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Abstract

After a quick presentation of the theory of Lie and quasi Lie systems from a geomet-
ric perspective, recent progresses on their applications when compatible geometric
structures exist will be described with an special emphasis in the particular case of
admissible Kahler structures, and therefore with applications in Quantum Mechanics.
Finally we point out the relationship of time-independent Schrédinger equation with a

special case of Lie system and its relation with the theory of Darboux transformations

This talk is based on collaborations with many people, among them J. Grabowski
and G. Marmo, and more recently with:

J. de Lucas and C. Sardén
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Introduction

Solution of systems of differential equations appearing in many physical problems is
not an easy task. In geometric terms they are represented by vector fields, whose

integral curves are the solutions of the system.

In order to find their solutions, i.e. the flow of the vector fields, as in a generic case
there is not way of writing them in an explicit way, i.e. using fundamental functions,

we are happy if, at least, we can express the solutions in terms of quadratures.

Characterisation of system admitting such type of solutions has received a lot of
attention, and the answer is always based on the use of Lie algebras of vector fields

containing the given one.

In general, in order to study such systems use is made of symmetry and reduction
techniques. In such procedures the knowledge of some particular solutions of them

or related systems may be useful.



For instance as far as Riccati equation is concerned one knows that

O If one particular solution is known, we can find the general solution by means

of two quadratures.

O If two particular solutions are known, we can find the general solution by means

of just one quadrature.

O If three particular solutions are known we can explicitly write the solution with-

out any quadrature, by means of a superposition function.

We are now interested in this kind of systems admitting a superposition function,
the so called Lie systems, which appear very often in many problems in science and

engineering.

We will fix our attention in the particular case of quantum mechanics, where they

are useful in:
e Studying the time evolution of a quantum system

e In particular cases of time-independent Schrodinger equation



Lie—Scheffers systems: a quick review

Lie-Scheffers systems = Non-autonomous systems of n first-order differential equa-

tions admitting a ...

Superposition rule: a function ® : R™™+) S R 2 = ®(uy, ..., um; k1, .., kn),
ug, € R™, such that the general solution is

.T(t) = @(m(l)@), ce s Tm)(8) kiy.ooykn) s

with {z(4)(t) | @ = 1,...,m} being a generic set of particular solutions of the system

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

They are a generalisation of linear superposition rules for Squeezed States
and Helmholtz spectra linear systems for which m = n and z =
@(x(l), ce. ,J}(n);kl, .. .,k‘n) =k T+ + kn T(n) but

i) The number m may be different from the dimension n.

ii) The function ® is nonlinear in this 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. For-

gotten for a long time they had a revival due to the work of Winternitz and coworkers.

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

mations and in general Supersymmetry in Quantum Mechanics) and in 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 from 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.



Lie-Scheffers theorem

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

dz’
dt

= X'at,...,2"¢t), i=1...,n

7 )

a necessary and sufficient condition for the existence of a function ® : R™(m+1)

R™  x=®(u1,...,um;ki,...,kn), us € R™, such that the general solution is

x(t) = q’(.%‘(l)(t), e Tm) (b)) ki,..., kn) ,

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
dt :bl(t)gl(x)+"'+br(t)£r(x)’ z:1...,n,
where by, ..., b., are r functions depending only on t and £, o = 1,...,r, are
functions of x = (x',...,2"), such that the r vector fields in R™ given by
" 0
Xazzz_;fé(xl,...,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

XQ,XB ang

The number r satisfies r < mn.
The geometric concept of superposition rule is the following:

A superposition rule for a t-dependent vector field X in a n-dimensional manifold
M isamap ®: M™ x M — M such that if {z()(t),...,2(,)(t)} is a generic set
of integral curves of X, then x(t) = ®(x(1)(t), ..., 23 (t), k), with k& € M, is also

integral curve of X, and each integral curve is obtained in this way.

The result of the Theorem in modern terms is that a ¢-dependent vector field X
admits a superposition rule if there exist r fields X1,..., X, in M, closing on a Lie

algebra, and functions by (t),...,b.(t) such that X (x,t) be a linear combination

=) balt) Xa(z)

The t-dependent vector field can be seen as a family of vector fields {X; | t € R}.



Definition. The minimal Lie algebra of such a t-dependent vector field X on
a manifold M is the smallest real Lie algebra, VX, containing the vector fields
{Xi}ier, namely VX = Lie({X; | t € R}).

