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Abstract

After a quick presentation of our common work for more than thirty years, some
results and recent progress about two common research lines, Lie-Scheffers systems

and Geometry of Quantum Mechanics, will be described
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Motivation: A long scientific collaboration

| met Beppe by the first time, 30 years ago, during the 1st Workshop on Diff. Geom.
Methods in Classical Mechanics at Ghent University and our scientific collaboration

is more than 20 years long

g




This was the starting point for a fruitful collaboration along the series of Workshops

on Diff. Geom. Methods in Classical Mechanics:
Jaca,

Ferrara,

Trieste

Windsor

Stirling,

El Escorial (including a visit to Segocia),

Levico(2010)












As our collaboration has covered many different subjects of Mathematical Physics, |

only will show you first some coworked papers and then...

| will fix my attention on two specific problems in which Beppe’s motivation has been

crucial for me:
e A) Theory of Lie systems and its applications

e B) Geometric approach to Quantum mechanics
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Lie—Scheffers systems: a quick review

Lie—Scheffers systems = Non-autonomous systems of first-order differential equations

admitting a ...

Superposition rule: a function ® : R*™+) 5 Rz = ®(uy,. .., um;k1,...,kn),

u, € R™, 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}(x. 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 homogeneous linear systems

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

ii) The function ® is nonlinear in this more general case
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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 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
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Lie-Scheffers theorem

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

tions )
dz’ -
CZ = Xzt 2™t), i=1...,n,
a 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
(E(t) = (P(',I:(l)(t)7 < Tim)(t)s kl? ceey k’n) ;
with {x,)(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’ L\ gi AP .
LS ME@ e+ 2 WG @, =1,
where Z1, ..., Z", are r functions depending only on t and &, a =1,...,r, are
functions of x = (x',...,2"), such that the r vector fields in R™ given by
- 0
Xazzz_;ﬁé(xl,...,x")@, a=1,...,m,
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close on a real finite-dimensional Lie algebra, i.e. the X, are li. and there are

r3 real numbers, cap”, such that

Xa,Xg ang

The number r satisfies r < mn.

The solutions of the system are the integral curves of the ¢t-dependent vector field

L )
=Y X'tz
=1

and the condition of the theorem is that X (z,t) be a linear combination

=3 2°(t) Xo(a)
a=1

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

one for each value of ¢.

Definition. The minimal Lie algebra of a given a t-dependent vector field X
over M 1is the smallest real Lie algebra, VX, containing the vector fields { X; }ier,
namely VX = Lie({ Xt }ter)-
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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} C T.M, and X also gives rise to a generalised co-distribution
VizeMw—V, CT*M, where V, = {w, | w.(Yz) =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:
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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, 1s a family of fist integrals of X. Additionally,
the space I |y of first-integrals of the system X over an open U of M, can be

put in the form

¥y ={geC®U)|IF:UCR"* SR, g=F(f1,..., fai)}

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™+ is the t-dependent vector field X over M™ ! such that

0O X projects onto X by the map pr : (z(g), ..., T(m)) € ML Ty € M,
that is, pr*)? =X.
O X is invariant under permutation of the variables x(;y <> x5y, with i,j =

0,...,m.
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The procedure to determine superposition rules described is:

i) Take a basis X1,...,X, of the Vessiot—Guldberg Lie algebra V' associated with
the Lie system.

ii) 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.

ii) Obtain n common first-integrals for the diagonal prolongations, )~(1, oo, X, to

M™*L (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.
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Some particular examples

A) Inhomogeneous linear systems:

) =Y A(t)a’ +B'(t), i=1,...,n.
j=1

It is related with the (n? + n)-dimensional Lie algebra of the affine group..

In this case 7 = n? +n and m = n + 1 and the equality » = mn also follows. The
superposition function ® : R*("t1) 5 R js:

T = <I>(u1,...,un+1);k1,...,kn) = U +k‘1<U2 —ul) +-~-+kn(un+1 —ul).

B) The Riccati equation (n = 1)

dx(t)
dt

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

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

r — 2 T3 — T
SR
r — X9 T3 — T
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or in other words,

2(l) = 1 (8) (w3 (t) — 22(t)) + k 2a(t) (21 (t) — 25(t))
(23(t) — 22(t)) + k (21 (2) — 23(t))

The value & = oo must be accepted, otherwise we do not obtain the solution x5.

The associated Lie algebra is s[(2,R).
C) Lie-Scheffers systems on Lie groups

Consider a basis of are eitherleft—invariant (or right—invariant) vector fields X, in G

as corresponding to the Lie algebra g of G or its opposite algebra.

