The corresponding vector fields X, ; read

0 0 0
XZ,]. = %, XZ,2 = UCh(2Z/’U)% + ’UShC(QZ/’U)%,
2 0 0
X,5=[u?— Y ) (@ — + 2uw she(2 —
3 <u shcz(Qz/U)) ch( z/v)au + 2uw she( z/v)av,
which satisfy
[Xz,la Xz,2] = Ch(QZ/U) XZ,17 [XZ,17XZ,3] = 2Xz,27

2
[X.2,X;3] = ch(2z/v) X, 3 + 422 (1 + u—z shc2(2z/v)> X1
v

Next the deformed counterpart of the Riccati Lie system ([5.3) and of the LH one (5.6) is
defined by

Xz = bl(t)XzJ —+ bQ(t)XZ’Q + bg(t)Xzyg, hz = bl(t)hz’l + bg(t)hZQ + bg(t)hzyg. (59)

And the t-independent constants of motion turn out to be F, = 1 and

— ug)? he?(2z /vy + 22/v9) (v1 + v2)?
F(Q) — he(2 he(2 (ul UQ) S 1 2 1 2 2z/v1 —22’/1}2'
N (S ¢(22/v1) she(2z/vz) V1V + she(2z/v1) she(2z/ve)  vive ¢ e

Therefore the deformation of the system ([5.2)), defined by X, (5.9)), reads

du _ b1 (t) + ba(t)uch(2z/v) + b3(t) <u2 - 1}2> ch(2z/v)
ac ! 2 ¥ she?(2z/v) ’
i—z = ba(t)vshe(2z/v) + 2b3(t)uv she(2z/v).

6 Deformed coupled Riccati equations

As a last application, let us consider two coupled Riccati equations given by [48]

du dv
5~ @) +a(tut as(t)u?, 5~ ) +atv+ as(t)v?, (6.1)
constituting a particular case of the systems of Riccati equations studied in [21], [53].

Clearly, the system (/6.1]) is a Lie system associated with a t-dependent vector field

X = ao(t)X1 + aq (t)XQ + ag(t)Xg, (62)
where o 9 o 0 o L0
_ -~ — e — 2 Y 2 Y

X = ou + 90’ X ’u,au + Uav, X3 =u ou “+ v o’ (63)
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close on the commutation rules (4.5)), so spanning a Vessiot-Guldberg Lie algebra V2R ~ s[(2).
Furthermore, X is a LH system which belongs to the class Iy [22, 23] restricted to R? 4y The
symplectic form and Hamiltonian functions for X, X9, X3 read

du A dv 1 1 (u + v) uv
= ) h3

T P - . 6.4
v (u—v)?’ Tu— ) u—v (64)

u—"2v

The functions hy, ke, hs satisfy the commutation rules (4.7), thus spanning a LH algebra H2R.
Hence, the t-dependent Hamiltonian associated with X is given by

h = ao(t)h1 + aq (t)hg + ag(t)hg. (65)
The constants of the motion (2.18)) are now F' = —1/4 and [23]
(uz — v1)(u1 — vy)
(w1 —v1)(uz —v2)

The LH system (6.1 is locally diffeomorphic to the MP equations (4.2)) but now with
¢ < 0 [22]. Such a diffeomorphism is achieved through the change of variables given by

F® = _ (6.6)

B LA ¢ L5 CR 2 B
Vu—0v|’ 2/|Ju—v| ’
ey ey
u ==+ $2 —;, vV=F x2 —;, (67)

which map the MP vector fields 1’ with domain ]RfC 207 symplectic form w = dx A dy,

Hamiltonian functions l} and constant of motion 1' onto 1) with domain Rz L 1)
and (up to a multiplicative constant 4|c|'/?), respectively.

As in the previous section, the (non-standard) deformation of the coupled Riccati system
(6.1)) is obtained by starting again from proposition and now applying the change of variables
(6.7) with ¢ = —1 (without loss of generality) finding the following result.

