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EQUIVALENCE OF CONTROL SYSTEMS WITH LINEAR SYSTEMS
ON LIE GROUPS AND HOMOGENEOUS SPACES

PHILIPPE JOUAN!

Abstract. The aim of this paper is to prove that a control affine system on a manifold is equivalent
by diffeomorphism to a linear system on a Lie group or a homogeneous space if and only if the vector
fields of the system are complete and generate a finite dimensional Lie algebra.

A vector field on a connected Lie group is linear if its flow is a one parameter group of automorphisms.
An affine vector field is obtained by adding a left invariant one. Its projection on a homogeneous space,
whenever it exists, is still called affine.

Affine vector fields on homogeneous spaces can be characterized by their Lie brackets with the projec-
tions of right invariant vector fields.

A linear system on a homogeneous space is a system whose drift part is affine and whose controlled
part is invariant.

The main result is based on a general theorem on finite dimensional algebras generated by complete
vector fields, closely related to a theorem of Palais, and which has its own interest. The present proof
makes use of geometric control theory arguments.
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1. INTRODUCTION

The main purpose of this paper is to characterize the class of control systems
m
p=rp)+Y_ uig(p) (1.1)
j=1

which are globally diffeomorphic to a linear system on a Lie group or a homogeneous space. They turn out to
be the systems whose vector fields are complete and generate a finite dimensional Lie algebra.

We say that a vector field on a connected Lie group is linear if its flow is a one parameter group of automor-
phisms. Linear vector fields on Lie groups are nothing else than the so-called infinitesimal automorphisms in
the Lie group literature (see for instance [3]). They were first considered in a control theory context by Markus,
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on matrix Lie groups (see [9]), and then in the general case by Ayala and Tirao (see [2]). They are the natural
extension to Lie groups of the linear fields on vector spaces and, for this reason, are still called linear.

There is another way, of course equivalent, to define linear vector fields on a connected Lie group G. Let us
denote by g its Lie algebra, that is the set of right invariant vector fields. Then a vector field X is linear if and
only if

VY eg [X.Y]eg (1.2)

and moreover satisfies X'(e) = 0, where e stands for the identity of G. In case where X satisfies condition (1.2)
but not X(e) = 0 it will be said affine (it is in that case equal to the sum of a linear vector field and a left
invariant one). This second definition was introduced in [2] for affine vector fields (on Lie groups). Its interest
is twofold. On the one hand it does not require the knowledge of the flow of X. On the other one it can be
extended to homogeneous spaces.

An affine vector field on a homogeneous space G/H is the projection, if it exists, of an affine vector field
on G. Theorem 4.1 provides a characterization of affine vector fields on homogeneous spaces in terms of Lie
brackets with the invariant ones, similar to (1.2).

A system defined on a homogeneous space,

i = F(@) + )Y (@) (1.3)

is called linear if the field F' is affine and the Yj’s invariant. Linear systems on Lie groups and invariant systems
appear as particular cases of this general setting.

The extension of affine vector fields and linear systems to homogeneous spaces is motivated by the fact that
the class of systems diffeomorphic to a linear one on a Lie group is rather restrictive, while the class of systems
diffeomorphic to linear systems on homogeneous spaces is much wider. More accurately we have (Thm. 6.1,
Sect. 6):

We assume the family {f,g1,...,9m} to be transitive. Then system (1.1) is diffeomorphic to a linear system
on a Lie group or a homogeneous space if and only if the vector fields f,gi1,...,g9m are complete and generate
a finite dimensional Lie algebra.

In this statement, the transitivity assumption means that there is only one orbit, equal to the state space,
under the action of the system. This is not really a limitation since by the Orbit theorem (see Sect. 2) we know
that we can always consider the restriction of the system to the orbit through a given point.

The proof makes appeal to Theorem 5.1 (Sect. 5):

Let T' be a transitive family of vector fields on a connected manifold M. If all the vector fields belonging
to T' are complete, and if T' generates a finite dimensional Lie algebra L(T'), then M is diffeomorphic to a
homogeneous space G/H, where G is a simply connected Lie group whose Lie algebra is isomorphic to L(T).
The tangent mapping of this diffeomorphism induces an isomorphism from L(T') onto the Lie algebra of invariant
vector fields on G/H, and all the vector fields belonging to L(T') are complete.

Theorem 5.1 is very closely related to a theorem of Palais ([10], Thm. III, p. 95), but the new proof given
here uses control theory ideas like transitivity, rank condition, normal accessibility, Sussmann’s Orbit Theorem.
An important consequence of Theorem 5.1 is that the families of vector fields under consideration are Lie
determined.

Thus linear systems on Lie groups and homogeneous spaces appear as models for a wide class of systems, and
will certainly play an important role in studying topics such as controllability, stabilization, optimal control and
observability. Some results about controllability and observability of linear systems on Lie groups are already
known, see [1,2,4,6].

The paper is organized as follows.

In Section 2 the definitions and facts from control theory used in the sequel are recalled.

In Section 3 the various definitions of linear and affine vector fields on Lie groups are stated, and their
equivalence proved (see Thm. 3.1), as well as their properties, in particular their completeness which is one
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of the main ingredients used herein. Some of the proofs can be found in the literature (for instance [2-4]) and
are in that case quoted, but to the author’s knowledge, Theorem 3.1 is nowhere completely proved.

In Section 4 affine vector fields on homogeneous spaces are introduced, and characterized by their Lie brackets
with the projections of right invariant vector fields (Thm. 4.1).

