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ABSTRACT. In this survey, we present a geometric description of Lagrangian
and Hamiltonian Mechanics on Lie algebroids. The flexibility of the Lie al-
gebroid formalism allows us to analyze systems subject to nonholonomic con-
straints, mechanical control systems, Discrete Mechanics and extensions to
Classical Field Theory within a single framework. Various examples along the
discussion illustrate the soundness of the approach.
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1. INTRODUCTION

The theory of Lie algebroids and Lie groupoids has proved to be very useful in
different areas of mathematics including algebraic and differential geometry, alge-
braic topology, and symmetry analysis. In this survey, we illustrate the wide range
of applications of this formalism to Mechanics. Specifically, we show how the flexi-
bility provided by Lie algebroids and groupoids allows us to analyze, within a single
framework, different classes of situations such as systems subject to nonholonomic
constraints, mechanical control systems, Discrete Mechanics and Field Theory.

The notions of Lie algebroid and Lie groupoid allow to study general Lagrangian
and Hamiltonian systems beyond the ones defined on the tangent and cotangent
bundles of the configuration manifold, respectively. These include systems deter-
mined by Lagrangian and Hamiltonian functions defined on Lie algebras, Lie groups,
Cartesian products of manifolds, and reduced spaces.

The inclusive feature of the Lie algebroid formalism is particularly relevant for
the class of Lagrangian systems invariant under the action of a Lie group of symme-
tries. Given a standard Lagrangian system, one associates to the Lagrangian func-
tion a Poincaré-Cartan symplectic form and an energy function using the particular
geometry of the tangent bundle. The dynamics is then obtained as the Hamiltonian
vector field associated to the energy function through the Poincaré-Cartan form.
The reduction by the Lie group action of the dynamics of this system yields a
reduced dynamics evolving on a quotient space (which is not a tangent bundle).
However, the interplay between the geometry of this quotient space and the reduced
dynamics is not as transparent as in the tangent bundle case. Recent efforts have
lead to a unifying geometric framework to overcome this drawback. It is precisely
the underlying structure of Lie algebroid on the phase space what allows a unified
treatment. This idea was introduced by Weinstein [b4] (see also [31]), who devel-
oped a generalized theory of Lagrangian Mechanics on Lie algebroids. He obtained
the equations of motion using the linear Poisson structure on the dual of the Lie
algebroid and the Legendre transformation associated with a (regular) Lagrangian.
In [54], Weinstein also posed the question of whether it was possible to develop a
treatment on Lie algebroids and groupoids similar to Klein’s formalism for ordinary
Lagrangian Mechanics [22]. This question was answered positively by E. Martinez
in [38 (see also [[3, BIL BTl E9]). The main notion was that of prolongation of a Lie
algebroid over a mapping, introduced by P.J. Higgins and K. Mackenzie [T9]. More
recently, the work [26] has developed a description of Hamiltonian and Lagrangian
dynamics on a Lie algebroid in terms of Lagrangian submanifolds of symplectic Lie
algebroids. An alternative approach, using the linear Poisson structure on the dual
of the Lie algebroid was discussed in [I8].
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In this paper, we present an overview of these developments. We make special
emphasis on one of the main advantages of the Lie algebroid formalism: the pos-
sibility of establishing appropriate maps (called morphisms) between systems that
respect the structure of the phase space, and allow to relate their respective prop-
erties. As we will show, this will allow us to present a comprehensive study of the
reduction process of Lagrangian systems while remaining within the same category
of mathematical objects.

We also consider nonholonomic systems (i.e., systems subject to constraints in-
volving the velocities, see [T0] for a list of references) and control systems evolving
on Lie algebroids [I3]. This is motivated by the renewed interest in the study of
nonholonomic mechanical systems for new applications in the areas of robotics and
control. In particular, we provide widely applicable tests to decide the accessi-
bility and controllability properties of mechanical control systems defined on Lie
algebroids.

We end this survey by paying attention to two recent developments in the context
of Lie algebroids and groupoids: Discrete Mechanics and Classical Field Theory.
Discrete Mechanics seeks to develop a complete discrete-time counterpart of the
usual continuous-time treatment of Mechanics. The ultimate objective of this effort
is the construction of numerical integrators for Lagrangian and Hamiltonian systems
(see |37 and references therein). Up to now, this effort has been mainly focused
on the case of discrete Lagrangian functions defined on the Cartesian product of
the configuration manifold with itself. This Cartesian product is just an example
of a Lie groupoid. Here, we review the recent developments in [35], where we
proposed a complete description of Lagrangian and Hamiltonian Mechanics on Lie
groupoids. In particular, this description covers the analysis of discrete systems
with symmetries, and naturally produces reduced geometric integrators. Another
extension that we consider is the study of Classical Field Theory on Lie algebroids.
Thinking of a Lie algebroid as a substitute of the tangent bundle of a manifold, we
substitute the classical notion of fibration bundle by a surjective morphism of Lie
algebroids m: F — F. Then, we construct the jet space Jm as the affine bundle
whose elements are linear maps from a fiber of F' to a fiber of E, i.e., sections of
the projection m. After a suitable choice of the space of variations, we derive the
Euler-Lagrange equations for this problem.

