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Abstract. Some simple examples from quantum physics and control theory are used to
illustrate the application of the theory of Lie systems.

We will show, in particular, that for certain physical models both of the corresponding
classical and quantum problems can be treated in a similar way, may be up to the replacement
of the Lie group involved by a central extension of it.

The geometric techniques developed for dealing with Lie systems are also used in problems
of control theory. Specifically, we will study some examples of control systems on Lie groups and
homogeneous spaces.

1. Introduction: Lie systems. There exists a class of systems of time-dependent

first order differential equations
X3

(1) %:Xi(xl,...,x7l,t), i=1,...,n,
for which there is a function ® : R™("™+1) — R" such that the general solution can be
written as © = ®(x(1),..., Ty k1, ..., kn), where {z¢;) | j = 1,...,m} is any set of
particular but independent solutions of (1), and k1, ..., k, are n constants characterizing
each particular solution. These systems, to be called Lie systems, have been characterized
by Lie [19] and are receiving much attention in recent years, both in physics and in
mathematics [5-9]. From the geometric viewpoint, Lie systems correspond to t-dependent
vector fields which can be written as a linear combination, with ¢-dependent coefficients,
of a finite set of true vector fields closing on a finite-dimensional real Lie algebra [5, 7].
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A simple instance of Lie system is the linear system

n

dﬂ:i i ; .
(2) " =Y A (t)a), i=1,...,n,

j=1

for which the general solution can be written as a linear combination of n independent
particular solutions x(yy,..., 2y, i.e., & = ®(z(1), ..., T(ny, k1, .o k) = k1) + -+ +
kn (), and in a similar way, the general solution for an inhomogeneous linear system
can be written as an affine function of n + 1 independent particular solutions.

Another very remarkable example is the Riccati equation

dZ—(tt) = as(t) 22(t) + a1 (t) z(t) + ao(t),
for which the superposition formula comes from the fact that the cross ratio of four
different solutions is a constant, see, e.g., [10].

The main point is that Lie systems are always related with Lie systems on Lie groups
defined by right-invariant vector fields. Let G be a Lie group. If {a1,...,a,} is a basis of
the tangent space T.G at the neutral element e € G and XF denotes the right-invariant
vector field in G such that X(e) = a,, a Lie system on G will be written as

3) g(t) = =Y ba(t) X (g(t).

When applying (Ry#)-1)«g(+) to both sides we obtain

(4) (Rg(t)_l)*g(t) (g(t)) = - Z ba(t)aaa

which is usually written, with a slight abuse of notation, as
T
(@97 )#) == ba(t)aa.
a=1

This equation is right-invariant: if g(¢) is a solution with initial condition g(0) = e, the
solution with initial condition g(0) = go is given by g(t)go. Therefore, we only need to
find the solution of (4) starting from the neutral element.

Let H be any closed subgroup of G, M = G/H the corresponding homogeneous
space, 7 : G — G/H the natural projection, and ® : G x M — M the usual left action of
G on M. The right-invariant vector fields X are 7-projectable onto the corresponding
fundamental vector fields —X, = —X,_, i.e.,

Ty Xa(9) = —Xa(gH),
and therefore we have a Lie system on M = G/H associated to (3):

B(t) =) ba(t)Xa(z(t)),

where we denote © = gH € M. Then, the solution of this system starting from zq is
given by x(t) = ®(g(t), zo), where g(t) is the solution of (3) starting from the identity. In
this sense the equation (3) has a universal character, and it will have an associated Lie
system on each homogeneous space of G [7].
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Lie systems are of interest not only in the theory of differential equations but also
in other related fields. For example, they are important in classical or even in quantum
physics (for instance, in order to study the non-relativistic dynamics of a spin 1/2 particle,
when only the spinorial part is considered [5, 6]). Another field where Lie systems play
an important role is in geometric control theory.

The aim of this article is to illustrate these applications. Thus, after a brief account
of a generalization of the method proposed by Wei and Norman [6, 8, 12, 23, 24], to
be used later, we will study the particular case where the Lie systems of interest are
Hamiltonian systems as well, both in the classical and quantum frameworks. The the-
ory is illustrated through the particularly interesting example of generic classical and
quantum quadratic time-dependent Hamiltonians. In particular, we show that there ex-
ist t-dependent quantum systems for which one is able to write in an explicit way the time
evolution of any state of the system. The very simple case of both the classical and quan-
tum time-dependent linear potential will be explicitly solved. We will show as well the
use of the theory of Lie systems in geometric control theory, when dealing with drift-free
systems that are linear in the control functions. In particular, we will study from this
new perspective several well-known control systems: the robot unicycle [21], the Brockett
nonholonomic integrator [4] and its realization in the model of a hopping robot in flight
phase [20], and the kinematic equations of a generalization due to Jurdjevic [15] of the
elastic problem of Euler.