Section 5 is devoted to the previously mentioned Theorem 5.1, and to a corollary (see Cor. 5.1) where the
transitivity assumption is relaxed.

The main result, Theorem 6.1, is stated and proved in Section 6, which is ended by Corollary 6.1 where
systems diffeomorphic to a linear system on a simply connected Lie group are characterized.

Section 7 begins by some examples of linear vector fields. Then we consider a well known system and show
that it is equivalent to a linear one on a homogeneous space of the group Heisenberg. The equivalence is
computed.

Throughout the paper (in fact from Sect. 5) the vector fields under consideration are only assumed to be C*,
k > 1, because the class of differentiability does not matter. The important properties are the completeness of
the vector fields and the fact that they generate a finite dimensional Lie algebra.

On the other hand the simply connected spaces will be assumed to be connected. However this definition
of simply connectedness, that can be found for instance in [5], is not universal and will be recalled in some
statements.

2. PRELIMINARIES

In this section some standard definitions and facts from control theory are reviewed.

Let I' = {g;; i € I'} be a family of C* vector fields on a connected C¥*! manifold M, with k > 1 (the g;’s are
not required to be complete).

Let us denote by (vf) the flow of g;. The orbit of I through a point p € M is the set of points ¢ for which
there exist vector fields g;,,...,g;, €I, and real numbers ¢y, ...,¢, such that

fyz:o...oyﬁ(p)

is defined and equal to q. Let us recall the Sussmann’s orbit theorem:
Orbit Theorem. The orbit of I' through each point p of M is a connected immersed submanifold of M.

In the original proof of Sussmann the vector fields are assumed to be C* (see [11]), but a proof for C* vector
fields, with k > 1, can be found in [7].

This family of vector fields is said to be transitive if the orbit through each point p of M is equal to M, that
is if M is the only orbit of T'.

Let V¥(M) stand for the space of C* vector fields on M. It is not a Lie algebra whenever k < +o0. But it
may happen that all the Lie brackets of elements of I" of all finite lengths exist and are also C*. In that case the
subspace of V¥ (M) spanned by these Lie brackets is a Lie algebra and we will say that the family T generates
a Lie algebra. This last will be denoted by £(T').

Let us assume that I' generates a Lie algebra, and let us consider the rank of I' at each point p € M, that is
the dimension of the subspace of T, M, the tangent space to M at p, spanned by the vectors v(p), v € L(I).
The so-called rank condition asserts that the family I" is transitive as soon as its rank is maximum, hence equal
to dim M, at each point.

To finish let us recall the definition of Lie-determined systems (see for instance [7]): the family T is said to be
Lie-determined if at each point p € M, the rank of I' at p is equal to the dimension of the orbit of I" through p.
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3. LINEAR AND AFFINE VECTOR FIELDS ON LIE GROUPS

Let G be a connected Lie group, and g its Lie algebra, that is the set of right invariant vector fields. The
set of analytic vector fields on G is denoted by V*(G), and the normalizer of g in V¥ (G) is by definition

N =normyegg ={F € V¥(G); VY €g [F.Y] € g}

Definition 3.1. A vector field F on G is said to be affine if it belongs to N.
Such a vector field F' is said to be linear if it moreover verifies F'(e) = 0, where e stands for the identity of G.

In other words the restriction of ad(F') to g, also denoted by ad(F), is a derivation of g. From the Jacobi
identity, it is clear that A is a Lie subalgebra of V¥(G), and that the mapping F' — ad(F) is a Lie algebra
morphism from N into D(g), the set of derivations of g.

Proposition 3.1 (see [2]). The kernel of the mapping F —— ad(F) is the set of left invariant vector fields. An
affine vector field F can be uniquely decomposed into a sum

F=X+7Z

where X is linear and Z left invariant.
This proposition is no longer true whenever the group G is not connected.

Proof. Let Z be an affine vector field whose bracket with any element of g vanishes. Its flow z; commutes with
the one of any Y € g. This writes

Ve e G zi(exp (sY)x) = exp (sY)z(z)
for all ¢, s € R for which this makes sense. Fix « € G. There exist Y7 ...Y} € g such that
x=-exp (Y1)...exp (Yz),
thanks to the connectedness of G. Therefore
ze(x) = ze(exp (Y1) ...exp (Yi)) = exp (Y1)...exp (Yi)zi(e) = zz:(e)

for ¢ sufficiently small, and
Zy = %n:ozt(m)

= %ltzoxzt(e)

=T.L,.Z,
where T, L, stands for the tangent mapping at the identity e of the left translation L,. This proves that Z is left
invariant and, the converse being obvious, since the bracket of a left-invariant vector field with a right-invariant
one vanishes, the first part of the proposition.

For the second one let Z be the left invariant vector field defined by Z. = F'(e). Then the vector field

X = F — Z is clearly linear. O

Theorem 3.1. Let X be a vector field on a connected Lie group G. The following conditions are equivalent:
(1) X is linear;
(2) the flow of X is a one parameter group of automorphisms of G;
(3) X werifies
V.ﬁ,l‘l e Xpwr =T Ly Xy + TRy X, (31)

The second item implies that a linear vector field on a connected Lie group is complete.
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Proof. (1)=(3). The vector field X is linear, hence for all Y € g, the Lie bracket [X,Y] is right invariant.
Therefore we have

Ve € G [X,Y] = Ryu[X,Y] = [Rex X, Ry Y] = [Rpn X, Y.
This proves firstly that [R,.X, Y] is right invariant for all Y € g, hence that the vector field R,.X is affine, and
secondly that ad(R;.X) = ad(X) hence following Proposition 3.1 that
Ry X =X+Z7 (3.2)
where Z is left invariant. This last is characterized by

Zo = (RpuX)e = TRy Xy

hence for all ' € G
Zy = TLy TRy Xy = TRy TLyr Xy 1.

