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Abstract

The theory of Lie systems of differential equations has been shown to be very efficient
in dealing with many problems in physics and in mathematics. The usefulness of the
existence of additional geometric structures in the manifold where the Lie system
is defined, for instance Poisson structures, will be analysed and the theory will be
illustrated with several examples as the Smorodinsky—Winternitz oscillator and the

second-order Riccati equation
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Lie systems: an introduction

Lie or Lie-Scheffers systems = Non-autonomous systems of first-order differential

equations admitting a ...

Superposition rule: a function ® : R*(m+1) 5 R 2 = D(w(1)s s Ty K1y n)s

such that the general solution is
:c(t) = (I)((Il(l)(t), e ,x(m)(t); kl, ceey kn) s

with {z()(t) | @ = 1,...,m} being a set of particular solutions of the system and

where k1, ..., k, are real numbers.

They are a generalisation of linear superposition rules for homogeneous linear systems

for which m = n and v = ®(z(1), ..., Tn); k1, .- ko) = k1 o) + -+ kn @) but
i) The number m may be different form the dimension n

ii) The function ® is nonlinear in the more general case



They appear quite often in many different branches of Science ranging from pure

mathematics to classical and quantum physics, control theory, economy, etc

One particular example is Riccati equation, of a fundamental importance in physics
(for instance factorization of second order differential operators, Darboux transfor-

mations and in general Supersymmetry in Quantum Mechanics) and mathematics

These systems are related with equations in Lie groups and in general connections in
fibre bundles

In the solution of such non-autonomous systems of first-order differential equations
we can use techniques imported form group theory, for instance Wei—Norman method,

and reduction techniques coming from the theory of connections

Recent generalisations have also been shown to be useful for dealing with other

systems of differential equations (e.g. Emden—Fowler equations, Abel equations)

The existence of additional compatible geometric structures, like symplectic or Pois-

son structures may be useful in the search for solutions



Dynamical evolution is described by systems of time-dependent first order differential

equations
dz'(t ;
xdt()z)(’(x,t), i=1,...,n.
Autonomous systems, given
dz'(t <
xdt():Xz(x), i=1,...,n.
can be considered as those determining the integral curves of a vector field in R™
X(x) = zn:X’(a:) 8' .
pt ox?

The theory can be generalised to vector fields in a differentiable manifold M instead

of R", X € X(M), all the above expressions being local coordinate expressions.

Similarly, from the geometrical viewpoint, the previous non-autonomous system de-
termines the integral curves of the time-dependent vector field
L 0
X(x,t) = ZXZ(x,t)% :

=1

i.e. X is a vector field along 7 : M xR — M, where M is a n—dimensional manifold.



We recall that a vector field along 7 is given by a map

>
MxR—— M

and it can be seen as given by a R-linear map X : F(M) — F(M x R) such that
X(fg) = (")) Xg+ (m7g) X [.
Its coordinate expression is
X(z,t) = iXi(x,t)% .
i=1 t

Acurvein M xR, v: R — M xR, is said to be an integral curve of X if the restriction
of X onto ~y coincides with the tangent vector to the curve wo~. Therefore, v is an

integral curve of X if X oy =Tmwo4.



The important point is that the vector field X along 7 can be seen as a one-parameter
family of vector fields,

X ={X(,t)eX(M) |t eR}

and it defines at each point of M a linear subspace (its rank may be non constant),
i.e. it determines a ‘generalised’ distribution.



Lie theorem

Theorem: Given a non-autonomous system of n first order differential equa-

tions )
dx’
dt
a necessary and sufficient condition for the existence of a function ® : RM(m+1)

=Xzt . . 2"t), i=1...,n,

R, 2 =®(xq),. ., Tm); k1,-- -, kn)", such that the general solution is

(E(t) = (P(:C(l)(t)a v 7x(m)(t);k17 .. akn> ;

with {xq)(t) | a =1,...,m} being a set of particular solutions of the system and
where ki, ..., ky, are n arbitrary constants, is that the system can be written as

da’ Lipygi ()¢l ;

o =Z ()¢ (x)+ -+ Z7(t)&E(x), i=1...,n,
where Z1, ..., Z", are v functions depending only ont and £, a =1,...,7, are
functions of x = (x',...,2™), such that the r vector fields in R™ given by

- 0
Xazgfg(wl,...,x")@, a=1,...,m,



close on a real finite-dimensional Lie algebra, i.e. the X, are li. and there are
r3 real numbers, cap”, such that

T

[Xa, Xp] =) cap X5 .

y=1
The number r satisfies » < mn.
The t-dependent vector field
X(t,z) = zn:Xi(t x)i
’ P T Ot

can be seen as a family of vector fields { X} | ¢ € R}, one for each value of ¢.

Definition: The minimal Lie algebra of a given a t-dependent vector field X
over M is the smallest real Lie algebra, VX, containing the vector fields { X }ier,
namely VX = Lie({X; }ier)-

Definition: The vector field associated to a non-autonomous system X allows
us to define a generalised distribution DX : x € M — DX C TM, where D, =
{Y, | Y € VX} € T,M, and X also gives rise to a generalised co-distribution
Vize€M— YV, CT*M, where V, = {w; | w.(Yy) =0,VY, € DX }.



Remark that the Lie—Scheffers theorem can be reformulated as follows:

Theorem: A system X admits a superposition rule if and only if the minimal

Lie algebra VX is finite-dimensional.

Definition: A function f : U C UX — R is a local first integral (or t-
independent constant of the motion) for a given t-dependent vector field X over
R" if Xf=0

Then f is a first integral if and only if df € VX|y.
One can easily prove that:

Property. Given a t-dependent vector field X on a n-dimensional manifold
M and a point x € UX where the rank of DX is equal to k, the associated
co-distribution VX admits, in a neighbourhood of x, a local basis of the form,
df1, ..., dfn_i, where, f1,..., fu_k, s a family of fist integrals of X. Additionally,
the space T |y of first-integrals of the system X over an open U of M, can be

put in the form

Xy ={geC®WU)|FIF:UCR"* =R, g=F(f1,.-., fut)}.