2. The Wei and Norman method. Let GG be a Lie group as in the previous section.
We are interested in finding the curve g(t) € G such that

(5) g g() ' == ba(t)aa,

with g(0) = e € G. We can use a method which is a generalization of the method proposed
by Wei and Norman, in order to find the time-evolution operator for linear systems of type
du (¢)
Cdt
with U(0) = I. The generalized Wei-Norman method consists of writing the previous

— HOU(®),

g(t) in terms of a set of second kind canonical coordinates,
= H exp(—vq(t)an) = exp(—vi(t)ay) - - - exp(—v,(t)a,),
a=1

and transforming the equation (5) into a system of differential equations for the v, (t),
with initial conditions v,(0) = 0, = 1, ..., r. Such a system is obtained from the
following relation:

(6) Zva(HeXp —vg(t adaﬁ) Zb

a=1 B<a
If the Lie algebra of G is solvable, the solution of the previous system can be obtained
by quadratures. If instead, the Lie algebra of G is semi-simple, then the integrability by
quadratures is not assured [6, 8, 12, 23, 24].
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3. Hamiltonian systems of Lie type. An interesting and important case occurs
when (M, Q) is a symplectic manifold and the vector fields in M arising in the expression
of the t-dependent vector field describing a Lie system are Hamiltonian vector fields
closing on a finite-dimensional real Lie algebra g. These vector fields correspond to a
symplectic action of a Lie group G with Lie algebra g on the symplectic manifold (M, Q).

The Hamiltonian functions h, of such vector fields, defined by i(X,)Q = —dhq, in
general do not close on the same Lie algebra g when the Poisson bracket is considered,
since we can only assure that

d({hashs} — hiap) =0,

and therefore, they span a Lie algebra extension of the original one.

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 T4H at any point ¢ € ‘H can be
identified with H itself, where the isomorphism which associates 1 € H with the vector
Y e TyH is given by:

i) = (G +w) - wrecm)

|t=0

The Hilbert space H is endowed with a symplectic 2-form 2 defined by
Qg (v, ") = 2Tm(P|y").

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 day at ¢ € H is
an element of the (real) dual H’ given by

(dag, ) = <%a(¢ + tz/;)) o
Actually, the skew-self-adjoint linear operators —i A in H, for a self-adjoint operator A,
define Hamiltonian vector fields, the Hamiltonian function of —i A being a(¢) = %((b, Ag).
Therefore, the Schrédinger equation plays the role of Hamilton equations, because it
determines the integral curves of the vector field —i H, where H is the Hamiltonian of
the system [2].

In particular, the theory of Lie systems applies in the previous framework when we
have a t-dependent quantum Hamiltonian that can be written as a linear combination,
with t-dependent coefficients, of Hamiltonians H; closing on a finite-dimensional real Lie
algebra under the commutator bracket. However, note that this Lie algebra does not
necessarily coincide with that of the corresponding classical problem, but it may be a Lie
algebra extension of the latter.

4. Time-dependent quadratic Hamiltonians. For the illustration of the classical
and quantum situations described in the previous section, we consider now the important
examples provided by the time-dependent classical and quantum quadratic Hamiltonians.

The first one is the mechanical system for which the configuration space is the real line
R, the corresponding phase space T*R, endowed with its canonical symplectic structure
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w = dq A dp, and the time-dependent classical Hamiltonian

) 1= o) 2+ 60 2L+ L+ 50 p+e(t)a
The dynamical vector field solution of the dynamical equation
i(Ty)w =dH,
is given by
®  Tu=(a0p+ g0 +0) 5~ (000 5
2 dq 2 dp

which can be rewritten as
Do = alt) Xo + (t) Xz +(6) X — 5(t) X + () Xs,
with
X1 :pa%, Xo = %(qﬁ_ %), XS:_qB%)’ X4:_8£q’ X‘r’:_@gp’

being vector fields which satisfy the following commutation relations:

(X1, Xo] = X1, [X1,X3]=2Xs, [X1,X4 =0, [X1,X5]=—-Xy,
©) X2, Xs] = Xs, [Xa, Xal = —3 X, [Xo, X] = 5 X,

(X3, X4] = X5, [X3,X5] =0, [X4X5]=0,

and therefore they close on a five-dimensional real Lie algebra. Consider the abstract,
five-dimensional, Lie algebra g such that in a basis {a1, as, a3, a4, a5}, the Lie products
are analogous to that of (9). Then, g is a semi-direct sum of the Abelian two-dimensional
Lie algebra generated by {a4, a5} with the sl(2, R) Lie algebra generated by {a1, as, as},
i.e., g = R? x sl(2, R). The corresponding Lie group will be the semi-direct product
G = Ty, ® SL(2,R) relative to the linear action of SL(2,R) on the two-dimensional
translation algebra. When computing the flows of the previous vector fields X, we see
that they correspond to the affine action of G on RZ, and therefore, the vector fields
X, can be regarded as fundamental fields with respect to that action, associated to the
previous basis of the Lie algebra.

In order to find the time-evolution provided by the Hamiltonian (7), i.e., the integral
curves of the time-dependent vector field (8), we can solve first the corresponding equation
in the Lie group G and then use the affine action of G on R2. We focus on the first of
these questions: we should find the curve ¢(¢) in G such that

5

g9~ ==Y bia,  g(0)=e,

i=1
with b1(t) = a(t), ba(t) = B(t), bs(t) = v(t), ba(t) = —3(t), and b5(t) = €(t). The explicit
calculation can be carried out by using the generalized Wei-Norman method, i.e., writing
g(t) in terms of a set of second class canonical coordinates, for instance,

g(t) = exp(—v4(t)aq) exp(—vs5(t)as) exp(—v1(t)ar) exp(—va(t)as) exp(—v3(t)as),
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and then, a straightforward application of (6) leads to the system
D1 = by +bavy +b3vi, V2 =by+2bgvy, V3 =e"bs,
. 1 . 1
'U4:b4+5b2’04+bl”05, 05155*53’04*5172?}5,

with initial conditions v;(0) = --- = v5(0) = 0.