Considering (Ry«X )z = TRy;.X,,—1, equality (3.2) evaluated at the point 2’ becomes
TRy Xypy 1 = Xy + TRy TLyr X,y 1.
It remains to apply TR,-1 to obtain
Xyt = TRy 1. Xy + T Ly Xy

and to replace 71 by x to obtain equality (3.1).
(3)=(2) (see also [3]). Let us denote by ¢; the flow of X, defined on a domain of R x G. The curve

t— () pi(a’)

is defined on an open interval containing 0, and takes the value zx’ at ¢ = 0. Moreover

Gee(@)er(@') = TLg,(a)-Xp (@) + TRy, (2)- X, ()
= Xpy(@)pi(a)-

This proves that
pi(z)pe(2") = pr(wa’)

as soon as the left-hand side exists. It remains to show that X is complete. To begin with, notice that
equality (3.1), evaluated at @ = 2/ = e, implies X, = 0.

Let x € G and t € R. Since X, vanishes, ¢; is defined on an open neighborhood V; of e. The group G being
connected, it is generated by this neighborhood. Therefore there exist z1,...,x, € V; such that © = z1...x,,
and

er(x) = (@1 ... an) = e(@1) - .. pr(an)
is well defined. This proves that X is complete and that ¢, is an automorphism of G for all ¢t € R.

(2)=(1). Let (¢, t € R) be a one parameter group of automorphisms of G, and X its infinitesimal generator.
For all right invariant vector fields Y, we have

d d
X.Yl].=— T .Y = — T.o_:.Ye 3.3
(X, Y] Qo Lor@P1 Yoo =y Tet (3.3)
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since @¢(e) = e for all £ € R. Considering ¢ _; o Ry, ;) = Ry 0 p_¢ we have at any point a:
(X, Y]s 10 Lt (@) P—t-You(a)

=0 Lpi(@)P—t TeRop,(2)-Ye

— TeRw Te‘p—t-Y;ﬁ

= T.R,.[X,Y]e.

t

|~ &le &l

Q
5
~
o

The vector field X is therefore affine, and consequently linear since ¢;(e) = e for all t € R. O

Notations. Here and in the following the flow of a linear vector field X’ will be denoted by (¢¢)ter.

To a given linear vector field X', one can associate the derivation D of g defined by:
VY €g DY = —[X,Y],

that is D = —ad(X’). The minus sign in this definition comes from the formula [Az,b] = —Ab in R™. Tt also
enables to avoid a minus sign in the equality

VY eg VteR oi(expY) = exp(e!PY),

stated in the forthcoming Proposition 3.2.

Example: the inner derivations
Let X € g be a right invariant vector field. We denote by Z the diffeomorphism of G defined by z —— 2~ 1.
The vector field Z, X is left invariant and equal to —X. at e. Therefore the vector field

X=X+1.X

is linear. Indeed X belongs to A/, because for all Y € g, we have [X,Y] = [X + Z.X,Y] = [X,Y] € g, and
satisfies moreover X' (e) = 0. The derivation associated to X is inner since it is equal to —ad(X) = —ad(X) (see
Sect. 7.1.1 for the example of linear vector fields on matrix Lie groups whose derivation is inner).

This shows also that given an inner derivation D = —ad(X), there always exists a linear vector field on G
whose associated derivation is D. This is no longer true in the general case, but holds whenever G is simply
connected. This fact is crucial in the sequel.

Theorem 3.2. The group G is assumed to be (connected and) simply connected. Let D be a derivation of its
Lie algebra g. Then there exists one and only one linear vector field on G whose associated derivation is D.

Proof. The proof is essentially contained in [3], Lemme 4, p. 250. O

Important remark. Under the assumption that the group G is connected, it was stated in Proposition 3.1
that an affine vector field F' can be decomposed into F' = X + Z, with X linear and Z left invariant. This
decomposition is natural because ad(X') = ad(F’), but it may be useful to decompose F' into a linear part and
a right invariant one. Since Z,Z is right invariant and Z 4 Z,. Z linear, we can write

F=X-T.7 withX=X+2+T.7.

Of course ad(X) = ad(X) + ad(Z. Z) # ad(X) = ad(F) (except if Z belongs to the center of g).
This remark will be used in Section 4.

Proposition 3.2. Forallt € R

Tepr = et

and consequently
VY eg ViteR @i(expY) = exp(e'’Y).
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Proof.
(1) Let us first prove the equality

d
_Te ~Y:-; = DTe ,Y;,
dt P
This equality has been previously stated at ¢ = 0 (see equality (3.3) in the proof of Thm. 3.1). In
general
AT, 00Y. = %\soneV’HsYe
- %\sone‘Ps'Tesﬁt-Ye
= DTeps.Ye.

(2) From the equality proved above, the first formula of the proposition is immediate. For the second one,
remark that ¢, is a Lie group morphism. Therefore

To finish this section notice the following proposition:
Proposition 3.3. An affine vector field on a connected Lie group is complete.