10



There exist different procedures to derive superposition rules for Lie systems. We

can use a method based on the diagonal prolongation notion.

Definition: Given a t-dependent vector field X over M, its diagonal prolonga-
tion to M™F1 is the t-dependent vector field X over M™ ! such that

0x projects onto X by the map pr : (z(g), ..., T(m)) € M™ Ty € M,
that is, pr,X = X.
O X is invariant under permutation of the variables x(;y > x (), with i,j =

0,...,m.

The procedure to determine superposition rules described is:

i) Take a basis X7,..., X, of the Vessiot—Guldberg Lie algebra V' associated with
the Lie system.

i) Choose the minimum integer m such that the diagonal prolongations to M™ of

the elements of the previous basis are linearly independent at a generic point.

11



ii) Obtain n common first-integrals for the diagonal prolongations, )Nfl, . ,)Z'T, to

M™+1 (for instance, by means of the method of characteristics).

iii) Obtain the expression of the variables of one of the spaces M only in terms of

the other variables of M™*! and the above mentioned n first-integrals.

The so obtained expressions give rise to a superposition rule in terms of any generic
family of m particular solutions and n constants corresponding to the possible values

of the derived first-integrals.

12



Examples of Lie systems

A) Inhomogeneous linear systems:

For inhomogeneous systems,

dz =Y A;(t)a’ +B'(t), i=1,...n

the time-dependent vector field is

X=> (> 4 ;)2 + B'(t) 5

i=1 \j=1

which is a linear combination with ¢-dependent coefficients,

X=> A;t)Y;+> B1)Y:,

ij=1 =1

of the n? vector fields Y;; = 270/0x" and the n vector fields
0

Y;:_>a
orxt

1=1,...,n.

13



Now, these last vector fields commute among themselves
Y, Y] =0, Vi,k=1,...,n,
and
[}/’LJ7Y]€]:_5]€]}/’L) Viaj7k:17"'an'

Therefore, as the set {Y; | ¢ = 1,...,n} generates an Abelian ideal and {Y;; |
i,7 = 1,...,n} generates a Lie subalgebra, the Lie algebra generated by the vector
fields {Y;;, Yy | 4,5,k = 1,...,n} is a semidirect sum that is isomorphic to the
(n? + n)-dimensional Lie algebra of the affine group.

In this case 7 = n% +n and m = n + 1 and the equality 7 = mn also follows.
B) The Riccati equation (n = 1)

dz(t)
dt

= ay(t) 22(t) 4 a1 (t) 2(t) + ao(t) .

Now m = r = 3 and the superposition principle comes from the relation

r— T3 — 1
SR I
r — X2 T3 — T2

14



or in other words,

(1) = 21 () (z3(t) — 22(t)) + kw2 (t) (21 (t) — 23(8))

(23(t) — 22(1)) + K (1) — 23(t))

The value £ = co must be accepted, otherwise we do not obtain the solution 5.

Here the superposition rule involves three different solutions, m = 3.

The vector fields Y1), Y2 and Y3 are given by
0 0 0
vy - 2 yv®@ — 2 y@ — 2 2
ox’ e T

that close on a three-dimensional real Lie algebra, i.e. r = 3, with defining relations
[y(1)7y(2)] =y [Y(l), y(3)] =2y [Y(Q), Y(3)] =y®
i.e. the sl(2,R) algebra.

C) Lie-Scheffers systems on Lie groups

A prototypical example is when M is a Lie group G and the vector fields X, in G
are either left—invariant or right—invariant as corresponding to the Lie algebra g of G

or the opposite algebra.

15



Let us choose a basis {a1,...,a,} for the tangent space T.G at the neutral element
e € G. If X[ denotes the right invariant vector field in G such that XZ(e) = a,,

the Lie-Scheffers system will be written
g(t) = = ba ()X (g(t)) .
a=1

When applying (Rg()-1)+g(t) to both sides of the equation we will obtain the differ-

ential equation on T.G
(Rg()-1)sg(ny(@(1) = =D ba(t)aa - (x%)
This equation is usually written with a slight abuse of notation:
G970 =~ 3 balt)aa -
a=1

If g(t) is a solution of (**) with initial condition g(0) = e, the solution with initial

conditions ¢g(0) = h is given by g(t)h.

16



Let H be a closed subgroup of G and consider the homogeneous space M = G/H.
Then, G can be seen as a principal bundle over G/H: (G,7,G/H).

It is known that the right-invariant vector fields X* are 7-projectable and the 7-
related vector fields in M are the fundamental vector fields —X, = —X,_ corre-

sponding to the natural left action of G on M.
TegXa(9) = —Xa(gH) .
and we will have an associated Lie-Scheffers system on M:
X(z,t) = Z bo (1) X0 () .
a=1
Therefore, a solution of this last system starting from zy will be:
{,C(t) = q)(g(t)ax()) )
with g(t) being a solution of (**).

The converse property is true: Given a Lie Scheffers system defined by complete
vector fields with associated Lie algebra g, we can see these as fundamental vector

fields relative to an action given by integrating the vector fields.

17



The restriction to an orbit will provide a homogeneous space of the above type.

The choice of a point x( in the homogeneous space allows us to identify the homo-
geneous space M with G/H, where H is the stability group of zy. Different choices

for zo will lead to conjugate subgroups.

D) As another example consider the differential equation of an n-dimensional

Winternitz—Smorodinsky oscillator of the form

i‘i = Pi i
. i1=1,...,n.
pi = 7w2(t)xi + ?’ ) )

%

which describes the integral curves of the t-dependent vector field on T*R"

< 9 5 k\ 0
5= g+ (<04 ) g5

i=1

which can be written as X; = X5 + w?(t)X; with X1, X5 and X3 = —[X7, Xy]
being given by

- 0 - 0 k 0 "1 0 0
X1——;$i87%, X2_;(pia$i+$?3pi>’ XB_Z;?(xi({“)wi_piapi)'
18



Note that X, is a Lie system, because X7, X2 and X3 close on a s((2,R) algebra:
[X1, Xp] = —2X3, (X1, X3] = — X7, [X2, X3] = Xo.
Moreover, the preceding vector fields are Hamiltonian vector fields with respect to

the usual symplectic form wy = dei A dp; with Hamiltonian functions

=1
I, I~/ o k ”
h1=§;$i7 h2:2;<pi+l_g>7 h3=fm012;$ipi7

which obey that
{h1, ho} = 2hs, {h1,hs} = hq, {ha, hs} = —ha.