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

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

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

Lie algebra VX is finite-dimensional.



Some particular examples

A) Inhomogeneous linear systems:

The time-dependent vector field is

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

i=1 \j=1
which is a linear combination with t-dependent coefficients,
X=> A;()Yi;+ > B(1)Y
i,j=1 i=1
of the n? + n vector fields

0 0
Y, = ) L, =1,...,n.
oz’ Oxt “J "

Yy =a)

10



These last vector fields have the following commutation relations:

[Y;, Y] =0, [Yij, Yi] = =6k Y, Vi, j,k=1,....n
e Theset {Y;|i=1,...,n} generates an Abelian ideal.
e The set {Y;; |4,j =1,...,n} generates a Lie subalgebra.

e The Vessiot Lie algebra is isomorphic to the (n? + n)-dimensional Lie algebra of

the affine group.

In this case » = n? + n and using the general theory one can see that m = n 4 1

and the equality » = mn also follows.
The superposition function ® : R*("+1) 5 R” js

x=®(ur, ..., Upt1;k1,- . kn) =ur +ki(us —ur) + -+ kp(tpge1 —ur),
i.e. the general solution can be written in terms of n + 1 generic solutions as:

D(z(1), - Bnt)i ks kn) = 2y + Ra(e) —2) + 0+ En(Tern) — )

11



B) The Riccati equation (n = 1)

da(t)
dt

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

= az(t) 2%(t) + a1 (t) z(t) + ao(t) .

Tom mom
Xr — To T3 — X2

or in other words,

(1) = x1(t) (23(t) — 2o(t)) + k2o (t)(x1(t) — 23(t))

(23(t) — 22(1)) + K (21 (t) — 23(t)) ’

i.e. the superposition rule involves three different solutions, m = 3. The value

k = oo must be accepted, otherwise we do not obtain the solution zs.

The vector fields Y1), Y2 and Y3 are given by

1o} 0 0
yh 2 y@_,p 2L yB 22
ox’ T or Y o

that close on a three-dimensional real Lie algebra, i.e. » = 3, with defining relations

[Y(l)7 y(2)} =y, [y(l)’ Y(3)] =2y @ [y(2)’ Y(?’)] —vy®

Then, the associated Lie algebra is sl[(2,R).

12



C) Lie—Scheffers systems on Lie groups

Consider the set of right—invariant vector fields in G spanning the opposite of the
Lie algebra g. Similarly can be done with the set left—invariant vector fields in G, i.e.
the Lie algebra g.

If {a1,...,a,} is a basis for the tangent space T.G and X[ denotes the right-
invariant vector field in G such that X[(e) = a,,, a Lie-Scheffers system is

== ba(t)XE(g(1)) -
a=1
When applying (Rg(4)-1).g(+) to both sides we obtain the equation on T.G
(Ry(y-1)wg(t) (9 Z ba(t)ag (s5)
This right-invariant equation is usually written with a slight abuse of notation:
(G97)() == balt)a
a=1

If g(t) is a solution of (**) with initial condition §(0) = e, the solution g(t) with
initial conditions g(0) = g is given by g(t)go.

13



Moreover, there is a superposition rule ® : G x G — G involving one solution. If
gp is a particular solution, then its general solution is g(t) = g,(t) go, i.e., there is a
superposition rule

(g, 90) = 9 go-

D) Lie-Scheffers systems on homogeneous spaces for Lie groups

Let H be a closed subgroup of G and consider the homogeneous space M = G/H.
If 7 : G — G/H is the natural projection, the right-invariant vector fields X[* are
T-projectable and the 7-related vector fields in M are the fundamental vector fields
—X, = —X,, corresponding to the natural left action of G on M, 7,,X%(g) =
—X4(gH), and we will have an associated Lie—Scheffers system on M

X(@t) = 3 ba(t)Xa(x) .
a=1

Therefore, a solution of this last system starting from z¢ will be: xz(t) = ®(g(¢), xo),
with g(t) being a solution of (**) starting from e € G, g(0) = e.

The converse property is true: The complete vector fields of the Lie algebra g of a
Lie system can be seen as as fundamental vector fields relative to an action.

14



The reduction method

The important ingredient is an equation on a Lie group
gt)g(t) ™ =a(t) = = ba(t) aq € T.G ,with g(0) = ¢ € G. ()
a=1

It may happen that the only different from zero coefficients b,, are those corresponding
to those a, of a Lie subalgebra fh of g. Then the equation reduces to a simpler

equation on a Lie subgroup, involving less coordinates.