Proof. This proposition is a consequence of the forthcoming Theorem 5.1, but it can be proved in an elementary
way. Indeed let F' be an affine vector field and X + Z its decomposition into a linear vector field X and a left
invariant one Z. Let us denote by ¢t — e(t) the maximal trajectory of F' through the identity e, defined on
an interval Ja,b[. One can verify, using the third characterization of linear vector fields (see Thm. 3.1), that
t — @¢(x)e(t) is the trajectory of F' through the point x € G, also defined on ]a,b[. Let us assume b < 400

and le‘ us ChOOSG xr = e(b/2) Then
T2 2 2

is the trajectory of F through x = e(b/2) at t = b/2. Therefore the trajectory t — e(t) can be extended up
to 3b/2, a contradiction. O

4. AFFINE VECTOR FIELDS ON HOMOGENEOUS SPACES

Let H be a closed subgroup of G. The homogeneous space G/H is the manifold of left cosets of H, and we
denote by II the projection of G onto G/H. For each right invariant vector field Y € g, the projection II.Y
of Y onto G/H is always well defined, and will be referred to as an invariant vector field on G/H. It is well
known that the set of such vector fields, II,.g = {II.Y; Y € g}, is a Lie algebra and that II, is a Lie algebra
morphism from g onto IL.g.

Let X be a linear vector field on G. We investigate the existence on G/H of a vector field Il-related to X.
Such a vector field exists if and only if

VreG, VyeH, WeR  T{p(ay)) = Tpi(x).
But (¢ (xy)) = ¢i(x)pi(y)H, and the preceding condition is equivalent to
Vye H, Vt e R vt(y) € H.

Thus X is II-related to a vector field on G/H if and only if H is invariant under the flow of X, therefore if and
only if X' is tangent to H.
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In the particular case where H is a discrete subgroup of GG, this amounts to the condition that X vanishes
everywhere on H, or that H is included in the set of zeroes of X.

Assume now H to be connected, and denote by § its Lie algebra. Since the elements of H are products of
exponentials the invariance of H under X writes

VY €bh, VteR oi(expY) = exp(e’PY) € H.

This is equivalent to VY € b, Vt € R, e!PY € b, and finally to the invariance of h under D.

Proposition 4.1. Let H be a closed subgroup of G, G/H the homogeneous space of left cosets of H, and II the
projection of G onto G/H.

A linear vector field X on G is Il-related to a vector field on G/H if and only if H is invariant under X .

If H is discrete, this condition holds if and only if H is included in the set of zeroes of X.

If H is connected it is equivalent to the invariance of its Lie algebra by under the derivation D associated
to X.

Under these conditions, the projection of X onto G/H will be denoted by IL.X.
Let us now consider an affine vector field F' on G. It is equal to

F=X+Y

where X is linear and Y right invariant. This decomposition (see “important remark” in Sect. 3) is chosen in
order to ensure that the projection IL.Y of Y onto G/H is well defined. Then F' is II-related to a vector field
on G/H if and only if I, X exists. In that case IL.F' = IL.X + 1LY will stand for the projection of F' onto G/H.

Proposition 4.2. Let H be a closed subgroup of G, G/H the homogeneous space of left cosets of H, and II the
projection of G onto G/H.

Let F' be an affine vector field on G and F = X +Y its decomposition into a linear vector field X and a right
invariant one Y .

Then F is H-related to a vector field on G/H if and only if this holds for X, hence if and only if H is
imvariant under X .

The next task is to define and characterize affine vector fields on connected homogeneous spaces. In general
a homogeneous space is defined as a manifold on which a Lie group acts smoothly and transitively. For our
purpose it is more convenient to use the following equivalent definition: a (connected) homogeneous space M
is a manifold diffeomorphic to a quotient G/H, where G is a (connected) Lie group and H a closed subgroup
of G.
There are two remarks to make about the choice of the Lie group G.
(1) We can assume G to be simply connected. If not let G be the universal covering of G, o the projection
of G onto G and H = o~ '(H). Then G/H is diffeomorphic to G/H.
(2) We can assume that dimII,g = dimg. If not let € be the kernel of II, and let K be the connected Lie
subgroup of G whose Lie algebra is . The subgroup K is normal and included in H because ¢ is an
ideal of g included in the Lie algebra h of H (it is easy to see that Y € ¢ if and only if Vo € G, Vt € R,
x Lexp(tY)z € H). Now G/K is a simply connected (because K is connected) Lie group and

G/H ~ (G/K)/(H/K).

We can therefore restrict ourselves to homogeneous spaces G/H where G is simply connected and H is a closed
subgroup of G such that

dimII,g = dim g.
Notice that whenever the subgroup H is not normal then the projections of the right invariant vector fields
belonging to the Lie algebra h of H do not vanish in general. More accurately they vanish at the point H,
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but not necessarily on G/H (see the second item in the proof of Thm. 4.1). Therefore the dimension of G/H
may be strictly less than the dimension of its Lie algebra of invariant vector fields, as shown for instance by
Examples 7.2 and 7.3.

Definition 4.1. Let G be a simply connected Lie group, and H a closed subgroup of G such that dimIl.g =
dim g, where II stands for the projection of G onto G/H. A vector field f on G/H is said to be affine if it is
[I-related to an affine vector field of G.

It is clear that Il.g is invariant for the Lie bracket with any affine vector field I, F. Let us now state and
prove the converse statement, and thus characterize the affine vector fields on homogeneous spaces.

Theorem 4.1. Let G be a (connected and) simply connected Lie group, and H a closed subgroup of G such
that dimIL,g = dim g, where I1 stands for the projection of G onto G/H.
A wvector field f on G/H is affine if and only if

VY € g [fa H*Y] € H*ga

that is if and only if Il.g is ad(f)-invariant.

Proof. The necessary part being clear, let us prove the converse and, for this purpose, let us begin by some
preliminary remarks.