For some specific choices of the functions «(t), ..., €(t), the problem becomes simpler
and it may be enough to consider a subgroup, instead of the whole Lie group G, to deal
with the arising system. For instance, consider the classical Hamiltonian

2
H=—+f(t)q,
which in the notation of (7) has the only non-vanishing coefficients «(t) = 1/m and
€(t) = f(t). Then, the problem is reduced to one in a three-dimensional subalgebra,
generated by { X7, X4, X5}. The associated Lie group will be the subgroup of G generated
by {a1,a4,a5}. This example will be used later for illustrating the theory: since such a
subgroup is solvable, the problem can be integrated by quadratures.

Another remarkable property is that the Hamiltonian functions h, corresponding to

the Hamiltonian vector fields X, ..., X5, defined by i(X,)w = —dh,, i.e.,
2 2

1
h1(q,p)=—%, h2(q,p)=—§qp, h3(q7p)=—%7 ha(q,p) =p, hs(q,p) = —q,

have almost the same Poisson bracket relations as the vector fields X, but they do not
coincide because of {hy, hs} = 1, instead of [X4, X5] = 0. In other words, they close on a
Lie algebra which is a central extension of R? x s[(2, R) by a one-dimensional algebra.

Let us now consider the quantum case [25], with applications in a number of physical
problems, as for instance, the quantum motion of charged particles subject to time-
dependent electromagnetic fields (see, e.g., [14]), and connects with the theory of exact
invariants developed by Lewis and Riesenfeld (see [18] and references therein).

A generic time-dependent quadratic quantum Hamiltonian is given by

10)  H=a s L0

where () and P are the position and momentum operators satisfying the commutation
relation

+6(t)P + e(t) Q + ().

[Q,P]=1il.
The previous Hamiltonian can be written as a sum with ¢-dependent coefficients
H = a(t) Hi + B8(t) Ha +(t) H3 — 0(t) Ha + €(t) Hs — ¢(t) Ho,
of the Hamiltonians
p2? Q2

1
Hy=—, Hy=(QP+PQ), Hy=—, Hy=-P, Hs=Q, Hs=~1I,

which satisfy the commutation relations
[iHy,iHy) = iHy, [iHy,iHs)=2iH,, [iHy,iHs|=—iH,, [iH,,iH;] =iHs,
(iHy,iHy) = —5 Hy,  [iHy,iHs) = 3 Hs, [iHy,iHy] = iHs, [iHy,iHs] = iHg,
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and [iHy,iHy) = [1H3,iH5| = [iH,,iHg) = 0, a« =1, ..., 5. That is, the skew-self-adjoint
operators iH, generate a six-dimensional real Lie algebra which is a central extension
of the Lie algebra arising in the classical case, R? x s[(2, R), by a one-dimensional Lie
algebra. It can be identified as the semi-direct sum of the Heisenberg-Weyl Lie algebra
h(3), which is an ideal in the total Lie algebra, with the Lie subalgebra sl(2,R), i.e.,
h(3) x sl(2, R). Sometimes this Lie algebra is referred to as the extended symplectic
Lie algebra hsp(2,R) = h(3) x sp(2, R). The corresponding Lie group is the semi-direct
product H(3) ® SL(2,R) of the Heisenberg-Weyl group H(3) with SL(2,R), see also
[25].

The time-evolution of a quantum system can be described in terms of the evolution
operator U(t) which satisfies the Schrédinger equation (see, e.g., [13])

i = H()U, U(0) =1d,

where H(t) is the Hamiltonian of the system. In our current case, the Hamiltonian is
given by (10), and therefore the time-evolution of the system is given by an equation of
the type

6
(11) 997 == balt)aa,  g(0) =e,

with the identification of g(t) with U(t), e with Id, iH, with a, for a € {1, ..., 6} and
the time-dependent coefficients b, (t) are given by

bi(t) = a(t), ba(t) = B(t), bs(t) = (1),

ba(t) = —0(t), bs(t) = €(t), bs(t) = —o(t).

We would like to remark that time-dependent quantum Hamiltonians are seldom
studied, because it is generally difficult to find their time evolution. However, in the case
the system could be treated as a Lie system in a certain Lie group, the calculation of
the evolution operator is reduced to the problem of integrating the system appearing
after the application of the Wei-Norman method. In the case the associated Lie group is
solvable, the integration can be made by quadratures, leading to an exact solution of the
problem. We will see an example in the next section.