The fundamental result is that if we know a particular solution of the problem asso-

ciated in a homogeneous space, the original solution reduces to one on the subgroup.

Let us choose a curve ¢'(t) in the group G, and define the curve g(t) = ¢'(t)g(t). If

g(t) is a solution of (), then g(t), is solution of a new Lie system.

Indeed,

T

Rg()-1550) (1) = Ry —1(ygr (9 (9’ (1)) — Z ba(t)Ad (¢'(t))aq -

a=1

15



This defines an action of the group of curves in GG on the set of Lie systems on the

group. This can be used to reduce a given Lie system to a simpler one.

The aim is to choose the curve ¢’(t) in such a way that the new equation be simpler.
For instance, we can choose a subgroup H and look for a choice of ¢/(t) such that
the right hand side lies in T, H, and hence g(t) € H for all t.

If U: Gx M — M is a transitive action of G on a homogeneous space M, identified
with G/H by choosing a fixed point zq, then the integral curves starting from the
point z( associated to both Lie systems are related by

z(t) = U(g(t), m0) = V(g (t)g(t), 7o) = V(g (1), x(t)) -

Therefore, this gives an action of the group of curves in G on the set of associated

Lie systems in homogeneous spaces.

The important result is that the knowledge of a particular solution of the associated

Lie system in G/H allows us to reduce the problem to one in the subgroup H.

16



The Abel equation and Quasi-Lie systems

In order to deal with the Abel equation of the first kind:
= Ao(t) + A1 (t)x + Aa(t)2® + As(t)a?
the theory of Lie systems must be generalised.

Note that then the linear space
o 0 0 0
Vabel(R) = { =—, 20—, 22—, 23— ).
Aver (R) <8x’z8x’x oz’ " 8x>
is not a finite dimensional real Lie algebra because

{an 33} , 0

5 | = o

9z’ " Bz

Let us remark that the vector fields X1, ..., X, of the (Guldberg-Vessiot) Lie algebra
of Lie Theorem play a double role: on one side as generators of a Lie algebra with
an associated Lie group G, and on the other one, as defining the dynamics.

17



The important fact was that the group G of curves in GG transforms elements of the

Lie family among themselves, and that this fact may be used to simplify the problem.
This fact admits the following generalisation:

e The dynamics is, as before, X = Zb t) X, but the vector fields X, do not
close on a finite-dimensional Lie subalgebra anymore but only span a linear space.

e There is a Lie algebra W of (complete) vector fields {Y, | a = 1,...,1} such that

(Yo, Xa ana

In this case the group G of curves in the group corresponding to the Lie algebra W
also transforms each element of the family of systems into another one.

Appropriate curves can lead to simpler systems, e.g. when the image is included in
a finite-dimensional Lie algebra, reducing the system to a Lie system.

18



As an instance, for the Abel equation we should determine a Lie algebra W leaving
invariant Vapel (R), i.e. such that [W, Vapel] € Vabel. A simple exercise shows that

0 0
Wabel = <8az’x8x> .

We find in this way the Lie group G called structure preserving group, which turns
out to be the affine group in one dimension.

Correspondingly, the set of first order Abel equations of the first kind is invariant
under the group G of curves in G, i.e. that of all transformations of the following
form:

z(t) = a(t)z(t) + B(t),  alt) #0,

The same procedure can be used to show that Wape (R) defines also the structure

preserving group for generalised Abel equations of the first-kind, i.e.

dx n
i Ao(t) + -+ Ap(t)a".

19



The action of the group of curves in the set of systems produces orbits characterised
by different values of invariant functions, i.e. equivalence classes of Abel equations

with the same properties of integrability or existence of superposition rules.

In some cases our systems belongs to an orbit containing a Lie system and therefore
our problem can be related to a Lie system. This is the idea of the so called quasi-Lie

systems

The theory has been fully developed for Abel equations, and it is mainly based on
the determination of the Lie algebras contained in Ve reachable by the set of such

transformations.

Observe that the coefficient of X3 cannot be transformed to to be zero!. This result

is a clear consequence of that Wanea C VRice-

In previous papers we have analysed other classical examples of quasi-Lie systems such
as dissipative Milne—Pinney equations, nonlinear oscillators and Emden differential

equations.