(1) We can assume without loss of generality f(H) = 0 since we can add to f an invariant vector field I,V
that verifies ILY (H) = — f(H).
(2) Let us notice that a right invariant vector field Y belongs to the Lie algebra h of H if and only if
ILLY(H) =0. Indeed
Yeh <—=VieR exp(tY)eH
<= VteR exp(tY)H=H
— ILY(H)=0.

By assumption f induces a derivation D on II, g, defined by D = —ad(f). Since g and Il.g are isomorphic,
we can define the derivation D on g by the equality I1, 0o D = Doll,. Moreover G being simply connected there
exists a (unique) linear vector field X on G associated to D.

Let Y € h. We have

IL.[Y, X] = II.(DY) = D(IL.Y) = [IL.Y, f].
But II.Y (H) = 0 because Y € h, and by assumption f(H) = 0. Therefore [IL.Y, f]|(H) = 0, and [Y, X] belongs
to b.
This proves that b is invariant under D. Let Hy denote the connected component of e in H. Following
Proposition 4.1, the linear vector field X is related to a vector field f on G/Hj by the projection of G onto G/ Hy.
If Hy = H, then f = f. Indeed f and f verify

(i) YgeTlg  [f.g]=1[f.q]
(i1) f(H) = f(H) =0,

and according to the forthcoming Lemma 4.1 this implies the equality of f and f.

If H is not connected then G/Hj is a covering space of G/H, and f can be lift to a vector field f' on G/Hj.
By the previous method we obtain f = f’. Moreover f is related to f’ by the projection of G/H, onto G/H,
and therefore to X'. More accurately the equality between fand f' implies that }’vvanishes on H/Hy, because
so does f’. Therefore the connected components of H are invariant under X, and according to Proposition 4.1,
X is II-related to a vector field on G/H which is nothing else than f. (]



EQUIVALENCE WITH LINEAR SYSTEMS ON LIE GROUPS 965

Lemma 4.1. Let (gi)ier be a transitive family of vector fields (see Sect. 2) on a connected manifold M, and
let f be a vector field on M that satisfies

() Yiel [f.g]=0
(i) Jxg € M f(zo) =0.

Then f = 0.
Proof. Let ¢! denote the flow of g;. Let # € M. By assumption there exist i1,...,i, € I and t1,...,t, € R
such that _ _

T =@ o...0p(x0).

The flow vy of f commutes with ¢!, Vi € I. Hence for all ¢ sufficiently small

Ye(z) =i 0.0 ) (Yi(0))
=i o...0pi (x0)
=X.

Therefore f(x) = 0. O

Example. The affine vector fields on the sphere S™ are described in Section 7.1.2 and this example is generalized
in Section 7.1.3.

The next proposition is obvious but useful in the sequel.
Proposition 4.3. An affine vector field on a homogeneous space is complete.

We can now state the definition of general linear systems. They are the systems
m
b= F(z)+ Y u;Yj() (4.1)
j=1

on homogeneous spaces G/H, where the field F' is affine and the Y}’s invariant. Linear systems on Lie groups,
obtained when the subgroup H is normal, and invariant systems, obtained when the vector field F is invariant,
are two particular cases of this general setting.

5. FINITE DIMENSIONAL ALGEBRAS OF VECTOR FIELDS

Let I' = {g;; i € I} be a family of vector fields on a connected manifold M. All the vector fields g; belonging
to I' are assumed to be C¥, for a common k > 1, and M is therefore at least CFt1.

Recall that the family I" is said to generate a Lie algebra if all the Lie brackets of elements of " of all finite
lengths exist and are also C¥, and that we define in that case the Lie algebra £(I') as the subspace of V*(M)
spanned by these Lie brackets.

Theorem 5.1. Let T be a family of C* wector fields on a connected manifold M. If

(i) all the vector fields belonging to T are complete;

(i) T generates a finite dimensional Lie algebra L(T');

(i¢) the family T is transitive;
then M is CkT1 diffeomorphic to a homogeneous space G/H, where G is a (connected and) simply connected
Lie Group whose Lie algebra is isomorphic to L(T'), and H is a closed subgroup of G.

By this diffeomorphism L(T') is related to the Lie algebra of invariant vector fields on G/H, and T to a subset
of this Lie algebra.

Moreover all the vector fields belonging to L(T') are complete.



966

Proof.
(1)
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Let G be a (connected and) simply connected Lie group whose Lie algebra g is isomorphic to £(T),
L in short, and let us denote by

L: L—g
this Lie algebra isomorphism.
In the product M x G consider the distribution spanned by the family of vector fields {(g, L(g)); ¢ € L}.
This distribution is involutive, and its rank is constant, equal to dim(G) = dim(£). Henceforth it is
completely integrable (the proof of the Frobenius theorem for C* vector fields on a Ck¥*! manifold with
k > 1 can be found for instance in [8]).

Let us fix an arbitrary point pg in M, and let .S be the leaf of the foliation through the point (po, €)
(where e stands for the identity element of G). We denote by II; (resp. Il3) the projection of S onto M
(resp. onto G). We are going to prove that Il is a diffeomorphism.

Notations. For g; € T' = {g;; ¢ € I} we denote by Y; = L(g;) the corresponding vector field on G. The
flows of g; and Y; are respectively denoted by

(t,p) — fy,f(p) and (t,x) — exp(tY;)z.

First of all let us show that Il5 is onto. Since L is a Lie algebra isomorphism and I' generates £, the
Lie algebra g of G is generated by the family L(T") = {Y;; ¢ € I'}. This family is therefore transitive
on G which is connected. Let x € G. There exists an integer r, indices i1,...,%, € I and real numbers
t1,...,t, such that

x =exp(t,Y;)...exp(t1Y;,).