The paper is organized as follows. In Section Bl we present some basic facts on
Lie algebroids, including results from differential calculus, morphisms and prolon-
gations of Lie algebroids, and linear connections. We also introduce the notion
of Lie groupoid, Lie algebroid associated to a Lie groupoid, and morphisms and
prolongations of Lie groupoids. Various examples are given in order to illustrate
the generality of the theory. In Section Bl we give a brief introduction to the La-
grangian formalism of Mechanics on Lie algebroids, determined by a Lagrangian
function L : E — R on the Lie algebroid 7 : E — M. Likewise, we introduce the
Hamiltonian formalism on Lie algebroids, determined by a Hamiltonian function
H: EF* — R, where 7*: E* — M is the dual of the Lie algebroid £ — M. In
Section Bl we introduce the class of nonholonomic Lagrangian systems. We study
the existence and uniqueness of solutions, and characterize the notion of regularity
of a nonholonomic system. Under this property, we derive a procedure to obtain
the solution of the nonholonomic problem from the solution of the free problem by
means of projection techniques. Moreover, we construct a nonholonomic bracket
that measures the evolution of the observables, and we study the reduction of
nonholonomic systems in terms of morphisms of Lie algebroids. In Section B we
introduce the class of mechanical control systems defined on a Lie algebroid. We
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generalize the notion of affine connection control system to the setting of Lie alge-
broids, and introduce the notions of (base) accessibility and (base) controllability.
We provide sufficient conditions to check these properties for a given mechanical
control system. In Section Bl we study Discrete Mechanics on Lie groupoids. In
particular, we construct the discrete Euler-Lagrange equations, discrete Poincaré-
Cartan sections, discrete Legendre transformations, and Noether’s theorem, and
identify the preservation properties of the discrete flow. In the last section, we
extend the variational formalism for Classical Field Theory to the setting of Lie
algebroids. Given a Lagrangian function, we study the problem of finding criti-
cal points of the action functional when we restrict the fields to be morphisms of
Lie algebroids. Throughout the paper, various examples illustrate the results. We
conclude the paper by identifying future directions of research.

2. LIE ALGEBROIDS AND LIE GROUPOIDS

2.1. Lie algebroids. Given a real vector bundle 7: E — M, let Sec(r) denote
the space of the global cross sections of 7: £ — M. A Lie algebroid E over a
manifold M is a real vector bundle 7: E — M together with a Lie bracket [-, -]
on Sec(7) and a bundle map p: E — TM over the identity, called the anchor
map, such that the homomorphism (denoted also p: Sec(r) — X(M)) of C°(M)-
modules induced by the anchor map verifies

[X, fYT = FIX, Y]+ p(X) ()Y,

for X,Y € Sec(r) and f € C°°(M). The triple (E, [, -], p) is called a Lie algebroid
over M (see [32,B3]). If (E, [, ], p) is a Lie algebroid over M, then the anchor map
p: Sec(t) — X(M) is a homomorphism between the Lie algebras (Sec(7), [, ])
and (X(M), [, -])-

In what concerns to Mechanics, it is convenient to think of a Lie algebroid as
a generalization of the tangent bundle of M. One regards an element a of E as
a generalized velocity, and the actual velocity v is obtained when applying the
anchor to a, i.e., v = p(a). A curve a: [tg,t1] — FE is said to be admissible if
m(t) = p(a(t)), where m(t) = 7(a(t)) is the base curve.