20



We only mention the classical nonlinear oscillator proposed by Perelomov whose

evolution equation is given by
Z=0b(t)x+c(t)z™, n#0,1,

and we consider the corresponding system

{i bty + (i)

described by the t-dependent vector field

0 O
X, = Von + (b(t)x + c(t)x )%,

which can be written as a linear combination
Xt = b(t)Xl + C(t)Xg + X3

with 5 5 5
X)=2—, Xo=a"—, X3=v—
1 xav7 2 X 8’1}7 3 U@:c’
where the linear space V' = (X1, X2, X3) is not a Lie algebra, because [ X2, X3] ¢ V.
Moreover, there is no finite-dimensional Lie algebra including V', therefore it is not
a Lie system.

21



Let us define the linear space V generated by V' together with

0 0
X = UV— X = r—
4 U(%’ 5 xaxv
and take the linear subspace W C V generated by
0 0 0
Yl—X4—'U%, }/‘Q—Xl—l'%, }%—Xs—l'%

Such W is a solvable Lie algebra of vector fields,
V1, Yo] ==Y, [V1,%]=0, [¥2,Y3]=-Ya,

and taking into account that

[}/17X2] = —Xo, [Yl,Xg] = X3, [}/'27X2] =0,
[Yo, X3] = X5 — X4, [V3,Xa] =nXy, [V3,X3]=—X3,

we see that V' is invariant under the action of W, i.e. [W,V] C V.
In this way we get the quasi-Lie scheme S(W, V).

Therefore we can consider the set of transformations

/

x="(t)x

gla(t), B(t),7(t) = {U = a(t)v + B(t)z’

22



with
a(t),v(t) > 0,a(0) =~(0) =1,5(0) =0

which lead to the new system

de’ 1 o
a2
% = (’72(t) ( ) - ")'/(t)’y(t))x’ + C(t)’y”+1(t)x/n7

which are related to the second-order differential equations

Y (£)i' = =29(O)F (1) + (v ()b(E) = F(E)y(B)a" + ()Y (t)a"

We can try to transform a particular instance of such systems into a first-order differ-

ential equation associated with a nonlinear oscillator with a zero angular frequency

dx’

ditl = f(t)Q,
(filt = f(t)eoz™,
related to the nonlinear oscillator
A2z’ p—

23



with dr/dt = f(t).
The conditions ensuring such a transformation are

YOB(E) —H() =0, ct) = coy "I (1),

with f(t) = vy 2(t), where 7, is a non-vanishing particular solution for ~(t)b(t) —
(1) = 0.

The same scheme works for the case of the Hamiltonian

n

H(t) := % Z (p? + w?(t)a?) + c(t)U(z1, ..., 2y)

i=1
where c(t) # 0 and w?(t) are two real functions and U(z1,...,x,) is a potential

function given by an homogeneous polynomial of order k in the position coordinates.

More explicitely, the dynamical vector field is

N~ 0 ey 2 OUN O
X0 =Y (e + (~w0m— 030 ) ).

i=1

which can be written as a linear combination

Xt = b(t)Xl + C(t)X4 + Xd

24



where b(t) = —w?(t) and

) 1 d ) S
Xlizmzaipl, XQQZ(IZGQ}Z plapl>a X3:Zp1%7
=1 i=1 i=1

which close on a Lie algebra structure because

(X1, Xo] = —Xa, [X1, X3] =2X5, [X, Xs] = —Xi,

and

Z oUu 0
dx; Op;’
with [X1, X4] =0 and, as U is assumed homogeneous of order k, therefore OU/Jz;

is homogeneous of order k — 1, the additional commutation relation

1< g ou 9
X Xa) = [22 (m oz, Dops ) Z < Jz 3173‘]

=1
oU oU 0
3 Z ( o (5) +ax].) ap,

This shows that a possible quasi- Lie scheme is defined by V' = (X, X5, X3, X4)
and W = (X1, Xo).

25



Structure preserving Lie systems

There are particularly interesting cases in which the manifold M is endowed with
additional structures. For instance, let (M,) be 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 Lie group G on (M, ).

The Hamiltonian functions of such vector fields, defined by i(X,)Q2 = —dh,, do not

close on the same Lie algebra under Poisson bracket, but we can only say that

d ({hou hﬁ} - h[Xo“Xﬁ]) = O )
and then they span a Lie algebra extension of the original one.