Proposition 6.1. (i) The Hamiltonian functions given by

1 1 RN AT ) _ShCQ(%)(u—Fv)Q—(u—v)2

satisfy the commutation relations with respect to the symplectic form w and define
the deformed Poisson algebra COO(HEE*).
(ii) Their corresponding deformed vector fields turn out to be

0 0
Xe1=5+ .
1T u * v
- 1 2% 0 0 1 2z g 2
XZ,Q = 2(“"‘1)) Ch(u—v) <8U + 8U> + 2(U — U) Shc(u—v) (8'& 8'U> )
1 (u —v)? 0 0 1 0 0
X.5= 1+ 2y WU V() (g 2) b S - o) sho(2) = - —
S (u+0)”+ sh02(fzv)] *) <3u+ 8v> * 2(u o) she (%) ou ov)’
which fulfill
(X2, Xz = ch(52) Xz, (X1, Xo3] = 2X 0,

u—v

2
[X.2,X.3] = ch(:%)X. 3 — 2° [1 - (u * v) sth(UQ_ZU)] X1
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The deformed counterpart of the coupled Ricatti Lie system (§6.2]) and of the LH one (6.5) is
defined by

X, = ao(t)XzJ + al(t)XZg + az(t)ijg, hz = ao(t)hz’l + al(t)hZ,Q + ag(t)hz,g. (6.8)

And the t-independent constants of motion are F, = —1/4 and
_ 2z 2z
(2 _ € "irmewamw 2 2 _ N2
7= far— o — o L elamm) she(@25) (e o =)

u1—v1 + uz%vz)(ul +uz —v1 — 'U2)

2z 2z

ev1=v1 (ug —wvy) e “27v2(ug — vg)

- + h
< shc( 2 shc( 2z > C(

u1—v1 ) 'LL2—'U2)

Therefore, the deformation of the system is determined by X, . Note that the resulting
system presents a strong interaction amongst the variables (u,v) through z, which goes far
beyond the initial (naive) coupling corresponding to set the same t-dependent parameters a;(t)
in both one-dimensional Riccati equations; namely

% — ao(t) + ‘“2(t) (u+v) ch(:22) + (u—v) ShC(f_Zv)}

0 (e ) ) o)
% — ao(t) + ‘“2(t [(u-i—v) ch(Z;) — (u— v) she(Z v)}

+a2it) _<(u+v)2+%> ch(755) - 2(u’ _”2)Shc(u2—zv)_

7 Conclusions

In this work, the notion of Poisson—Hopf deformation of LH systems has been proposed. This
framework differs radically from other approaches to the LH systems theory [4] 7, 15, 19l 2], as
our resulting deformations do not formally correspond to LH systems, but to an extended notion
of them that requires a (non-trivial) Hopf structure and is related with the non-deformed LH
system by means of a limiting process in which the deformation parameter z vanishes. Moreover,
the introduction of Poisson—Hopf structures allows for the generalization of the type of systems
under inspection, since the finite-dimensional Vessiot—Guldberg Lie algebra is replaced by an
involutive distribution in the Stefan—Sussman sense.

This framework has been illustrated via the Poisson analogue of the non-standard quantum
deformation of sl(2), and deformations of physically relevant LH systems such as the oscillator
system, as well as the complex and coupled Riccati equations have been presented. In the
former case the deformation can be interpreted as the transformation of the initial system into
a new one possessing a position-dependent mass, hence suggesting an alternative approach to
the latter type of systems that presents an ample potential of applications. In particular, the
Schrédinger problem for position-dependent mass Hamiltonians is directly connected with the
quantum dynamics of charge carriers in semiconductor heterostructures and nanostructures (see,
for instance, [70, [71) [72]). In this respect, it is worth remarking that the standard or Drinfel’d—
Jimbo deformation of s[(2) would not lead to an oscillator with a position-dependent mass since,
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in that case, the deformation function would be shc(zgp) instead of she(zg?); this can clearly be
seen in the corresponding symplectic realization given in [73]. This fact explains that, in order
to illustrate our approach, we have chosen the non-standard deformation of s[(2) due to its
physical applications. In spite of this, the Drinfel’d-Jimbo deformation would provide another
deformation for the MP and Riccati equations which would be non-equivalent to the ones here
studied.