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()X T (g(1))

When applying (Ry()-1).g(+) to both sides we obtain the equation on T.G

(Ry(t)-1)xg(t) (9 Zb Jaa ,  (¥%)
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This is usually written with a slight abuse of notation:

G97(B) == ba(t)aa -

Such equation is right-invariant. Then,

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

Moreover, there is a superposition rule & : G x G — G involving one solution

®(g,90) = 9 9o-

This example is very useful because there are many other examples related with them

as explained next.

36



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.
The right—invariant vector fields X[ are 7-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.

TegXa(9) = —Xal9H) ,

and we will have an associated Lie-Scheffers system on M:
X(z,t) = z’“: ba(t) Xao(x) .
a=1
Therefore, a solution of this last system starting from zq will be:
z(t) = ®(g(t), zo) ,
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 which can be found by integrating the vector fields.

37



The reduction method

Given an equation on a Lie group

r

gt g() " =a(t) = = ba(t)as € T.G (o)

a=1

with ¢(0) = e € G, it may happen that the only nonvanishing coefficients are those
corresponding to a subalgebra ) of g. Then the equation reduces to a simpler equation

on a 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) by g(t) =
g'(t)g(t). The new curve in G, G(t), determines a new Lie system.
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Indeed,

s

R@(t)*l*g(t) @(t)) = Rg’*l(t)*g'(t)(g/(t)) - Z ba(t)Ad (g’(t))aa s

a=1

which is an equation similar to the original one but with a different right hand side.

In this way we can define an action of the group of curves in the Lie group G 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 ¢’(¢) 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 :G x M — M is a transitive action of G on a homogeneous space M, which
can be identified with the set G/H of left-cosets, by choosing a fixed point xq, then
the integral curves starting from the point xq associated to both Lie systems are

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

Lie systems in homogeneous space s.

More explicitly, if we consider ta curve ¢'(¢) in the group, the Lie system transforms
into a new one

in which
b=Ad(g'(t)b(t)+4' g~ .

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.

Theorem: Fach solution of (e) on the group G can be written in the form
g(t) = g1(t) h(t), where g1(t) is a curve on G projecting onto a solution §1(t)
for the left action A on the homogeneous space G/H and h(t) is a solution of an

equation but for the subgroup H, given explicitly by

(hh™)(t) = ~Ad (g (Zb (9197 )(t)) €T.H.
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Structure preserving Lie systems

There are particularly interesting cases in which the manifod 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 when the Poisson bracket is considered, but we can
only say that

d ({hou hﬁ} - h[XowXﬁ]) =0,

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,
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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.
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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(?‘ng)v hy =) wipi
i=1 =1

7

which obey that
{h1,ha} = hs, {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, = & *(dha + w?(t)dhy),

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

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 field 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(@)(8) = A, )
In particular, if f1, fo € C°(M), we define the Poisson bracket {f1, fa} by

{f1, fo} = A(dfr, df2),

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

Schouten bracket condition

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

{f9.h} ={f.htg+{g.h}f, V[ g,h e C*(M).
Consequently, the above Lie bracket becomes a derivation in each entry: given a
function f € C°°(M), there exists a vector field X over M such that X;g = {g, f}
for each g € C°(M), i.e. X; = A(—df). T he vector field X; is called the
Hamiltonian vector field associated with f. The Jacobi identity for the Poisson

structure entails that

X{fvg}:_[XﬁXg]a Vf,gECOO(M).
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In other words, the mapping f +— Xy is a Lie algebra anti-homomorphism between
the Lie algebras (C>*(M), {-,-}) and (T'(ar), [+, ])-

Equivalently, A o d : C°°(M) — Xy (M, A) is a Lie algebra homomorphism.

Definition. The elements of the kernel of the previous homomorphism are called

Casimir functions. The set of such Casimir functions will be denoted C.
This can be summarising by saying that the following sequence is exact:

0—=C——=C®(M) 2L x4(M,A) —=0

Definition. A Lie-Hamiltonian structure is o 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({h:}ter) is a finite-dimensional real Lie algebra.

Definition. A t-dependent system X on M is said to admit a Lie—Hamilton
structure if there exists a Lie—Hamiltonian structure (M, A, h) such that X; €

~

A(—dhy), for every t € R. The triple (M, A, X) is called a Lie-Hamilton triple.
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There is a generalization to the framework of Dirac manifolds. Recall that a Pon-
tryagin bundle PN is a vector bundle TN @5 T*N on N and that an almost-Dirac
manifold is a pair (N, L), where L is a maximally isotropic subbundle of PN with
respect to the pairing

1 _

(Xe + azan +ag) = 2(6‘L(X1) + sz (Xe)),

where X, + a,, X, + @, € T,N ®@ TN = P.N, i.e., L is isotropic and has rank
n =dimN.