Thanks to the completeness assumption of the elements of I' the point
P =00 % (po)

is well defined. Moreover the vector fields (g;,Y;) are tangent to S and the point (p,z) belongs to S.
Its projection onto G is x, and this proves the surjectivity of Il5.

Let us now prove that Il is a covering map. Since the family L(T") = {Y;; ¢ € I} generates the Lie
algebra g of G, the identity e is normally accessible from e (for the family {£Y;; i € I'}) (see [7] for the
notion of normal accessibility, in particular Cor. 1, p. 154). Let n be the dimension of G. We can find
indices 41, ...,4, € I and real numbers t1,...,t, > 0 such that the mapping

(815 8n) — exp((tn + 8,)Y5,) ... exp((t1 + $1)Y,)

is a local diffeomorphism at (0,...,0) € R™.
Let g = exp(—t1Ys,) ... exp(—t,Y:,). Then the mapping ¥ defined by

(815 y8n) — exp((tn + $0)Y5,) ... exp((t1 + $1)Y3, )xo

is also a local diffeomorphism, and satisfies ¥(0,...,0) =e.
We can choose a neighbourhood of 0 in R" sent diffeomorphically by ¥ onto an open and connected
neighbourhood V of e in G. Let us denote by ¥ the similar mapping from R™ x M into M, that is

(S1y. ..y 8n;P) — %—:_an o... 0’7211+s1 o fyi_ltl 0...0 fyi"tn(p).
Let = be a given point in G, and for every p € M such that (p,z) € S let o, be the mapping

op: Vo, — S
y o (¥()(p)y)
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where 7 = U~!(yz~'). The neighbourhood Vz of z is evenly covered by {c,(Vz); p € M and
(p,z) € S}. Indeed it is clear that Il o o, is the identity of Vz and that the sets o,(Vx) cover
I, '(Vx). Let us show that they are mutually disjoint. If not we can find 7, 7/, p, p/, such that
op(U(7).2) = 0 (¥(7').). But

ap(¥(1).2) = o (U(r).) = (U(7)(p), U(7).2) = (¥(7)(p'), ¥(r').x)
= U(7).x = V(7).
= 7: = Tl _
— ¥(7)(p) = ¥(7)(p')
= p= pl.

This proves that Iy is a covering of G by S (notice that S is connected and locally connected). But G
is simply connected and Il is therefore a diffeomorphism. In particular, given a point x € G, there is
one and only one point p € M for which (p,x) € S.

The next task is to prove that the left translations of G induce a group action on M. Let y € G and
(p,x) € S. There exists an unique point ¢ € M such that (q,yx) belongs to S. Let us show that ¢
depends only on p and y but not on a particular choice of x. Thanks again to the transitivity of the
family L(T"), there exist an integer r, indices 41,...,4, € I and real numbers ¢1,...,t, such that

y =exp(t,Y,)...exp(t1Y7).

Then the equality ¢ = fytZT o...07(p) holds.

Indeed (v;” o...07; (p), exp(t,Y;) ... exp(t1Y1)z) belongs to S, and 7;” o... 0, (p) is therefore the
only point ¢ such that (¢,exp(t,Y;)...exp(t1Y1)r) = (¢, yz) belongs to S.
We will denote by p, the diffeomorphism ~;” o...o~;} of M. Notice that

(py(p),yx) =Ty " o Ly o ly(p, x). (5.1)

Hence the mapping

(y:p) — py(p)
is of class C**! from G x M onto M.
To finish we have py o p,s = py, for all y,3’ € G, according to equality (5.1).
Therefore (y,p) — p,(p) is a transitive and C¥+1 action of the Lie group G on the manifold M. Let
H be the isotropy group of pg, that is the set of points « of G such that (pg, x) belongs to S, and G/H
the manifold of left cosets of H. Then

H € G/H — pa(po)
is a diffeomorphism from G/H onto M, denoted by ® in the end of the proof.
We are left to prove that ® induces an isomorphism between the Lie algebra of invariant vector fields
on G/H and L. Let us denote by II the projection of G onto G/H. Then the equality
®oll =TI, oI, !
holds. Recall that (pg,e) € S. Then Vo € G
Poll(z) = @(@H) = pa(po)

1 (pz(po), )
= I o IT; *(x).
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Let Y € g. Then ®,(ILY) = (Il; o I, !),.Y = L=(Y). This equality has two consequences. The first
one is that I' is under ®~! equivalent to a set of invariant vector fields on G/H. The second one is that
all the vector fields of £(T') are complete, since @ is a diffeomorphism, and they are related by ®. to
complete vector field of G/H. O

Thanks to the Orbit Theorem, recalled in Section 2, we can relax the transitivity assumption, and obtain
the following corollary.

Corollary 5.1. Let T be a family of C* vector fields on a connected manifold M. If

(@) all the vector fields belonging to T’ are complete;
(i) T generates a finite dimensional Lie algebra L(T),

then all the vector fields belonging to L(T') are complete, and the family T is Lie-determined.

Proof. Let p be a point of M and let us denote by S the orbit of I through p. By the orbit theorem S is a
submanifold of M. Moreover every vector field belonging to T', hence every vector field belonging to £(T'), is
tangent to S.