The calculation of the solution of (11) can be carried out by using the generalized Wei—
Norman method, i.e., writing ¢(¢) in terms of a set of second class canonical coordinates.
We take, for instance, the factorization

9(t) = exp(—v4(t)as) exp(—vs(t)as) exp(—vs(t)ae)
x exp(—v1(t)ay) exp(—va(t)as) exp(—v3(t)as),
and therefore, the equation (6) leads in this case to the system
01 = by +byvy +b3vi, Dy =by+2b3v, B3 =e"?bs,

. 1 . 1
v4:b4+§b2v4+b1v5, 05:b5—b3v4—§b205,

1 1
1}6:b6+b5v4—§b3v2+§b1v§,

with initial conditions v1(0) = --- = v6(0) = 0.
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Analogously to what happened in the classical case, special choices of the time-
dependent coefficient functions «(t), ..., ¢(t) may lead to problems for which the as-
sociated Lie algebra is a subalgebra of that of the complete system, and similarly for the
Lie groups involved. For example, we could consider as well the quantum Hamiltonian

linear in the positions
P2
H= o + f(t) Q,

which in the notation of (10) has the only non-vanishing coefficients a(t) = 1/m and
e(t) = f(t). This problem can be regarded as a Lie system associated to the four-
dimensional Lie algebra generated by {iHy, iHy, iHs, iHg}, which is also solvable, and
hence the problem can be solved by quadratures.

The treatment of this system, as well as that of its classical version, according to the

theory of Lie systems, is the subject of the next section.

5. An example: classical and quantum time-dependent linear potential. Let
us consider the classical system described by the classical Hamiltonian

p2

12 H =— t
(12) L
and the corresponding quantum Hamiltonian
P2
1 H,=—

describing, for instance when f(t) = e Eg + e E coswt, the motion of a particle of electric
charge e and mass m driven by a monochromatic electric field.

We will study in parallel the classical and the quantum problems by reduction of both
of them to similar equations, and solving them by the generalized Wei—Norman method.
The only difference between the two cases is that the Lie algebra arising in the quantum
problem is a central extension of that of the classical one.

The classical Hamilton equations of motion for the Hamiltonian (12) are

A
14 m’

and therefore, the motion is given by

q(t)_o+pit—— dt/f” 4,

ﬂZW—AﬂﬂW

The t-dependent vector field describing the time evolution,
0 0
P t

mag 1Way

(15)

can be written as a linear combination

1
XZ*Xlif(t)XQa
m
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with X; = pd/dq and Xs = 9/0p being vector fields closing on a 3-dimensional Lie
algebra with X3 = 0/0q, isomorphic to the Heisenberg—Weyl algebra, namely,

(X1, Xo] = — XG5, (X1, X3] =0, [X2, X3] = 0.
The flow of these vector fields is given, respectively, by

#1(t, (g0, po0)) = (g0 + pot, po),
¢2(t, (90, P0)) = (g0, o + 1),
#3(t, (q0,p0)) = (qo +t,p0)-

In other words, {X;, X5, X3} are fundamental vector fields with respect to the action
of the Heisenberg—Weyl group H(3), realized as the Lie group of upper triangular 3 x 3
matrices, on R? given by

q 1 a1 as q
p = 0 1 oae p
1 0 0 1 1

Note that X7, Xs and X3 are Hamiltonian vector fields with respect to the usual
symplectic structure, 0 = dq A dp, while the corresponding Hamiltonian functions h,
such that i(X,)Q2 = —dh, are

2
p
hlz_Ea hQZQ7 h’3:_pu

and therefore
{hla hQ} = 7h37 {hla hS} = 07 {hQa h3} =-1

Then, the functions {h1, ha, hg}, jointly with hy = 1, close on a four-dimensional Lie
algebra under the Poisson bracket which is a central extension of that generated by

{Xb X27 XS}
If {a1, as, as} is a basis of the Lie algebra with non-vanishing defining relations
[a1, as] = —as, the corresponding equation in the group H(3) to the system (14) reads

o 1
g9t =——a1+ f(t)as
m

Using the Wei-Norman formula (6) with g = exp(—uga3) exp(—uz az) exp(—uj ai) we
arrive at the system of differential equations

: 1 . . .
W =—, ug = —f(t), t3 — Uy ug =0,
m
together with the initial conditions wu;(0) = u2(0) = = 0, with solution

t
ulzi, qu—/ fhat, /dt/ S dt".
m 0

Therefore, the motion is given by

1t Ly fo f@")dt” q0
p = 0 1 — fO dt/ Po )
0 0
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in agreement with (15). We can immediately identify the constants of motion
t
I = p(t) +/ f@t')at,
10 t 1 [t t’
L = q(t)— —(p(t)+ / J)de')t + —/ dt'/ f@")at”.
m 0 mJo 0

As far as the quantum problem is concerned, notice that the quantum Hamiltonian
H, may be written as a sum

1
Hq:EHl_f(t)H2a

with
P2
H, = 5 Hy =-@Q
The skew-self-adjoint operators —i H; and —i Hs close on a four-dimensional Lie al-
gebra with —i H3 = —i P, and —tH, = ¢ I, isomorphic to the above mentioned central

extension of the Heisenberg—Weyl Lie algebra,
[-iHy, —iH3]| = —iH3, [—iHy,—iH3] =0, [—iHy, —iH3) = —iH,.