The important fact is that we can define a ¢-dependent Hamiltonian

he =" ba(t) ha,

26



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

As an example we can consider the differential equation of an n-dimensional
Winternitz—Smorodinsky oscillator of the form

ii = Di, 1
. 1=1,...,n.
pi = —w(t)zi+ 3,

€T

which describes the integral curves of the ¢t-dependent vector field on T*R"
= ) kY 0
X = P — 2 t i - - ,
' i—zl|:pazi+( o) +$§’> 3101}

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

X1=- o 2T in—t o], Xz= im— —DPim— |-

1 ;x Ips : ; (p ox; + x3 6pi> ? ; (m Ox; p 8pi>

Note that X, is a Lie system, because X7, X2 and X3 close on a s((2,R) algebra:
[X1, Xo] = =X, [X1, X3] = Xi, (X2, X3] = —Xo.

27



Moreover, the preceding vector fields are Hamiltonian vector fields with respect to
n

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

i=1

h12%2x?, hzZ;Z(?‘F;)v hy =) wipi
i=1 =1

7

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

Consequently, every curve h; taking values in the Lie algebra (W, {,-}) spanned by
hi,ho and hg gives rise to a Lie system which is Hamiltonian in T*R"™ with respect
to the symplectic structure wy in such a way that

Xi = Xo + ()X, = &y *(dha + w?(t)dhy),
i.e. the Hamiltonian is hy = ha + w?(t)hy.

We can go a step further and consider Lie systems in (may be degenerate) Poisson

manifolds, or even more generally in Dirac manifolds.



Geometric approach to Quantum Mechanics

The Schrédinger picture of Quantum mechanics admits a geometric interpretation

similar to that of classical mechanics.

A separable complex Hilbert space (#, (-, )) can be considered as a real linear space,

to be then denoted . The norm in H defines a norm in Hg, where ||9||r = ||¢||c.

The linear real space Hg is endowed with a natural symplectic structure as follows:

W(T/fl, 7;[}2) =2 Imag <wla 'l/}2>

The Hilbert Hg can be considered as a real manifold modelled by a Banach space

admitting a global chart.

The tangent space TyHr at any point ¢ € Hg can be identified with Hg itself: the
isomorphism associates 1) € H with the vector ) € T4 Hr given by:

i) = (orm) . vreceom.



The real manifold can be endowed with a symplectic 2-form w:

wy (1), 9) = 2Tmag (1, ¢') .

One can see that the constant symplectic structure w in Hg, considered as a Banach
manifold, is exact, i.e., there exists a 1-form 0 € /\1(HR) such that w = —d60. Such
a 1-form 0 € \'(H) is, for instance, the one defined by

0(¢h1)[tha] = —Tmag (Y1, ¥o).
This shows that the geometric framework for usual Schrédinger picture is that of
symplectic mechanics, as in the classical case.

A continuous vector field in Hg is a continuous map X : Hrg — Hg. For instance
for each ¢ € H, the constant vector field X, defined by

X4(¢) = ¢,
It is the generator of the one-parameter subgroup of transformations of Hg given by

B(t, ) = +1 0.

30



As another particular example of vector field consider the vector field X 4 defined by

the C-linear map A : H — H, and in particular when A is skew-selfadjoint.

With the natural identification natural of THg ~ Hg x Hg, X4 is given by
XA:¢)l—> (¢,A¢) € Hr X Hr .

When A = I the vector field X is the Liouville generator of dilations along the
fibres, A = X, usually denoted A given by A(¢) = (4, ¢).

Given a selfadjoint operator A in H we can define a real function in Hg by

a(¢) = (¢, ).

a=(A,Xa).
Then,
dag() = (6 + t)eco = 5 ({6 + 16, A + 1))y
= 2Re (1), Ap) = 2Tmag (—i Ag, V) = w(—i Ag, ).
If we recall that the Hamiltonian vector field defined by the function a is such that
for each ¢ € TyH = H,
day (V) = w(Xa(0),¥),

31



we see that
Xa(p) = —iAg.

Therefore if A is the Hamiltonian H of a quantum system, the Schrédinger equation
describing time-evolution plays the réle of ‘Hamilton equations’ for the Hamiltonian
dynamical system (H,w, h), where h(¢) = (¢, Ho): the integral curves of X, satisfy

¢=Xn(¢)=—iHo.