Consequently, every curve h; that takes values in the Lie algebra (W, {-,-}) spanned
by h1, ho and hg gives rise to a Lie system which is Hamiltonian in T*R"™ with respect
to the symplectic structure wg in such a way that the ¢-dependent vector field is given
by

Xi = Xo + ()X, = &y *(dha + w?(t)dhy),

i.e. the Hamiltonian is hy = ho + w?(t)h;.

This suggests us to consider Lie systems admitting a similar Hamiltonian description.

19



Lie systems admitting symplectic structures

An interesting case is when (M, ) is a symplectic manifold and the vector fields
arising in the expression of the t-dependent vector field describing a Lie system are

Hamiltonian vector fields closing on a real finite-dimensional Lie algebra.
These vector fields correspond to a symplectic action of the group G on (M, ).

The Hamiltonian functions of such vector fields, defined by i(X,,)Q2 = dh, = —df,,
do not close on the same Lie algebra when the Poisson bracket is considered, but we

can only say that

d ({fas fo} = fiamas)) =0,
and then they span a Lie algebra extension of the original one.
More explicitly, we first recall that:

0 —> R —> C=(M) %, (M, Q) —0

is an exact sequence of Lie algebras.

20



A strongly symplectic action of a Lie group on (M, ) defines a Lie algebra mor-
phism X : g — Xyg(M,Q), and choosing a Hamiltonian function h, for each
fundamental vector field X,, ie. i(X,)Q = dh, we obtain a map from g to
C*>°(M) and the property of —Q~'od being a Lie algebra homomorphism implies
that d ({fa, f8} = flau,as)) = 0, with hq = —fo . In fact,

~

A far fo} = = Q[ Xa, X3)) = QX (0 ) = dfia)

and then {f,, fo} — fia,5) is @ constant function, giving rise to a skewsymmetric map
Argxg—R,

Ma,b) = {fa, fo} — flap-
If we replace f, by a different f. = f, + r(a), the function A becomes \'(a,b) =
A(a,b) —r([a,b]) and sometimes we can use this ambiguity to obtain a comomentum
map that is Lie algebra homomorphism, when there exists a linear map r : g — R
such that A(a,b) = r([a, b]). The action is then said to be Hamiltonian

The important fact is that we can define a ¢-dependent Hamiltonian
he =7 ba(t) ha,
«

with the functions h, = — f, closing a Lie algebra, in such a wat hat i(X;)Q = —dh;.

21



The situation in Quantum Mechanics is quite similar:

The Hilbert space H can be seen as a real manifold with a global chart. The tangent
space Ty at any point ¢ € H can be identified with # itself: the isomorphism
associates 1) € H with the vector ¢ € TyH given by:

B0) = (G . vrecxm.

[t=0

It is endowed with a symplectic 2-form :

Qp (4, ¥") = 2Imag (P[4') .

A vector field is just a map A: H — H; therefore a linear operator A on H is a

special kind of vector field.

Given a smooth function a: H — R, its differential dag at ¢ € H is an element of
the (real) dual H' given by:

(dag, ) = (ia(«o + tw))

[t=0

22



Actually, the skew-Hermitian linear operators in H define Hamiltonian vector fields,
the Hamiltonian function of —i A for a self-adjoint operator A being a(¢) =
16, Ag).

The Schrédinger equation plays the réle of Hamilton equations because it determines

the integral curves of the vector field —i H.

Lie system theory applies when the t-dependent Hamiltonian can be written as a linear
combination with ¢-dependent coefficients of Hamiltonians H; closing on, under the

commutator bracket, a real finite-dimensional Lie algebra.

Note however that this Lie algebra does not necessarily coincide with the correspond-
ing classical one, but it is a Lie algebra extension.

23



An example: t-dependent linear potential

Let us consider the classical system described by a classical Hamiltonian
2
p
H.o=—+ft)z,
= 2 f#)e
and the corresponding quantum Hamiltonian
P2
H,=— t) X,
describing, for instance when f(t) = ¢ Ep + q E' coswt, the motion of a particle of

electric charge ¢ and mass m driven by a monochromatic electric field.

Ejy is the strength of the constant confining electric field and E that of the time-

dependent electric field that drives the system with a frequency w/2.

We will study in parallel the classical and the quantum problem by reduction of both
problems to similar equations and using the Wei-Norman method to solve such an
equation. The only difference is that the Lie algebra arising in the quantum problem

is not the same one as in the classical one, but a central extension.

24



The classical Hamilton equations of motion are

. p
r = =,
) m
{ p = _f(t) )
and therefore, the motion is given by
2(t) = +pit—— dt / FEydt"
pi) = po- / feyar
The t-dependent vector field describing the time evolution is
p 0 0
X=———f(t)=—.
m Ox *) Op

This vector field can be written as a linear combination
1
X: 7X1 _f(t)X2 9
m
with

Xlzp%»

25



being vector fields closing on a 3-dimensional Lie algebra with

_9
T oz’

isomorphic to the Heisenberg algebra, namely,

X3

(X1, Xo] = - X3, [X1,X3] =0, [X2, X3] =0 .
The flow of these vector fields is given, respectively, by

¢1(t, (z0,p0)) = (0 +pot,po) s

b2(t, (z0,p0)) = (w0, po + 1),

¢3(t, (0, po)) = (zo +t,po) .
X1, X5 and X3 are Hamiltonian vector fields w.r.t. the usual symplectic structure,
Q = dx A dp, the corresponding Hamiltonian functions h; such that i(X;)Q = —dh;
being
’
2

hlz_ ) h2:x7 h?):_pa

therefore
{h1,ho} = —=hs, {hi,hs} =0, {ho,hs}=-1,

which close on a four-dimensional Lie algebra with hy = 1, that is, a central extension

of the previous one.