As we have seen in the preceding section, the time-evolution of our current system is
described by means of the evolution operator U, which satisfies

@ = —iH,U, U(0) =1Id.

dt
This equation can be identified as that of a Lie system in a Lie group such that its Lie
algebra is the one mentioned above. Let {a1, as, a3, as} be a basis of the Lie algebra
with non-vanishing defining relations [a1, as] = a3 and [ag, a3] = a4. The equation in the
group to be considered now is

o 1
g9t =——a1+ f(t) as.
m

Using g = exp(—ua4 a4) exp(—us ag) exp(—uz az) exp(—uq a1), the Wei-Norman method
provides the following equations:
1

’I'J,]_:%, ng_f(t),

. 1 . 1
U3:—EuQ, U4=f(t)U3+%u§,

together with the initial conditions u;(0) = u2(0) = u3(0) = u4(0) = 0, whose solution is

, uz(t)z—/o £t dr, w(t)z%/o dt’/o £yt

t
m

ug(t) = %/Ot dt’f(t’)/ot, dt” /Ot” F"yat" + %/Ot dt’(/ot/ dt”f(t”))g.

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

U(t,0) = exp(—iu4(t)) exp(ius(t) P) exp(—iug(t)Q) exp(iuy (t) P?/2).

ul (t) =

and
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However, in order to find the expression of the wave-function in a simple way, it is
advantageous to use instead the factorization

g = exp(—vq aq) exp(—v2 az) exp(—vs az) exp(—vy ay).

In such a case, the Wei-Norman method gives the system

1
= by = — F(1),
b= U2 f(t)
. 1 _ 1,
’03:*E02, 041*%’02,

jointly with the initial conditions v1(0) = v2(0) = v3(0) = v4(0) = 0. The solution is
t
t) = — dt’
ui(t) = —, / f@

:E/ dt’/ dt” f(t"),
vy ( :me/ dt’(/ dt” (t”)>2.

Then, applying the evolution operator on the initial wave-function ¢(p,0), which is as-
sumed to be written in momentum representation, we have

d(p,t) = U(t,0)¢(p,0)
= exp(—ivg(t)) exp(—iva(t)Q) exp(ivs(t) P) exp(iv1 (t) P*/2)$(p, 0)
exp

(
(—iva(t)) exp(—iva (£)Q)e! P+ P (P /2) 6 0)
(=
(

= exp(—ivy(t ))ei('US(t)(p‘H&(t))‘H-’l(t)(p+v2(t))2/2)¢(p+fUQ(t)’O)’

where the functions v;(t) are given by the preceding equations.

6. Applications in control theory. Control systems are described by systems of
differential equations
dx’
dt
where u® are the so-called control functions or simply controls, which are to be determined
in such a way that, e.g., the trajectory passes through one or two specific points in the
configuration space, or maybe gives some cost functional a stationary value.

A control system is said to be controllable if for any given initial point p there exists
an integral curve of the corresponding vector field along 7 : R*™ — R"™ such that
(mo7)(0) = p, and a value ¢; of the parameter of the curve v such that (mo~v)(t1) = ¢
for any final point q.

Consider the case of drift-free systems, linear in the control functions u®(t), for which
the time-dependent vector field, whose integral curves are the solutions of (16), is

X(t2) = u' (X1 (2) + -+ ()X, ().

Lie systems arise when the vector fields X, close on a finite-dimensional real Lie algebra.
The cases in which the X, are either right-invariant vector fields in a certain Lie group G,
or vector fields in a homogeneous space of GG, can be dealt with according to the theory

(16) =F(zu®), i=1,...,n, a=1,...,m,
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of Lie systems: reducing the problem to solving an equation on the Lie group G, of the
form

§t) = 3 ualt)Xa(g(t)):

Controllability of control systems on Lie groups has been analyzed by Brockett [3]
and Jurdjevic and Sussmann [16]. It can be determined by studying algebraic properties
of the corresponding Lie algebra g.

THEOREM. A drift-free right invariant system on a connected Lie group G is control-
lable if and only if the Lie algebra generated by {X1,...,X,} is g.

Proof. If b is the Lie algebra generated by {X1,..., X}, then the Lie algebra of the
Lie system is not g but the subalgebra . The orbit of the neutral element e € G is the
subgroup H of G with Lie subalgebra §. It is then clear that if h is a proper subalgebra
of G, the system is not controllable, while it is so when h = g.

As examples of application of the theory of Lie systems to specific systems treated
in control theory, we will study several well-known systems: the robot unicycle [17, 21],
the Brockett system termed sometimes as Brockett nonholonomic integrator [4], and a
system which under certain approximation can be reduced to the former, i.e., the model
of a hopping robot in flight phase [20]. Afterwards, we will study the kinematic equations
of a generalization due to Jurdjevic [15] of the elastic problem of Euler, and finally we
will briefly show how the reduction theory of Lie systems can be applied to two of these
examples.

6.1. Robot unicycle or model of an automobile as a Lie system. Our first example
corresponds to the robot unicycle (see, e.g., [17]). Essentially, the same control system
arises in a very simplified model of maneuvering an automobile [21].