Let I's stand for the family of restrictions to S of the vector fields of I'. Clearly I's generates a finite
dimensional Lie algebra L£(I's), which is nothing else than the set of restrictions to S of the vector fields
of L(T'). By definition the family I'g is transitive on S and satisfies the assumptions of Theorem 5.1. Therefore
S is diffeomorphic to a homogeneous space G/H, where G is a simply connected Lie Group whose Lie algebra
is isomorphic to £(T's), and H is a closed subgroup of G. By this diffeomorphism I'g is related to a set of
invariant vector fields, and £(I's) to the Lie algebra of invariant vector fields on G/H. Therefore

Vqge S rank L(T's)(¢) = dimG/H = dim S

and the family I'g is Lie-determined. O

6. APPLICATION TO CONTROL SYSTEMS

Consider the control affine system
(%) &= f() + ) ujg;(z)
j=1

where z belongs to the n-dimensional connected manifold M and where f, g1, .., gm are C* vector fields on M,
with & > 1. The control u = (uq, ..., u,) belongs to R™.

The family I' = {f, g1,...,gm} is assumed to generate a Lie algebra denoted by L.

We also denote by Ly the ideal of £ generated by gi1,...,gm. It is well known that L is the smallest Lie
subalgebra of £ containing g1, ..., g, and closed for the Lie bracket with f:

XeLly = [f,X]eL.

The dimension of Ly is its dimension as a real Lie algebra, and its rank at a point p € M is the dimension
of the subspace {X (p); X € Lo} of the tangent space T, M of M at p. In the particular case where the rank
of Ly is constant, it will be referred to as rank (Lo).

It is also known that £ = Lo + Rf. If the point p is a zero of f then rank (£)(p) = rank (Lo)(p), and in case
where the ranks of £ and Ly are constant, the existence of a zero of f implies their equality.

If £ (resp. Lo) is finite dimensional, then G (resp. Go) will stand for a (connected and) simply connected Lie
group whose Lie algebra is isomorphic to £ (resp. Lo).
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Theorem 6.1. We assume the family {f, g1,...,gm} to be transitive. Then system (X) is diffeomorphic to a
linear system on a Lie group or a homogeneous space if and only if the vector fields f,qg1,...,gm are complete
and generate a finite dimensional Lie algebra.

More accurately, under this condition the rank of Ly is constant, equal to dim(M) or dim(M) — 1, and:

(@) if rank (Lo) = dim(M), in particular if there exists one point pg € M such that f(pg) = 0, then (X) is
diffeomorphic to a linear system on a homogeneous space Go/H of Gy;
(i) if rank (Lo) = dim(M)—1, then X is diffeomorphic to an invariant system on a homogeneous space G/ H

of G.

Proof. Let us prove the sufficiency.

The Lie algebras £ and L, are finite dimensional and generated by complete vector fields. By Corollary 5.1
they are Lie-determined. As L is transitive, its rank is everywhere full. Moreover the rank of Ly is constant
over M, equal to dim(M) or dim(M) — 1. Indeed Ly being Lie-determined, its rank is everywhere equal to the
dimension of the zero-time orbit, which is constant, equal to dim(M) or dim(M) — 1 (see [7]).

Let us assume rank (L) = dim(M). Then we can apply Theorem 5.1 to the family £5. The manifold M
is diffeomorphic to a homogeneous space Go/H of Gy, and if we denote by ® this diffeomorphism, the tangent
mapping P, induces a Lie algebra isomorphism between Ly and the Lie algebra of invariant vector fields
on Go/H. The vector field . f satisfies

v.g S EO [(I)*fa (I)*g] = CI)*[f, g] S (I)*(EO)

Since ®.(Ly) is equal to the Lie algebra of invariant vector fields on Go/H, and according to Theorem 4.1, the
vector field @, f is affine, that is @, f is the projection onto Go/H of an affine vector field F' of Gy. This vector
field can be chosen to be linear if and only if there is one point py in M such that f(py) = 0: in the proof of
Theorem 5.1, we can choose pg to be the projection of the identity e of Gy. Clearly system (%) is diffeomorphic
to the linear system

= F(@)+ ) uY;(@)

on Go/H, where F stands for ®.f, and Y; = ®,g; is an invariant vector field for j =1,...,m.

We assume now rank (Lo) = dim(M) — 1. We apply Theorem 5.1 to £: the manifold M is diffeomorphic to
a homogeneous space G/H of G, and under this diffecomorphism £ is isomorphic to the Lie algebra of invariant
vector fields on G/H. System (X) is obviously diffeomorphic to an invariant system on G/H. O

From Theorem 6.1 we can deduce the following corollary, stated in the C*>° case in order to ensure the
existence of £ and Ly:

Corollary 6.1. The manifold M is assumed to be C*° and simply connected.

The family {f,g1,...,9m} is assumed to be C>°, complete and transitive, and the vector field f to vanish at
a point pg € M.

Then system (X) is equivalent to a linear system on a Lie group if and only if

dim(Lo) = dim(M).

Proof. The necessity part is obvious. Let us prove the sufficient one.

Since dim(Ly) < oo, Theorem 6.1 applies, and since f vanishes at one point, we have rank (£y) = dim(M) =
dim(Lp). Therefore ¥ is diffeomorphic to a linear system on a homogeneous space G/ H of G, with the previous
notations. Now the two conditions dim(Lg) = dim(M) and M simply connected imply Go/H = Go. O

The assumption that M is simply connected cannot be relaxed. If not, M remains diffeomorphic to a
homogeneous space G/H, where H is discrete, but G/H is a Lie group if and only if H is normal.
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7. EXAMPLES

7.1. Examples of linear and affine vector fields

7.1.1. Inner derivations on matriz Lie groups

See [9]. Let G be a connected matrix Lie group, that is a connected Lie subgroup of Gl(n; R), for some n. For
any matrix X belonging to the tangent space T7G at the identity I, identified to g, the mapping M — XM
defines a right invariant vector field. We can also associate to the inner derivation D = —ad(X) the linear
vector field X defined by

X(M)=XM - MX.