26



If {a1, ag, as} be a basis of the Lie algebra with non-vanishing defining relations

[a1, as] = —as, the corresponding equation in the group is

o 1
g9t =——ai+ f(t)as .
m

Using the the Wei-Norman formula with the factorization g = exp(—ug a3) exp(—uz az) ex
we will arrive to the system of differential equations

) 1 . . .
uy = —, iy = —f(t), uz —uyuz =0,
m

together with the initial conditions

u1(0) = u2(0) = u3(0) =0,

with solution

¢ t 1 t t
U =—, ug= —/ fHYdt' , wuz= ——/ dt’/ Fat” .
m 0 m Jo 0

Therefore the motion will be given by

— Lt [ ey 0
— [5 f()dt’ Po
1 1

T

1
p |=1o0
1 0

S s

27



We can recover the constants of motion
t
ho= 0+ [ f¥)ar
0

x(t) — (p(t) + /Otf(t’)dt’) t+ ;L/Ot dr’ /Ot/f(t”)dt” ;

As far as the quantum problem is concerned, notice that the quantum Hamiltonian

I

H, may be written as a sum

1
Hq:EHl—f(f)Hm
with =
Hi=", H=-X.

Note that —i H; and —i Hy close on a four-dimensional Lie algebra with —i Hy =
—i P, and —iH4 = i I, isomorphic to the above mentioned extension of the Heisen-
berg Lie algebra,

[—iHy,—iHs|=—iHs, [—iHy,—iH3]=0, [—iHy, —iH3]=—Hy.

28



The Schrédinger equation for the Hamiltonian H, is like that of a Lie system. This
Hamiltonian is time—dependent and such systems are seldom studied, because it is
generally difficult to find the time evolution of such systems. However, this system is
a Lie system and therefore we can find the time-evolution operator by applying the
reduction of the problem to an equation on the Lie group and using the Wei—Norman
method.

Let {a1, a2, a3, as} be a basis of the Lie algebra with non-vanishing defining relations

[a1,a2] = a3 and [ag, as] = ag.
The equation in the group to be considered is now

o 1
g9t =——a1+ f(t)as .
m

Using g = exp(—uqayq)exp(—usasz) exp(—uz az) exp(—uj a;) the Wei—-Norman
method provides the following equations:

ﬂ1:%7 ’U/Q:_f(t)a

uz +ugu; =0, ﬂ4+u3ﬂ2—%ugu1:0>
and written in normal form

u2 = _f(t)a

uz , u4=f(t)u3+ﬁu%,

i =
iy =

| 3[=

3|

29



together with the initial conditions u1(0) = u3(0) = u3(0) = u4(0) = 0, whose
solution is

<
=
—~
o~~~
~
||
<
[~}
—~
~
~
||

f( )t

m/ dt/ f@")at",
m/ dt' f(t' / dt“/ " dt”’+ /dt (/t/dt“f(t”)>2

These functions provide the explicit form of the time-evolution operator:

and

U(t,0) = exp(—iug(t))exp(iuz(t) P)exp(—iuz (t) X )exp(iui (t)P? /2) .

Note that in order to find the expression of the wave-function in a simple way, it is
advantageous to use the factorization

g = exp(—v4 aq) exp(—vz az) exp(—v3 agz) exp(—vi ai).
In such a case, the Wei—-Norman method gives the system

Uy = —f(t)

v2, U4 =—3

U =

| 3|~

3=

Vg =

30



jointly with the initial conditions v1(0) = v2(0) = v3(0) = v4(0) = 0. The solution
is

) =L ) = / dr’ (1),

m

v3(t) / dt’ / dat" f(t'"),
/dt (/ dt” f( ”)

Then, applying the evolution operator onto the initial wave-function ¢(p,0), which

is assumed to be written in momentum representation, we have

¢(p,t) = U(t,0)¢(p,0)

= exp(—ivy(t))exp(—iva(t) X )exp(ivs(t) P) exp(ivi (t)P%/2)p(p, 0)
exp(—iva(t)) exp(—iva (1) X ) (s P+ 09/2) ()

= exp(—ivg(t )gi(v3(t)(p+v2(t))+v1(t)(p+vz(t))2/2)¢(p + va(t),0),

where the functions v;(t) are given by the preceding equations.
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Second order Riccati differential equation

The usual Riccati equation comes from reduction of a linear differential equation by
taking into account the invariance under dilations of such equations.

Starting from
Ag'i/+Agjj+A1y'+Aoy=0
where we can assume that A3(t) > 0, and writing y = €*, with = @ we arrive to

Az(d +3xd +23) + Ag(2 +2%) + Ay + Ag =0,

and if we change the independent variable ¢ to a new variable 7, then d/dt = 7 d/dr,

and if we denote 2’ = dz/dr, 2" = d*x/dr?, we obtain

. d dx T
t=72', d=7— (7— | =722"+ =2
7

and therefore the original equation reduces to

As <T2:c”+7_:1c +3x7a +x>+A2(r’x’+x2)+A1x+A0:0.

32



If we choose 7 such that As 72 = 1, and therefore

TT = _7A371 A37
T

_ 1 _ .
’7.':A3 1/2:>%:—§A33/2A3, 5

we find the equation
2" — %A;Ag o +3A5 Pz al + Aga® + AgAT 2! + Aga® + Ay + Ay =0,
which can be rewritten in he form:
@+ (bo(t) + b1 ()x)E + co(t) + c1(t)x + ca(t)a? + ez(t)a® = 0,
with .
h) =3V, i) = 2 - S8

and is considered as the most general second orden Riccati equation.

It has recently been shown (JFC+ MF Rafiada+M Santander, JMP 46, 062703
(2005)) that such a second-order Riccati equations admit a Lagrangian of the form:

1

Lt =
(,"L’,U) ’U+U(t,$)7

with U(t,z) = ao(t) + a1 (t)z + az(t)2?.