The configuration space is R? x S1, with coordinates (21, w2, x3). The control system
can be written as

(17) Cil‘l = bg(t) Sinl‘g, .’i‘g = bg(t) CcOS T3, .fg = bl(t),

where b1 (t) and by(t) are the control functions. Its solutions are the integral curves of
bi(t) Xi1(z) + b2(t) X2(z), where

9 )
X =— X, — si . '
1= b’ 2 =8y 5 - + cos x3 s
The Lie bracket of both vector fields,
X3 = [Xl, XQ] = COS T3 6—_'131 — Sin’l}g 8—1*2’

is linearly independent of X, X5. They satisfy
(X1, Xo] = X3, [Xa, X3] =0, [X1, X3] = =X,

therefore closing on a Lie algebra isomorphic to se(2). This Lie algebra has a basis
{a1, ag, ag} for which

[ala (12] = as, [a27 CLg] = Oa [ala (13] = —as.
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Writing the solution of the associated problem in SE(2) as
g(t) = exp(—v1(t)ar) exp(—va(t)az) exp(—vs(t)as),
the Wei-Norman method leads to the system
U1 = by, U9 =by cosvy, V3= by sinvy,

with v1(0) = v2(0) = v3(0) = 0. Denoting B (t) = fot b1 (s) ds, the solution is

t t
v1(t) = Bi(t), wva(t) = / ba(s) cos By(s)ds, ws(t) = / ba(s) sin By (s) ds.
0 0
The action of SE(2) on R? x St such that X7, X5, X3 are the associated fundamental
vector fields turns out to be ®((0, a, b), (1, x2, x3)) = (T1, T2, T3) With
Ty =x1 —bcosxy —asinzrs, To=1xo+bsinzy—acoszs, Tz=x3—0,

where (0, a, b) are the second kind canonical coordinates determined by the factorization
g = exp(faq) exp(aas) exp(basz). The composition law is

(0,a,0)(0',a’, ') = (0+6",a" +acos® +bsind' ;b — asinf’ + bcos ).
Then, the general solution of (17) is

cI3((*'01, —U2, *03), (3310,3320,5830)) = (1’10 + v3 cos w39 + v2 Sin w3,
Tog — 3 sin 239 + v COS T30, T30 + V1),

where v1 = v1(t), va = v2(t) and vs = v3(t) are given above.
In an alternative way, as the vector fields X5 and X3 commute, there exist coordinates
(y1,y2,ys3) such that Xo = 0/0ys and X35 = 0/dys. For instance,

Yo = X1 Sinx3 + T COSX3, Y3 = T COSX3 — To Sin T3,

which can be completed with y; = x3. Then,

The control system of interest, whose solutions are again the integral curves of the time-
dependent vector field by (t) X7 + ba(t) X2, reads

(18) 1 =01(t), 92 =01(t)ys +ba(t), Y3 = —b1(t)ya.
Now, the expression of the previous action in terms of the coordinates (y1, yo, y3) is

(60, a, b), (y1, Y2, ys)) = (y1 — 6, y2 cos 6 — ya sinf — acosd + bsin b,
Yo 8in @ + y3 cos — asin @ — bcos ),

and therefore, the general solution of (18) is ®((—v1, —v2, —v3), (Y10, Y20, Y30)), 1-€.,

Y1 = Y10 + V1,
Yo = Y20 COS V1 + Y30 Sin vy + v cos vy + v3sin vy,
Y3 = Y30 COS V1 — Yg0 SiN V] + V3 COS V] — Vg SIn vy,

where the v;’s are those given above.
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6.2. Brockett nonholonomic control system. Another interesting example introduced
by Brockett, when dealing with problems of optimal control and its relation with singu-
lar Riemannian geometry, is related with the three-dimensional Heisenberg—Weyl group
H(3), which is the lowest-dimensional non-Abelian nilpotent Lie group. Such a system
is very often considered as one of the prototypical examples relating control theory and
extremal problems in sub-Riemannian geometry,

It is the control system in R3, with coordinates (z, y, 2)

(19) T=b1(t), y=0ba(t), Z=0ba(t)x—b1(t)y,

where the functions b1 (t) and by (t) are regarded as the controls. The solutions of this
system are the integral curves of the time-dependent vector field by (¢) X +ba(t) X2, with

0 0 0 0

X{=— —y— X0 = — -

'“ o Yoy 27 Oy +x8,z
The Lie bracket 5
X5 =[X1, Xao] = 25

is linearly independent from X7, X5, and the set {X;, Xa, X3} close on the Lie algebra
defined by

(20) (X1, Xo] = X3, (X1, X3] =0, [X2, X3] =0,

isomorphic to the Lie algebra h(3) of the Heisenberg—Weyl group H(3).
The Lie algebra §(3) has a basis {a1, a2, az} for which the Lie products are

[a1, as] = a3, a1, az) =0, [a2, as] =0.

A generic Lie system for the particular case of H(3) takes the form

Ry)-14g()(9(t)) = —b1(t)ar — ba(t)az — bs(t)as,
and we are now interested in the one with bs(t) = 0 for all ¢, i.e.,
(21) Rgy-149(1)(9(t)) = —b1(t)ar — ba(t)as.
Writing the solution starting from the identity of (21) as the product of exponentials

g(t) = exp(—v1(t)ar) exp(—va(t)az) exp(—vs(t)as),
and applying the Wei-Norman formula (6) we find the system of differential equations
01 =by, U2=by, U3=byur,

with initial conditions v1 (0) = v2(0) = v3(0) = 0. The solution can be found immediately:

(22) vi(t) = /Ot bi(s)ds, wa(t) = /Ot ba(s)ds, ws(t) = /Ot ba(s) /OS by (r) drds.

The preceding solution can be used in order to find the general solution of the given
system (19). We only need to find a suitable parametrization of the Lie group H(3), and
the expression of the group action with respect to which the original vector fields are the
fundamental vector fields. If we take the canonical coordinates of second class defined
by g = exp(aay) exp(baz) exp(cas), when g € H(3), it can be shown that such an action
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reads
®:H(3)xR*—R?