A Dirac manifold is an almost-Dirac manifold (N, L) whose subbundle L, its Dirac

structure, is involutive relative to the Courant—Dorfman bracket, namely

[X +a, X +a]lc = [X,X]+ Lxa — tgda,
where X + a, X +a € I'(TN @n T*N).
A vector field X on N is said to be an L-Hamiltonian vector field (or simply a
Hamiltonian vector field if L is fixed) if there exists an f € C°°(N) such that
X +df e T(L). In this case, f is an L-Hamiltonian function for X and an admissible

function of (N,L). Let us denote by Ham(N, L) and Adm(XV, L) the spaces of
Hamiltonian vector fields and admissible functions of (N, L), respectively.
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The space Adm(N, L) becomes a Poisson algebra (Adm(N, L), -, {-,-}) relative
to the standard product of functions and the Lie bracket given by

{f7 fT}L = Xfﬂ
where X is an L-Hamiltonian vector field for f.

Moreover, if X and X are L-Hamiltonian vector fields with Hamiltonian functions f
and f, then {f, f} is a Hamiltonian for [X, X:

[X +df. X +df]]e = [X,X] + Lxdf —xd®f = [X, X] +d{f, f}r.

One can proceed in a very a similar way to the case of Poisson manifolds
See e.g.

Dirac—Lie systems and Schwarzian equations, J. Diff. Eqns. 257, 2303-2340
(2014) (JFC, Janusz Grabowski, Javier de Lucas and Cristina Sardén)
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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:

. d -
i) = (orm) . vreceom.
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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.
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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,
= %a(qb +t)i=0 = % (& + t, A( + t))] =0
= 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,

dag (1))

dag() = w(Xa(0), ¥),
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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.
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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 (¢, to) which, as it must be a symmetry
of the theory, is for each fixed ¢g a curve U(t, o) in the unitary group U(H). Assume
by simplicity that # is finite-dimensional, and then as

@ € Tyt U(H) = %(U(mto))*l € TyU(H) ~ u(H),

and therefore, there exists a curve H(t) in Herm(n, C) such that

dU (¢, o)

S = —H() Ut to).

In this equation H(t) does not depend on ¢y because of the relation

U(t,to) = U(t, t1)U(t1,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.
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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-Kahler 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] = > ,_; ¢jrH;, with ¢ji; € R and
Jokl=1,... "

It determines a t-dependent Schrédinger equation

dy .5
=iy =i ’;bk(t)ka.

The vector fields X}, such that Xy (¢) = —iHy 1 are such that the t-dependent
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vector vector field X corresponding to the equation is X =Y, _, b, (¢) X}, and

X5, Xe) = = Xp,ma = — Y emXe,  gk=1,...,r
=1

If # = C2, 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 10
w0 0) =) () e h)

and denoting S = (01,02,03)/2 and B := (By, Bs, B3), the Hamiltonian can be
written as
H(t) := Bo(t)Ip + B(¢) - S.

Using the identification of C? with R*, the Schrédinger equation is

g1 0 2Bo(t) + Bs(t) —Bs(t) B (t) q
]51 _ 1 7230 (t) - Bg (t) 0 *Bl (t) *Bg (t) P1
Go 2 Ba(t) B (t) 0 2Bo(t) — Bs(t)|| g2

D2 —Bi(t) Bs(t) Bs(t) —2Bo(t) 0 D2
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while the vector fields are now

Xo = —T=pig—qige +Pg; — o
X1 = 3 p2aiq1_612a%1+p13%2—ma%2 ;
Xy = % —Q2a%1—p23im+ma%2 +p18—22),
X = 3 (Pige; —dige —P2a0; T d2mm;
satisfying
[Xo,] =0, [X1,Xo] =X,  [Xo,X3]=-X1, [X3X1]=—Xo.

The vector fields X, X1, X2, X3 are Hamiltonian with Hamiltonian functions given

by

ho(¥) = 3(¥,¥) = 5(af + i + a3 +p3),
hi(y) = 3(,519) = 3(a1az + pip2),
hao() = 5(1,S29) = 3(q1p2 — P1g2),
ha(¥) = 3(,S3¢) = §(af +pt — @ — ).

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



When H is not finite-dimensional 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.

On the other hand, as the fundamental concept for measurements is the expectation

value of observables, two vector fields such that

(U2, Apo) _ (1, A%y Her(H)

(2,2) (1,91)

should be considered as indistinguishable. This is only possible when 5 is propor-

tional 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.
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