There are still many questions to be analyzed in detail. Since the formalism here presented
is applicable in a more wide context, with other types of Hopf algebra deformations and dealing
with higher-dimensional Vessiot—Guldberg Lie algebras, this would lead to a richer spectrum
of properties for the deformed systems that deserve further investigation. For instance, the
deformed LH systems studied in this work are such that the distribution spanned by the deformed
vector fields is the same as the initial one. As it has been observed previously, this constraint
could not be preserved for generic Poisson—Hopf algebra deformations of LH systems defined on
more general manifolds.

An important question to be addressed is whether this approach can provide an effective
procedure to derive a deformed analogue of superposition principles for deformed LH systems.
Also, it would be interesting to know whether such a description is simultaneously applicable
to the various non-equivalent deformations, like an extrapolation of the notion of Lie algebra
contraction to Lie systems. Another open problem worthy to be considered is the possibility of
getting a unified description of such systems in terms of a certain amount of fixed ‘elementary’
systems, thus implying a first rough systematization of LH-related systems from a more general
perspective than that of finite-dimensional Lie algebras. Work in these directions is currently in
progress.

Appendix. The hyperbolic sinc function

The hyperbolic counterpart of the well-known sinc function is defined by

sh(x)
she(x) = { =, forxz #0,

1, for x = 0.
The power series around x = 0 reads
o 22n
sh = e e—
she(z) nz:% 2n+1)!
And its derivative is given by
ishc(:c) _ ch(z) sh(2:1;) _ ch(x) — she(z) .
dz x x x

Hence the behaviour of shc(z) and its derivative remind that of the hyperbolic cosine and sine
functions, respectively. We represent them in figure

A novel relationship of the shc function (and also of the sinc one) with Lie systems can be
established by considering the following second-order ordinary differential equation
d?z dz

t—5 +2

— —ptz = Al
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shc(x)
ch(x)

d
&shc(x)

Figure 3: The hyperbolic sinc function versus the hyperbolic cosine function and the derivative of the
former versus the hyperbolic sine function.

where 7 is a non-zero real parameter. Its general solution can be written as

h(nt
x(t) = Ashe(nt) + B < i”), A,BER.

Notice that if we set n = i\ with A € R* we recover the known result for the sinc function:

2z _d
tS 2 420 1 N2 =0,  a(t) = Asinc(M) + B

cos(At)
de? dt '

(A.2)

Next the differential equation (A.1)) can be written as a system of two first-order differential
equations by setting y = dx/dt, namely
dx dy

= = =_= x.
a W RN

Remarkably enough, these equations determine a Lie system with associated t-dependent vector
field

2
X = ~3 X1+ Xy + 772X3, (A.3)

where 9 5 5 5 5
Xi=y—, Xp=y—, Ky=z—, Xj=a-— +y—
1 yaya 2 y@x’ 3 xaya 4 x@x_'—yay’

fulfill the commutation relations
(X1, Xs] = X, X1, X3] = —X3, [Xo, X3] = 2X; — Xy, X4, -] =0.

Hence, these vector fields span a Vessiot—Guldberg Lie algebra V' isomorphic to gl(2) with domain
R2 4o In fact, V' is diffeomorphic to the class Iz ~ gl(2) of the classification given in [22]. The
diffemorphism can be explictly performed by means of the change of variables u = y/x and
v =1/, leading to the vector fields of class I; with domain R? 2o given in [22]

éa - 2 a 2 X3 = a X4 = —’Ué.
ou

X, = -2
1= ou’ Ov



Therefore X ({A.3) is a Lie system but not a LH one since there does not exist any compatible
symplectic form satisfying (2.4)) for class Iy as shown in [22].

Finally, we point out that the very same result follows by starting from the differential
equation (A.2) associated with the sinc function.
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