The corresponding t-dependent Hamiltonian obtained from the Legendre transfor-
mation oL ) )
P= % (v+U(t,z)? Y N (t,2),

i.e. the image is the open submanifold O = {(z,p) € TiR | p < 0} and we can

define in O the Hamiltonian

V=P

Consequently, the Hamilton equations for h are

Mm%m=p(1—U@@>—vcp=—%ﬁm—pU&$)

oh 1
i = = —U(t,2),
op  /-p
, _ _Oh 00
b= 5‘x_p8z &)

i = %Z - \/% —ao(t) — ar(t)r — as(t)a?,
oh
o= e n) + 202
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This is a Lie system: In fact, consider the set of vector fields

1 0 0 0 0
VS o 2T o T Tar Yoy
0 0] x 0 0
— 2 _ — —
Xy=x o 29:pap, Xs \/jp8w+2\/ pap.

The time-dependent vector field describing the system is
X(t,x) = X1 — ao(t)Xg — al(t)Xg — az(t)X4,

and the vector fields close on the commutation relations

[X1, X5] =0, [X1, X3] = %Xl, [X1, X4] = X5, [X1,X5] =0,
(X2, X3] = Xo, (X2, Xu] = 2X5, (X2, X5] = X1,

(X3, X4] = Xy, (X3, X5] = %Xs,

[X4, X5] = 0.

and then we see that it is a Lie system related to a Vessiot-Guldberg Lie algebra of

vector fields V.
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More specifically, the vector fields X1, ..., X5 span a five dimensional Lie algebra of
vector fields V' that is not solvable because [V, V] =V.

Moreover, V' is not a semisimple algebra. It admits an Abelian solvable ideal
Vi = (X1, X5), and Vo = (X2, X3, X4) is a Lie subalgebra isomorphic to sl(2,R).

Therefore V' is a semidirect sum V; &g V5.

Consequently, the Lie algebra V' gives rise to a Lie group of the form G = R? «
SL(2,R), where <1 denotes the semidirect product of SL(2,R) by R?, and a Lie
group action ® : G x O — O whose fundamental vector fields are exactly those of
V.

Indeed, it is a long, but straightforward computation, to show that

o (e (87) ) = (T - ).

where
axr + 8

yr + 6’

T= p=p(0+7z)°.
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This action enables us to put the general solution £(t) of the system of Hamilton

equations in the form £(t) = ®(g(t), &), where g(t) is the solution of the equation

Y Y hXE),  g0) =

on G, with the X being a family of right-invariant vector fields over G such that
the XE(e) € T.G close the same commutation relations as the X,,.

To be remarked that the vector fields X; here considered are Hamiltonian with respect

to the usual symplectic form in T*R, their Hamiltonians being respectively given by:
hi =2v/=p, hy=—p, h3=—zp, hy=—a’p,
and it turns out that their nonvanishing Poisson brackets are
{hi,hs} = 3h1, {hi,ha} =hs, {hi,hs} =2, {ho,hs} = ho,
{ha,ha} = 2hg, {ho,hs} =hy, {hs,ha} =ha, {hs, hs} = Lhs

with hs = 221/—p. They close on a six-dimensional real Lie algebra with the function
he = 1. Moreover, it can be seen that the t-dependent system can be put into the

form K(—dht), where h; is a t-parametrized family of functions over O of the form
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ht = hy — ag(t)he — a1 (t)hs — azhy and therefore the Lie system we are considering

is Hamiltonian

Finally, a superposition rule for the second order Riccati equation can be ob-
tained through the common first-integrals for the appropriated diagonal prolongations
)?1,)?2,)?3,)?4,)?5 on a certain O™ ¢ T*R("™ (i.e. such that their projections
W*()A(a), with a = 1,...,5, are linearly independent at a generic point of T*R™).
In our case, it can be easily verified that m = 4. The resulting first-integrals, turn

out to be

Ay = (z2) — 3))\/P2)P3) + (T3) — (1)) /P3P + (21) — T(2))/P@)P(1)
Ao = (z(1) — 2(2))\/P(HP2) + (Z(2) — T(0))\/P@)P©0) + (T(0) — T(1))\/P(1)P(0)5
Az = (z) — 23))/PPG) + (T(3) — T(0))V/PE)P0) T (Z(0) — Z(1))/P(1)P(0)-

In order to obtain a superposition principle, we just need to obtain the value of p()

in terms of the remaining variables from one of the above integrals, e.g. As, to get

\/T(O):(

Ag + (22) — (1)) /P(1)DP(2)
T(2) — T(0))y/~P@) + (T0) — 1)) \/~P)

)
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and to plug this value in one of the others variables, e.g. As, to have

As(y/—P@)T@) —/—Pm)Tm)+A2(y/—P)T1) =/ —P)T3)) —A1T 1)/ *Pm

x =
(0) As(y/=p@)—/~P@)+A2(\/=P) —/~P) —/—P(1) A1
2
_ ka2 (\/=p(1)—/—P)) —ks(y/=p(1) —/—P(2)) —A1y/—P(1)
HONE (A1 /PP@) (B(1) —T(2)) —Ark2) (k2 +/P)PR) (T(2) —7(1))) !

The above expression gives us a superposition rule for second order Riccati differential

equation.

In addition, as its general solution, (z(g)(t),p(0)(t)), satisfies that xp(t) is the
general solution, the first part of the above expressions gives us the solution of second-
order Riccati equations in terms of three particular solutions x(1)(t), z(2)(t), z(3)(t),
their associated moments p(y)(t), p(2)(t), p(3)(t), and two constants Ay, Ay

Note that once a family of particular solutions is chosen the constant A; gets fixed.
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Lie systems admitting Poisson structures

Note that some of the above examples of Lie systems are Hamiltonian dynamical
systems. We can go a step further and consider Lie systems in (may be degenerate)

Poisson manifolds.

Definition: A Poisson manifold is a pair (M, ) where A is a bivector in the
differentiable manifold M in such a way that the Schouten bracket [-,]s.5. = 0.

The bivector field gives by contraction a map denoted A such that
A(@)(B) = A, B)
In particular, if f1, fa € C°(M), we define the Poisson bracket {f1, fa} by

{f17f2} = A(df17df2)a

and this Poisson bracket satisfies Jacobi identity because of the vanishing of the

Schouten bracket condition
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The Lie bracket over C°°(M) holds the Leibnitz rule

{fg,h} ={f, h}g+{g. h}f, Vf,g,h € C(M).