The real functions a(¢) = (¢, A¢) and b(¢) = (¢, Bp) corresponding to two selfad-
joint operators A and B satisfy

{a,b}(9) = —i (6, [A, Blg).
because
{a,0}(9) = [0(Xa, X)](6) = wo(Xa(6), Xp(0)) = 2Tmag (A0, Be),
and taking into account that
2Imag (A6, Bé) = —i[{A, Bo) — (Bo, Ad)] = —i[(p, ABS) — (6, BAY)].,

we find the above result.

32



In particular, on the integral curves of the vector field X}, defined by a Hamiltonian
H,
a(¢) = {a,h}(¢) = —i(¢, [A, H]p),

what is usually known as Ehrenfest theorem:

d .
%<¢7A¢> =1 <¢7 [A’ H]¢> :

There is another relevant symmetric (0,2) tensor field which is given by the Real
part of the inner product. It endows Hg with a Riemann structure and we have also

a complex structure J such that
g(v1,v2) = —w(Jvy,v2), w(v1,v2) = g(Juy,v2),
together with
g(Jv1, Jue) = g(v1,v2), w(Jv1, Jug) = w(vy,v2) .
The triplet (g, J,w) defines a Kahler structure in Hg and the symmetry group of
the theory must be the unitary group U(H) whose elements preserve the inner prod-

uct, or in an alternative but equivalent way (in the finite-dimensional case), by the
intersection of the orthogonal group O(2n,R) and the symplectic group Sp(2n,R).
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The time evolution from time ¢y to time ¢, even in the non-autonomous case, is

described in terms of the evolution operator U(t,to):

¥(t) = U(t, to)y(to).
It must be a symmetry of the theory, i.e. for each fixed tg, U(t, %) is a curve in the
unitary group U(H).
Assume by simplicity that # is finite-dimensional, and then as

dU (t, o)
dt

dU (t, o)

T,
€ Tut)UH) = i

(U(t,to)) ™" € TIU(H) ~ u(H),
and therefore, there exists a curve H(t) in Herm(n, C) such that

dU (¢, o)

S = (1) Ut to).

In this equation H(¢) does not depend on ¢y because of the relation
U(t,to) =U(t, t1)U(t1,to),
which implies

dU (t, o)
dt

dU(t 1)

R )

(Ut to) ™



This is a Lie system in the unitary group U(H) with associated Lie algebra u(#) in

the most general case. Sometimes however we can deal with some of its subalgebras.

Every curve H(t) in u(H) can be written as a linear combination of at most n?
elements, those of a basis of u(?{), and therefore these (finite-dimensional) quantum

systems are Lie systems.

As the elements of the Vessiot-Guldberg Lie algebra are skew-Hermitians, all of them
define simultaneously Hamiltonian vector fields and Killing vector fields, and the

system is a Lie-K&hler system.

As an example consider a Hamiltonian operator H(t) that can be written as a lin-
ear combination, with some ¢-dependent real coefficients by (¢),...,b.(t), of some

Hermitian operators,
H(t) = bi(t)Hy,
k=1

where the Hj form a basis of a real finite-dimensional Lie algebra V' relative to
the Lie bracket of observables, i.e. [H;, Hy] = Y ,_,icjuH;, with ¢ € R and
Bk=1,...,r.
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It determines a ¢-dependent Schrddinger equation

&y RS
— = HHY =i ;bk(t)sz/z.

The vector fields X such that Xy (v)) = —i Hy 1) are such that the ¢-dependent
vector vector field X corresponding to the equation is X = >~} _; bi(t) Xy and

T

[vaXk]:*ZCjkzXl, g k=1,...,7
1=1

As an instance, if H = C?, the time evolution is described by a curve —iH(t) =
U,U; " in the Lie algebra u(2) of U(2). Using the basis

10 0 1 0 —i 1 0
e U R ) B () N O

and denoting S = (01,02,03)/2 and B := (By, B, Bs), the Hamiltonian can be
written as
H(t) := Bo(t)Iy + B(¢) - S.