((a, b, ¢), (x,y, 2)) — (xr —a, y — b, z+ ay — bz — ab — 2¢),
the group law being expressed as
(a,b,¢)(a, b, )= (a+ad,b+V,c+c —bad).
Then, the general solution of (19) is
O((—v1, —v2, —v3), (To, Yo, 20)) = (X0 + v1, Yo + V2, 20 + Tov2 — Yov1 — V1V2 + 2v3),
where v1 = v1(t), vo = va(t), and v3 = v3(t) are given by (22).

6.3. Hopping robot in flight phase. Next we consider another example coming from a
physical model: a hopping robot in flight phase, which has been studied, e.g., in [20]. The
system consists of a body with an actuated leg that can rotate and extend. The coordi-
nates are (¢, [, 8), describing the body angle, leg extension and leg angle of the robot,
respectively. The constant m; is the mass of the leg, and the mass of the body is taken to
be one. The interest is focused on the behaviour of the system for small elongation, that
is, near [ = 0. Precisely, the approximation of the system in the neighbourhood of [ = 0
will lead to a Lie system related to the Heisenberg—Weyl group, and therefore related
also to the previous example.

The controls of the system are the leg angle and extension velocities. The control
system takes the form [20]

: : . my(l+1)?

(23) Y ="0i(t), l=0bo(t), 0= 5b1(t),

1+ m(+1)

whose solutions are the integral curves of the time-dependent vector field by (t) Y1 +
ba(t) Ya, where now

L0 w1 00

T 1+my(l+1)206° T
However, the system (23) cannot be considered as a Lie system, since the iterated Lie
brackets

Y

Y, [Ya, ... [Ya, V1] -]

generate at each step vector fields linearly independent from those obtained at the pre-
vious stage. Notwithstanding, in order to steer the original system by sinusoids, it was
proposed in [20] to take the Taylor approximation, linear in I, of the system, that is,

(24) Y =0bi(t), [=by(t), 6=—(ki+kol)bi(2),

where the constants k; and ko are defined as

mp le
k1 = , ko= —
YTlam T 4+ m)?
and then the vector fields become
0 0 0
2 X1 =— —(k kol) — Xo = —.
( 5) 1 8w ( 1 + 2 )69, 2 81
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Now, the new vector field
0

X3 = [X1, Xo] = kz%
closes, jointly with Xy, X5, the Lie algebra (20), so that (24) can be regarded as a Lie
system with associated Lie algebra h(3).
If we use the previously defined canonical coordinates (a, b, ¢) of second kind for
parametrizing the group g € H(3), the corresponding (local) action to our Lie system

reads
O:HE) XM — M
((a, b, ¢), (W, 1,0)) — (¥ —a,l—b, 0+ ka(al — c — ab) + aky),

where M is a suitable open set of R3. Then, the general solution of the system (24) can
be written, for ¢ small enough, as

O((—v1, —v2, —v3), (Yo, lo, 00)) = (Yo + v1, lo + v2, Op + ka2(vs — vilp — v1v2) — k1v1),

where v1 = v1(t), va = va(t), and v = v3(t) are given by (22). This result can be checked
by direct integration.

6.4. Kinematics of the generalization of the elastic problem of Euler as a Lie system.
Recently, Jurdjevic has generalized the so-called elastic problem of Euler to homogeneous
spaces of constant curvature embedded in a three dimensional Euclidean space, in order
to study certain integrable Hamiltonian systems from the point of view of optimal control
theory [15]. We will only deal with the kinematic equations of such systems, which turn
out to be Lie systems.

The system of interest is the control system with configuration space R3, and coor-
dinates (x1, x2, x3), given by

(26) i‘l = —bl(t)l‘Q — bg(t)ﬂig, 1‘2 = bl(t)xl + bg(t)&?g, j?g =€ (bg(t)l‘l — bg(t)l‘g),

where € = £1,0. Its solutions are the integral curves of the time-dependent vector field
b1 (t) Xl(Z) + bg(t) XQ(ZIZ) + bg(t) Xg(ft), where

0 0 0 0 0
( ) ! e 812 2 8.%17 2 € 8.%3 s 81’17 3 3 89:2 €r 813
These vector fields satisfy the commutation relations
[le X2] = X37 [X27 XS] = EXla [X37 Xl] = X27

and hence they generate a Lie algebra isomorphic to g, of the Lie group G, given by
Go = SE(2), Gy = SO(3) and G_; = SO(2,1). Therefore, the case € = 0 essentially
reduces to the first example studied in this section. We take a basis {a1, aq, az} of g, in
which the Lie products read
[a1, as] = as, lag, as] = €ay, a3, a1] = ag,

and define the signature-dependent trigonometric functions (see, e.g., [1]):

cos T e=1 sin x e=1

Ce(z)=1< 1 e=0 Se(z) =1 «x e=0 T (z) = )
coshx e=—1 sinh z e=-—1
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which satisfy
Ce(z+y) = Ce(2)Cc(y) — €5e(x)Se(y),  Se(x +y) = Ce(x)Se(y) + Se(z)Ce(y),
as well as C?(z) + € S?(z) = 1, and
dCc(xz) dS.(z) dT.(x) 1
doe dx dx 02( )