Hence in the inner derivation case, a linear system on G writes
m
M=XM-MX+Y wY;M
j=1
where M € G, and X,Y7,...,Y,, €g.

7.1.2. Affine vector fields on the sphere S™, n > 2

The sphere S™ is diffeomorphic to the homogeneous space SO,,11/50,,, where SO,, is identified with the
closed subgroup

H = 0 : N €SO,

of SO, 41.
On the one hand the Lie algebra so,1 is semi simple, since n + 1 > 3, so all its derivations are inner.
On the other hand the subgroup H is connected, and, following Proposition 4.1, a linear vector field X
on SO, 41 is related to a vector field on SO,,41/H if and only if its Lie algebra b is invariant under D = —ad(X).
But X being of the form

X(M)=XM-MX, M € SO, 44

for some X € 50,41, this condition turns out to
VY € [X,Y] €

and a straightforward computation shows that it holds if and only if X € b.
The flow of X is given by

@i(M) = "X Me™X

and its projection onto SO,,41/H is equal to
e Me X H =X MH

since V¢ € R, e *X € H. This proves that the vector fields X and X have the same projection on S ~ SO, 1/H.
In conclusion the only affine vector fields on the sphere S™ are the invariant ones. They are the vector fields
defined by

f(z) = Az, zesS"
where A € 50,11, that is A’ = —A.
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Remark. The group SO, 41 is not simply connected but as it is semi simple, this is not a restriction to the
application of Theorem 4.1. Indeed any derivation D is inner, hence the associated linear vector field always
exists, despite the lack of simply connectedness.

7.1.3. The general inner derivation case

The previous phenomena is due to the fact that the normalizer of h ~ so,, in 50,41 is itself. To see this let
us consider the general inner derivation case on a connected Lie group G.

Let D = —ad(X), with X € g, be an inner derivation. Recall from Section 3 that the linear vector field
associated to D is equal to

X=X+7T.X.
Let H be a closed and connected subgroup of G. Then, following again Proposition 4.1, the linear vector field X
is related to a vector field on G/H if and only if its Lie algebra § is invariant under D = —ad(&X’). But

Weh VA =[Y,X|cH
<= X € normgh.

Therefore X' can be projected on G/H if and only if X belongs to the normalizer of § in g.
An example of linear vector field whose derivation is not inner is given in the next section.

7.2. Example of equivalence

Consider the system in R?

Let
0 0 0 0
— 2= = _ = = 0y — = =9 _.
f Yy al', g1 B} ) g2 [ghf] yaz7 and 93 [91792] O

Clearly the system can be written
p=f(p)+ug(p) where  p = (z,y).
The brackets [g1, 93], [92, 93], [f; g2], and [f, g3] vanish, and with the notations of Section 6 we have
L =5p{f 91,92, 93} and Lo = Sp{g1, 92,93}
All these vector fields are complete, L is isomorphic to the Heisenberg Lie algebra, and its rank is everywhere
full, therefore Theorem 6.1 applies: system (X) is equivalent to a linear system on a homogeneous space of the

Heisenberg group.
Let us compute this equivalence. The Heisenberg group is

1
G = 0 5 (I',y,Z)E]R
0

o=
— 8 X

and its Lie algebra g is spanned by the right invariant vector fields

00 0 0 1
x={00 1], vy=[0 0
00 0 00

O OR

00 1
. andZ=(0 0 0],
00 0
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that can be written in the canonical coordinates

0 0 0 0
= — Y =— — d Z=—-
oz’ oy + oz o 0z
The derivation D on g should verify DX =Y and DY = DZ = 0. Let X be the unique vector field that
verifies X (I) = 0 and —ad(X) = D, hence [X, X] =Y and [Y, X] = [Z, X] = 0. Using indeterminate coefficients,
we get

g 1,0
X=o—+-2"—
m8y+2x 0z

It is easy to check that X is linear and that —ad(X) = D. The system ¢ = X(q) + uX(g) can be written in R3

r =u
Y T
. _ 1.2
z =g

We are looking for a subgroup H of G for which (X) is equivalent to a linear system on G/H. The algebra of
vector fields of £, that vanishes at (0,0) is spanned by go, thus the Lie algebra of H should be spanned by Y.
Let H be the closed, but not normal, subgroup of G

Ly
H = 0 1 i yeR
0 0

= o O

The projection of G onto G/H is equivalent to the projection (x,y,z) — (z,2) from R? onto R?, and the
linear system on G/H is therefore equivalent to

o4t =
Z‘:

To finish, ¥/ is equivalent to (X) under the linear transformation of R?, (x, z) — (2z, z).

x2.

NI

7.3. Generalization of the previous example
Let P(y) be a polynomial. Then the system in R?
& = P(y)
Yy =u

satisfies the assumptions of Theorem 6.1: let

and, by induction:
0

Grr1 = 91,95 = PP (Z/)%'

The vector field g vanishes as soon as k > deg(P) + 1, and so do the other brackets. Therefore

L=85p{f, g1, 9deg(p)+1} and Lo = Sp{g1,- .., Jdeg(P)+1}"

All these vector fields are complete, the system satisfies clearly the rank condition, therefore Theorem 6.1
applies.
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