36



Using the identification of C2 with R*, the Schrddinger equation is

q
po|_1
g | 2
D2

0 2Bo(t) + Bs(t)
—2By(t) — Bs(t) 0
Bz(t) Bl (t)
=B (1) Bs(t)

while the vector fields are now

satisfying

[Xo,-] =0,

Xo
X
Xs

X3

—Ba(t)
—Bi(t)

0

Bs(t) — 2Bo(t)

Bi(t)
—Bs(t)
2By (t) — B3 (t)
0

I R N )
b1 dq q1 o1 b2 00 Q2a "
a0t 9 83
2 D2 aql q2 (9}71 D1 3(]2 q1 ap2 s
RS R B B
- 3 q2 o b2 o1 q1 94 D1 O ,
R 9 3)
B b1 o q ap b2 04 q2 O )
(X1, Xo] = — X3, (X2, X3] = — X1, (X3, X1] = —X>

q1
P1
q2
P2



The vector fields Xg, X1, X5, X35 are Hamiltonian with Hamiltonian functions given
by

ho() = 3{(¥,9) = 3(af +pi + a3 +p3),
hi(d) = 5, 819) = 3(q1g2 + p1p2),
hao(¥) = 3(,829) = (@1p2 — Pr1a2),
hs(¥) = 3(¥,839) = 3(af +p} — @ — p3).

hi, ha, h3 are functionally independent, but h3 = 4(h? + h3 + h3).

When H is not finite-dimensional Lie system theory applies when the ¢-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.
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On the other hand, as the fundamental concept for measurements is the expectation

value of observables, two vectors 11 and 15 of H such that

(a2, Atha) (b1, A¢n)
(2,12) (Y1,91)

should be considered as indistinguishable.

VA € Her(H),

This is only possible when )5 is proportional to 11, and therefore we must consider

rays rather than vectors the elements describing the quantum states.
The space of states is not C" but the projective space CP" .

It is possible to define a Kihler structure on CP" ! and therefore to study Lie-Kzhler
systems leading to superposition rules and to study time evolution in this projective
space.

As an example of application of the theory of quasi-Lie schemes to a quantum case
let us consider the quantum version of the anharmonic oscillator model proposed by

Perelomov: a t-dependent Hamiltonian Hermitian operator in £2(R™) of the form

IR " -
: 52 P2 +w?(t)Z7) + c(U(Z1,. .., Tn),
i=1
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where c(t) # 0 and w?(t) are two real functions, Z; and p; are the usual operators

N N oY
() = wb(e), P = —ige,
€L
and U(Z1,...,T,) is a quantum potential determined by an homogeneous polynomial
of order k depending on the position operators Ty, ..., Ty, i.e. UAZ1,...,\T,) =

NeU (21, ..., 2,) for every X € R.

Perelomov left as an open problem to look for a quantum analogue of his results in
the classical case.

We show next how to use a quasi-Lie scheme in this quantum case of a ¢-dependent

Hamiltonian operator —iH (t).

We consider the linear spaces V := <iﬁ1,iﬁ2,iﬁ3,iﬁ4> and W := <iﬁ27iﬁ3>, with

n noo~
1 2

n ~9
= S SR = PN ~ ~
H, = E %, Hy = - E (T:pi+pis), Hs:= E ?Z, Hy:=U(21,...,%n).
i=1

4

i=1 i=1

It is easy to check that W and V are finite-dimensional linear spaces of skew-

Hermitian operators such that:
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° [ifb,iﬁﬂ = iH3, and then the space W is a real Lie algebra of skew-Hermitian

operators.
e The following commutation relations are true:
[iH,,iH,] = —iH], [iHs,iH,] = —2iH,, [iHs,iH4) =0,

and it is also possible to check that because the assumed homogenity property of V/
[iH,,iH,] C V, and therefore the pair(W, V) defines a quantum quasi-Lie scheme
S(W,V) such that —iH (t) € V(R). In fact, as [;,p;] =il for j =1,...,n, then

ﬁjfl,'\j = /.’I?\j{D\j — il and

n n
N @by +5iE) =2 @555 —inl.

j=1 j=1
Consequently,
1| R i~ U N
[iHy,iHy) = ~3 Z:c 0, U(Z1,...,Tp) :5230]%(%,...,:0”),
= =
and therefore [iﬁQ,iﬁgj = %kfi because of the Euler’s homogeneous function

theorem.
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Lie Systems and Schrodinger equation

A linear SODE in normal form ¢ = by(x)¢ + ba(x)¢’ can be written in the form of

a system of two first-order differential equations in the variables (vg, ¢):

{v;, = ba(z)vy + bi(x)e
o = vy

Identifying R? with TR, (v, ¢) are bundle coordinates, the preceding system deter-

mines the integral curves of the z-dependent vector field
Doy’
which is said to be a SODE vector field because of the coefficient of 9/9¢.
The linear system determining its integral curves is
vy, _ [ b2z) bi(z) Vg
o 1 0 ¢ )
The projection onto R of such curves are solutions of the differential equation

¢" =bay(2)¢ + bi(z).
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We are mainly interested in equations of Schrodinger type, those with by (z) = 0.