Writing the solution of the problem associated to (26) in the group G, as the product
g(t) = exp(—wv1(t)ar) exp(—va(t)az) exp(—v3(t)as), and using the Wei-Norman formula
(6), we obtain the system of differential equations for vy (t), va(t) and v3(t):

—eSe(), = Ce(z), =1+ eT?(x) =

v = b + €T5(’U2)(b3 cos vy + by sinm),
9 = by cosvy — bg sinwvy,
bs cosvy + by sin v

Ce(v2) ’
with v1(0) = v2(0) = v3(0) = 0. Other possible reorderings of the factorization in expo-

V3 =

nentials will give rise to similar systems of equations. For e = +1 the group G, is simple
and none of the Wei-Norman systems can be integrated by quadratures in a general
case. For the particular case treated by Jurdjevic [16] we must put (with our notation)

bl(t> = 1, bg(t) =0 and bg(t) = ki(t)

6.5. Reduction of Lie systems in control theory. Finally, we would like to point out
that there exist a technique for reducing the problem of solving a given Lie system in a
Lie group G to solving a similar Lie system but in a subgroup H, provided a particular
solution of the problem corresponding to the former in an associated homogeneous space
G/H is known (see, e.g., [7]). This reduction procedure can be shown to be useful as
well in the study of the particular kind of drift-free control systems, linear in the control
functions, which in addition are Lie systems.

Take for instance, in the simplified model of maneuvering an automobile discussed
before, the subgroup H = {(0, 0, b)}. In these coordinates, 7 : SE(2) — SE(2)/H is
7(0, a, b) = (0, a). Taking coordinates (z1, 22) in M = SE(2)/H, we have that the left
action of SE(2) on M is given by

®((0, a, b), (21, 22)) = (21 + 0, 20 + acosz; + bsinzy).

The fundamental vector fields with respect to this action are

0 0
XlH:——, XQH:—cosz1—, Xf— sin z1 —

0z, 02y 0z’

which satisfy
L X = x5 XL X =00 (X X = —X5
and the equations on the homogeneous space M to be solved are
21 = —b1(t), 22 = —by(t)cosz.

Assume we have a curve on SE(2), ¢1(t), such that the coordinates of its projection
7(g1(t)) = (21(t), 22(t)) satisfy the previous equations. For example, we take g;(t)
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(21(t), 22(t), 0). Then, we can reduce the problem to solving an equation on H, which
takes the form

b(t) = ba(t) sin 21 (¢),

which is just a Lie system for the additive group of the real line.

As a second and last example, consider again the kinematic equations of the general-
ized elastic problem of Euler treated previously. In this case, however, it is advantageous
to consider instead of the Lie group G., its universal covering G., in order to perform
the reduction. We have that Gy = SU(2), G_; = SU(1,1), and G¢ = SE(2). The ele-
ments of the group G can be parametrized by four real numbers (a, b, ¢, d) such that
a? +b% +e(c? + d?) = 1, the group law

(a’ b, C, d)(al, b/, C,, d/) — (al/’ b”, C/I, d/l)
being given by
a’ =aa —bb —e(cc +dd), b =ba +ab —e(dd —cd),
"' =cd +db +ac —bd', d’'=da’ —cb +bc +ad,

see also [3, 22]. To perform the reduction we take the subgroup H generated by a;. The

projection 7 : G, — G./H is defined by
ac—bd bc+ ad)

o d) = (G o

Taking coordinates (21, 22) in M = G./H, the left action of G, on M reads

®((a, b, ¢, d), (21, z2)) = (3’ 3),
where
Ny = (a® = b* —e(? — d?))z — 2(ab+ ecd)zy + (ac — bd)(1 — € (27 + 22)),
Ny =2(ab —ecd)zy + (a® — b* + e (2 — d*))z + (ad + be)(1 — € (2] + 23)),
D = a® +b? — 2¢ ((ac + bd)z; + (ad — be)zy) + €2(c? + d*) (22 + 22).

The fundamental vector fields with respect to this action are

0 0 1 0 0

xXH=z2 2 2 xH-_—( 22y 2 -z

i 22821 21822, 5 2( +e(z; 22))521 €Z1Z2822’
1 0
X?{{:—621228721—5(1—6(2%—23))87227

which satisfy
[X{I’ XQH} - XBI‘LIa [XQH’ XL{I} - EXflv [X{I’ XBI‘LI} - 7X§Ia
and the equations on the homogeneous space M to be solved are

1
1= bi(t)ze — Sba(t)(1 + € (27 — 23)) — b3(t) e 2122,

2y = —bi(t)z1 — bo(t) € 2120 — %b?,(t)(l —e (2] — ).
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Assume we have a curve g;(t) on G, such that its projection 7(g1(t)) = (21(t), 22(t))
satisfies the previous equations. We can take, for example,

B (1, 0, 21(t), 22(1))
2= R0 a0)

Then, we can reduce the problem to an equation on H: if its solution is of the form
h(t) = (cos(v(t)/2), sin(v(t)/2), 0, 0), then v(¢) satisfies

[10]
[11]
12
13]
[14]

[15]
[16]

[17]

’U(t) = 7()1 (t) +e€ (bg(t)zl (t) - b2 (t)ZQ(t))
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