Consequently, the above Lie bracket becomes a derivation in each entry and, hence,
given a function f € C°°(M), there exists a vector field X; over M such that
Xrg = {g,f} for each g € C®(M), ie. Xy = A(—df). The vector field Xy is
called the Hamiltonian vector field associated with f. The Jacobi identity for the
Poisson structure entails that

X{f,g}:—[Xf,Xg}, Vf,gECOO(M).

In other words, the mapping f — X is a Lie algebra anti-homomorphism between
the Lie algebras (C°(M),{-,-}) and (T'(7ar), [-,°])-

Equivalently, we can say that Nod: C>®(M) — Xg(M,A) is a Lie algebra homo-

morphism.

Definition: The elements of the kernel of the previous homomorphism are called
Casimir functions. The set of such Casimir functions will be denoted C, We call
Casimir codistribution of the Poisson manifold (M, A) the codistribution given by
CA = ker A.
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This can be summarising by saying that the following sequence is exact:

0—=C —> (M) 2L 2 (M, A) —> 0

Definition. A Lie-Hamiltonian structure is a triple (M, A, h), where (M, A) is

a Poisson manifold and h is a t-parametrised family of functions hy : M — R

such that Lie({hs}ter) is a finite-dimensional real Lie algebra.

Definition: A t-dependent system X on a manifold M is said to be a Lie—
Hamilton system if there exists a Lie-Hamiltonian structure (M, A, h) such that
X € K(—dht), for every t € R.

As an example, the previously studied cases of Winternitz—Smorodinsky oscillators
and second-order Riccati equations were Lie—-Hamilton system with respect to non-
degenerated Poisson structures. For instance, in the latter case if A denotes the
Poisson bivector associated with the natural symplectic structure in O C T*R and
he = hy —ag(t)ha — a1 (t)hs — azhy, then, X, = —A(—dhy) is a Lie-Hamilton system
with Lie-Hamiltonian structure (O C T*R, A, h).

The dual g* of a Lie algebra (g, [, -]) is endowed with a natural structure of a Poisson

42



manifold.

The differential (df), of a function f € C*°(g*) at a point u € g* is a linear map
(df)y : Tug* — R.

On the other side as g* is a linear space, when considered as a differentiable manifold,
we can identify in a natural way the linear space g* with the tangent space T, g*, at
each point and then (df), : T,g* — R can be seen as an element of (g*)*, i.e. of g.

Denoting such element as d, f, i.e.

(v.0uf) = @)uly) = Siwtt)| . yeo
t=0

the Poisson structure in g* is given by
{f,g}(u) = <ua [0u.f> 5u9]>-
In particular Jacobi identity for {-,-} is a consequence of Jacobi identity for [, -].

If a € g, let &, denotes the linear function &, € C*°(g*) given by

fa(u) = <uaa>7

43



and then 6,&, € g is such that §,£, = a, because

(a)uly) = Salutty)] = {y.a).

t=0

Consequently, for any pair, a, b of elements in g,

{gaa fb}(u) = <u’ [av b]> = f[a,b] (u)

Given a basis of g, {a1,...,a,}, and {a!,...,a"} the dual basis of g*, and using
the shorter notation &; for &,,, we see that if u € g* is u =Y, u;a’, then

(u, ar) = up = & (u),

and therefore &; are coordinate functions in g*, corresponding to the dual basis. The
expression of the Poisson structure is the one given by
of dg _0f 99
{fvg}( ) 85 85 {5’“6]} afz afjc” 57@7

where ¢;;* are the structure constants of g relative to the basis {a1,...,a,} of g,

a’ua’] § Cij ak

i.e.
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The Hamiltonian vector fields corresponding to the coordinate functions &; are given
by

X& = Z{g‘]’gz}aigj = - Z Cij fk aé-j - Z [ard(ai)] ]gk af
=1 jk=1 Jik=1

and therefore, if a = Zyz a;,

=1

that can be written as
X, = coad(a)

One can see that these vector fields turn out to be the fundamental vector fields

corresponding to the coadjoint action of a group G with Lie algebra g on g*.
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Therefore, the vector fields X;(0) = [coad(a;)](6) € Teg*, with o =1,...,7, span a
Vessiot—Guldberg Lie algebra for a system in g*. Indeed, they generate the Lie algebra
of fundamental vector fields of the coadjoint action of the Lie group G corresponding
to g over g* and moreover these vector fields are Hamiltonian with respect to Kg*
with Hamiltonian functions h; = —¢;.

The functions h; themselves are a basis for a finite-dimensional real Lie algebra
(W, {,-}4) of functions:

{hi, hj} = — Z Cl‘j k hk
k=1
Therefore, every curve h; in the Poisson manifold (g*, {-, }4+) gives rise to a Lie-
Hamiltonian (g*, Ag-, h).

As an example, let us consider, for example, Euler equations on the dual g* of a Lie
algebra (97 ['a '}9)' ie.
de X
— = coady4)0, 0 g, (1)
dt
where ¢(t) is a curve in g and coady )0 = —0 o adgy) € g*. These equations can
be found, for instance, in the study of geometric phases for classical systems.
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Th|s system describes the integral curves of the t-dependent vector field X, =

Zb t) X, where we have assumed ¢(t) Zb

Since X, are Hamiltonian vector fields with respect to A¥, it follows that
= ba(t)Xa =D ba(t)A(—dha) = A ld (Z ba(t)haﬂ .
a=1 a=1 a=1

In other words, h; = Zb t)he allows us to build up a Lie-Hamiltonian structure
(g%, Ag+, h) for X.