The corresponding vector field is a linear combination X = by (x)X; — X3 where

0 0

X1 =0 — Xa = —v —
1 81)@5) 3 U¢a¢7

which together with
1 0 0
Xo == (v — p—
275 (”d’a% ¢a¢) ’
close on a Lie algebra isomorphic to sl(2, R):
(X1, X3] =2 X, (X1, Xo] = X7, [X3, Xo] = —X35.

Therefore Schrodinger type equations and the corresponding linear systems are Lie
systems with Vessiot-Lie algebra s((2, R).

Vector fields X1, X5 and X3 are fundamental vector fields corresponding to the linear
action of SL(2,R) on R2.

The map F : R?2 — R defined by F(,y) = z/y is equivariant with respect to the the
restriction of the linear action ® of SL(2,R) on R? and the action ¥ of SL(2,R)
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on R, or even better on the real projective line RP! = R = R U {oo}, by linear
fractional transformations, i.e. ¥ : SL(2, R) x RP! — RP! is defined by

_au+f ) 1)
U(A,u) = popay 2 if uws#——,
U(A,00) = 2, \II<A,5)OO,
v Y

A = (?y‘ ?)eSL(Q,R).

Equivariance means that F o ®4 = U4 o F. The corresponding fundamental vector
fields of the action ¥ are now

yl:%’ YQZU%7 Y3:u2%7
and as I is equivariant, the fundamental vector fields associated to ® and W are
F-related, i.e. X; = F.(X;), i = 1,2,3, and then a system defined by the vector
fields X; is a Lie system corresponding to a Riccati equation.

The image under F' of an integral curve of the z-dependent vector field X =
b1(x) X1 + ba(x) Xo + bs(x) X3, which is a linear system, is an integral curve of
X = by(x) X1 + ba(w) X2 + bz(z) X3, i.e. a solution of the corresponding Riccati
equation.
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We can also consider a new vector field

1 0 0
Xy==(vo——+ p—
4 2(v¢8’0¢+¢)a¢)7
which commutes with X3, X5 and X3 and they generate the Lie algebra gl(2,R).

The integral curves of a generic Lie system with such a Vessiot-Lie algebra, namely
X =by(x) X1 + ba(z) Xa + bs(x) X3 + ba(x) X4, are determined by the system

<Z5%> N (é(b2(fl)7;(r£4(x)) é(bz(g(f)bzx(w))) <U£> '

Note also that X, = F.(X,) = 0. A SODE vector field is a particular case corre-
sponding to the choice b3 = —1 and by = by.

We can use that the group of curves in a Lie group G acts on the set Lie systems with
associated Vessiot-Lie algebra g to reduce a given Lie system to another one of the
same type. In our case, to relate Schrodinger type equations with different potentials
by means of curves in GL(2,R). This is the essence of Darboux transformation
method.
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The advantage to see Schrodinger equations as Lie systems with Vessiot-Lie algebra
gl(2,R) instead of s[(2,R) is that we can transform by curves which are in GL(2,R)
but not in SL(2,R).

Remark that if we are interested in taking into account the tangent bundle character

of TR, we should consider transformations induced from those of the base manifold.

So, given a strictly positive function ¢y we can associate the function ¢ with the

new function ¢ by means of ¢ = ¢ ¢. This induces a transformation
(%) _ (@o(x) 506(56)) (%) .
¢ 0 ¢o(x)) \ o
If ¢ is a solution of ¢ = by (x)¢ + ba(z)¢', then ¢ satisfies

o(2)¢" + (25 () — ba(z)p0 ()¢ + (£G — b1 (x)p0 — ba(x)p)d = 0,

and then when () is a particular solution of the given equation, the transformed
equation reduces to ¢o(7) ¢ + (2} (x) — ba po(x))¢’ = 0, in which the dependent
variable ¢ is absent, which is quickly integrated by order reduction.
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This is an explicit example of reduction procedure for Lie system when a particular

solution is known.

The transformation ¢ = @ ¢ is very useful in factorization problems, the differen-
tial operator 9/0x becoming a ladder-like operator 9/9z — ¢ /. This allows to
introduce factorisable Hamiltonians, their partners leading to supersymmetric quan-
tum mechanics and interesting relations among their spectra, in particular special
methods for introducing or removing eigenvalues and eigenstates.
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