Lemma For each Lie—-Hamilton system X admitting a Lie—Hamiltonian structure
(M, A, h), the mapping Aod: Lie({h¢}ter) — VX is a Lie algebra epimorphism.
In consequence, as the functions h; are closing in a real Lie algebra the restriction of

Aod to

Lie({h:}+er)
e ker (A o dﬂi

Proof.- It suffices to consider the restriction of A o d to the subalgebra Lie({h; }1er)
and observe that the image of such a map is VX.
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Lie—Hamilton systems and superposition rules

If (A, =) is an unital associative algebra there are linear maps m : A® A — A and
1 : K — A such that x = mom, where 7: Ax A — A® A is the natural projection,

and
mo(m®id) =mo (id ®m), mo(n®id)=id =mo(id ®7n), (2)
where m and 7 are given by
m(a; ® az) = a1 *x ag, n(l) =14,

with 1 4 being the unity in A.
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Both relations are equivalent to the commutativity of he diagrams

A®A®A

\/

id id
Ko A 2% A0 A< AgK

o

where use has been made of the natural isomorphisms

ARA)RAARARAR AR (AR A).

In order to define commutative algebra we van introduce the interchange map 7 :

AR A— A® A defined by

T(a1®a2):a2®a1.
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Then the algebra (A, ) is commutative if mo 7T =m.

Definition: If (A, m1,m) and (A2, ma,n2) are algebras over the field K, then
the tensorial product is given by (A; ® Az, (m1 @ ma) o (id ® 7 ® id), n1 ® 12),
namely,

maea, = (M1 @mz)o (id ®T®id).

With this notation morphism of the algebra (A, m1,m1) in the algebra (A2, ma, 12)
is a linear map f : Ay — Ay such that mo o (f ® f) = f omy, i.e. the following

diagram is commutative:

AL @ A 25 4y @ A

mll lm

Ay As

The coalgebra concept appears when using duality in the definition of algebra using

themaps m and 1. The dual maps

A=m*: A" - A*® A", e=n": A" - K*
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enjoys the dual properties:
(id @ A)cA=(A®id)o A, (e®id)oA=(id ®e) 0 A,
which can be expressed by the commutativity of the following diagrams:

A" ® A* A" @ A*

A" @ A" @ A

51



This leads to introduce the following concept:

Definition: A coalgebra is a triple (C,A,e), where A:C - C®C ande:C - K
are linear maps que called comultiplication and counity (or augmentation), such

that the following diagrams are commutative:

/\

CeCxC

I

K®C<—C®C——>CoK

Therefore, (A®id)ocA=(id ® A)o A, (c®id)o A = (id ®e) 0 A.

Definition: A coalgebra (C, A, €) is cocommutative if To A = A.

52



Definition: A linear map from the coalgebra (C, A, €) in the coalgebra (C', A’ &)

is a morphism of coalgebras when
A/Of:(f@)f)oAa 5/of:5’

which can be expressed by the commutativity of the diagrams:

coceogc c e
! E \ I
C —f>cl K
Recall that (A, [-,]) is a Poisson algebra if (A,-) is a commutative algebra and

(A, [.]]) is a Lie algebra such that
las,az - a1] = [as, az] - a1 + as - a3, a1]
for arbitrary elements a; € A, i.e. [a,-] : A — A is a derivation of the algebra (A4, -).

As an example, if (M, A) is a Poisson manifold, then (C*°(M),{-,-}) is a Poisson
algebra where - is the usual product of functions and {-, -} denotes the Poisson bracket
defined by A.
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Moreover, if (A,-,[,]) is a Poisson algebra we can define a new Poisson algebra
structure in A ® A by means of (az ® b2) * (a1 ® b1)) = (a2 - a1) ® (b - b1) and

{as ® ag,a2 @ a1} ana = {aa, a2} 4 ® (a3 - a1) + (a4 - a2) ® {as, a1} 4, a; € A.

Definition: A Poisson coalgebra is given by (A, -, {-,-}, A) where (A, -, {-,-}) is a
Poisson algebra and the coproduct A : A — A® A is a Poisson algebra morphism
between A and A® A, i.e.

Alag - a1) = Alag) - Alar),  A({az; a1}) = {A(az), Alar)}-

Let g be a Lie algebra and T'(g) its associated tensor algebra, the adjoint representa-
tion of g, i.e. the Lie algebra morphism ad : v € g — ad, € Der(g), can be extended
to a representation of g on T'(g) by derivations. In other words, there exists a Lie

algebra homomorphism ad : v € g — ad, € Der(7'(g)).

54



Definition: The symmetric algebra of g is the free commutative unital associa-
tive algebra (S(g),-) given by the quotient space T(g)/R, where R is the linear
subspace of T'(g) spanned by the elements

Pouow-wev)®Q, vweg PQeT(g),

endowed with the commutative product P-Q = (P ® Q), where 7 : T'(g) — S(g)

is the quotient map.

As R is invariant through the action of the derivations ad,,, the adjoint action can
be extended to a Lie algebra morphism ad : g — Der(S(g)). Furthermore, since
g =~ (g*)*, every element of g can be regarded as a linear function over g*. As the
space S(g) is isomorphic to the unital commutative associated ring of polynomials
in the elements of a basis of g, we can consider S(g) as the commutative unital
associative ring of polynomials in a basis of linear functions over g*. In addition, such
a space can be equipped with a unique Poisson bracket {,} : S(g) x S(g) — S(g)
satisfying that {v,w} = ad,w for every v,w € g. In addition S(g) becomes a
coalgebra by defining A(w) =w® 1+ 1® w for every w € g C S(g) and extending
conveniently A to an homomorphism from S(g) to S(g) x S(g).
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Definition: The universal enveloping algebra U(g) of g is the unital associative
algebra obtained by taking the quotient of T'(g) by the linear subspace L C T(g)

spanned by the elements
P®(’U®’LU*’LU®U*[U,U)D®Q, v,wEg, P,QET(Q),

and defining T(P) @ 7(Q) = (P ® Q), where © : T(g) — U(g) is the quotient
map and P,Q € T(g).

As previously, the adjoint action extends to a well-defined action ad : g — Der(U(g)).
To us the following interpretation takes special relevance. The universal enveloping
algebra U(g) of a Lie algebra g can be endowed with a structure of coalgebra by
defining

Alv) =1Qv; +v; ® 1,
over a basis vy,...,v, of g and extending the value of the above morphisms over

U(g) by linearity.

It is worth noting that Friederichs theorem ensures that the only primitive elements
of U(g), i.e. those Y € U(g) obeying that A(v) = 1®v +v®1, are the generators

Vi.
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The so-called symmetrized map, i.e. the linear mapping A : S(g) — U(g) of the

form

1
Aviy - oervyy) = il Z AWs(in)) -+ - AMvsay),s VUi ..y, €8,
: sell,

establishes a linear isomorphism between U(g) and S(g). In addition, we have that
Aad,P) = v @ AN(P) — A(P) @ v = ad,A\(P).

The above relation relates the so-called Casimirs of the Lie algebra g, namely those
elements C of U(g) such that ad,C = 0 for all v € g, with the Casimir elements of
the Poisson algebra S(g). More specifically, if C is a Casimir for g, then C' = A71(C)
obeys ad,C' = 0, for every v € g and C Poisson commutes with all the elements of

S(g).

Given a Lie algebra g, we know that (g*)* ~ g. In other words, the elements of g
can be understood as linear functions over g*. Moreover, if vq,...,v, is a basis for
g, these elements can be considered as a coordinate system over g*. Consequently, if
we assume [v;,v;] = >4 _; ¢ijrvg for 4,5 = 1,...,r, the Poisson bivector Ag« over
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*

g* reads

. 0 0
A= ”Zk::l Cijkvk(“)TJi A BTJJ
The space A of polynomials in these variables becomes a Poisson algebra with the
commutative product of functions and the restriction of the above Poisson bracket
over A. Indeed, this space is the same as the Poisson algebra S(g). In fact, {v?, v/} =
ad,, v’ and hence every element C' = A\~!(C) for a Casimir C of g commutes with all
the elements of A, i.e. it is a Casimir element of A. This is a very relevant fact,
as it allows us to build up Casimir elements for A from Casimirs of the initial Lie

algebra g. Similarly to S(g), the space A is a Poisson coalgebra.

If we denote A(®) = A, we can define the algebra morphisms AMY) : A — A®" of
the form

AWM = ([d ® id® V-2 ®id @ A®) o AN-D,
Obviously, we have that

{A(N) (’Ui)v A(N) (Uj)}A®N = A(N){viv ,Uj}A~

Take now a representation D : g — C°°(T*R"™). It is straightforward to check that
the space (4, -, {,}) of polynomials in the coordinate functions D(vy), ..., D(v,) is
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a Poisson algebra with respect to the product of functions and the Lie bracket over
A defined by the restriction over A of the Poisson bracket {,} over C°°(T*R"). In
addition, A is also a Poisson coalgebra with the coproduct A:A—5 AR A, taking
A(D(v;)) = D(v;) @ 1 + 1 ® D(v;) and extending to the whole A. Summing up, A

and A are isomorphic Poisson coalgebras.

The Lie algebra representation D can be extended to a Lie algebra morphism D :
C>*(g*) — C>°(T*R") by defining

D(H(vla v 7v7“)) = H(D(Ul)a teey D(UT))
or to the Poisson algebra morphism D : A®...@ A — C®(T*R")®...@C>°(T*R")
induced by the relations

D<vi1 ®X...Q 'UiT) = D(Uil) ®X...®Q D(”UZ'T).

More even, D can be defined over the functions of the form AW H (v, ..., v,) by

setting
DAM(C(vy,...,v,.)) = (C(DAMN)(vy),..., DA (1,))).

From here, it easily turns out that

{DAM)(C), DA (v;)} = DAMN{C v} 4 = 0.
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Theorem 1 (Ballesteros, Corsetti & Ragnisco 1996) Let g be a Lie algebra
with a Casimir element C' and D a realization of g in C*°(T*R™). The Hamiltonian

H(S)(qh ey qsyP1y - 7]95) = D[C(A(‘S)(UI% ey A(S) (UT))]7 (qul) S T*Rn7

where v1,...,v, is a basis of g, defines a dynamical system in which the H(™)
functions with m = 1,...,s are s constants of the motion in involution with respect

to the canonical Poisson bracket over T*R5™.

Let us apply the above formalism to describe superposition rules for Lie-Hamilton

systems through a certain Lie algebra morphism D : g — C°°(T*R").

If we chose a basis vy, ..., v, of g, then X; = f/A\(dht) takes values in the Vessiot—

Guldberg Lie algebra V' generated by the vector fields X, = —A(dD(v,)), with

a=1,...,r, over T*R".

Recall that determining a superposition rule for X; relies on obtaining a family of
common first-integrals for all the prolongations )?1, e ,)?T to a certain (T*R")m+1
of the vector fields X1, ..., X,.
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As these vector fields are Hamiltonian vector fields with Hamiltonian functions h,, =
D(vy), their prolongations X, to (T*N)™*1 are Hamiltonian vector fields with
respect to the Poisson bivector A™*! induced by the canonic symplectic structure
on T*N™*! with Hamiltonian functions

AMDR = h o910, . . 214+10ha®1®. . .@1+. . . +1®...010h, = DAy .
Therefore, if C is a Casimir function, then we can construct functions of the form
cmth) = pAMED(C) e = ((T*R™)™ ).
Such functions are common first-integrals for the vector fields X, namely
Xo(CmHD) = DA DO A Dy L — — DAL 4, ) = 0.
Moreover, recall that

{c®) cM =, s<k=1,...,m+1.
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As an example, consider the Lie algebra morphism D : sl(2,R) — C°°(T*R)

1
D(J-) =dqi, D(J+)=p§+ﬁ7 D(J3) = qip1.

where J_, Jy and J3 are a basis for s[(2,R) closing on the commutation relations

Js, Jo] =200, [Js,J_]=—2J_, [J_,J4]=4J5.

In this case A becomes the polynomials in J_,J, and J3. Now, we define
A(J3) = J3@1+1RJ3.

A(J)=J_@1+10J_,  A(Jy) =J,®@1+10J,,

As C = J_J; — J2 is a Casimir element, we obtain that

{DA®(C), DA™ .} =0, i=+,-,3.

Consequently, the functions DA(®)(C') are first integrals of the prolongations of the
vector fields to T*R(™*1) . For m = 2, they lead to the first-integrals used in the

determination of superposition rules for Milne-Pinney equations, i.e.

2
Lij = (zip; *l’jpi)Q + (é + ;) , 1<j=123.
x;

K2
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