Given local coordinates (z*) in the base manifold M and a local basis of sections
(€q) of E, then local coordinates of a point a € E are (z°,y*) where a = y®e,(7(a)).
In local form, the Lie algebroid structure is determined by the local functions p?,
and C’gﬁ on M. Both are determined by the relations

.0
plea) = Pays (2.1)
lea,es] = C;B €y (2.2)

and they satisfy the following equations

0y 00l ocy, )
p]a i pﬁa 7 PVCVB and Z [Pa O + Cgvcw =0. (2,3)
cyclic(a,3,7)

Cartan calculus. One may define the exterior differential of E,d: Sec(A\*7*) —
Sec(AF+17%)  as follows

k
dw(Xo, ..., X) :Z(—l)ip(X-)( (X0, Xay .o X8))

+Z D w([Xs, X0 Xoy oo Xav oo X0 X0,

i<j
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for w € Sec(A*7*) and Xo,..., X € Sec(7). d is a cohomology operator, that is,
d? = 0. In particular, if f : M — R is a real smooth function then df (X) = p(X)f,
for X € Sec(7). Locally,

. . 1
dz" = pl.e” and  de¥ = —§Cgﬁeo‘ neP,
where {e®} is the dual basis of {es}. We may also define the Lie derivative with
respect to a section X of E as the operator Lx: Sec(AF7*) — Sec(AF7*) given
by Lx =ix od+ doix (for more details, see [32 B3]).
Morphisms. Let (E,[-,-],p) (resp., (E',[,-]’,p")) be a Lie algebroid over a man-
ifold M (resp., M') and suppose that ¥: E — FE’ is a vector bundle morphism

over the map Wy: M — M’. Then, the pair (¥, ¥y) is said to be a Lie algebroid
morphism if

d((V, W) ¢) = (¥, To)*(d'¢'), for all ¢ € Sec(A*(E')*) and for all k, (2.5)

where d (resp., d’) is the differential of the Lie algebroid E (resp., E’) (see [26]).
Note that (¥, ¥g)*¢’ is the section of the vector bundle A¥E* — M defined for
k> 0 by

(0, %0) ¢ )zlar, ..., ax) = Py () (¥(ar), ..., ¥(ar)),

for v € M and ay,...,a; € E,, and by (¥, ¥g)*f = foW¥q for f € Sec(A\"E™) =
C*(M'"). In the particular case when M = M’ and ¥ = idys then 3 holds if
and only if

[ToX, UoVY] =V[X,Y], p(¥X)=pX), forX,Y € Sec(r).

Linear connections on Lie algebroids. Let 7 : E — M be a Lie algebroid over
M. A connection on FE is a R-bilinear map V: Sec(E) x Sec(E) — Sec(FE) such
that

VixYV = fVxY,  Vx(fY)=p(X)(/)Y + fVxY
for f € C>°(M) and X,Y € Sec(E).
Given a local basis {e,} of Sec(E) such that X = X%, and Y = YPej then
; OY"
VxY = X° (pl — + Fgﬁyﬁ) ery-

@ Ozt

The terms I 5 are called the connection coefficients. The symmetric product
associated with V is given by

(X:Y)=VxY +VyX, X,Y € Sec(E).

Since the connection is C°°(M)-linear in the first argument, it is possible to
define the derivative of a section Y € Sec(F) with respect to an element a € E,,
by simply putting

VoY = (VxY)(m),

with X € Sec(FE) satisfying X(m) = a. Moreover, the connection allows us to
take the derivative of sections along maps and, as a particular case, of sections
along curves. If we have a morphism of Lie algebroids ® : F — E over the map
¢ : N — M and a section X : N — E along ¢ (i.e., X(n) € Ey,,, for n € N),
then X may be written as

p
X =) F(Xop),
=1
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for some sections {X1,...,X,} of E and for some functions Fi,...,F, € C®(N),
and the derivative of X along ¢ is given by
P
VX =Y [(pr(b)F)Xi(p(n)) + Fi(n)VewXi], forbe F,,
1=1
where pp is the anchor map of the Lie algebroid F' — N.

A particular case of the above general situation is the following. Let a : I — F
be an admissible curve and b : I — F be a curve in E, both of them projecting by
7 onto the same base curve in M, 7(a(t)) = m(t) = 7(b(t)). Take the Lie algebroid
structure T/ — I and consider the morphism ® : TI — E, ®(t,t) = ta(t) over
m : I — M. Then one can define the derivative of b(t) along a(t) as Vg/a:b(t).
This derivative is usually denoted by V,;)b(t). In local coordinates, this reads

Ba”‘bﬂ e(m(t)), for all ¢.

The admissible curve a : I — F is said to be a geodesic for V if Va(t)a(t) =0
(see [13]).

Now, let §: E X3y E — R be a bundle metric on a Lie algebroid 7: ¥ — M.
In a parallel way to the situation in the tangent bundle geometry, one can see that
there is a canonical connection VY on F associated with G. In fact, the connection
V9 is determined by the formula

25(VXY.Z2) = p(X)(S(Y,2)) +p(Y)(S(X, 2)) — p(Z)(S(X.Y))
+5(X,[2,Y]) + SV, [Z, X]) - §(%, [Y, X]),

for X,Y,Z € Sec(E). V9 is a torsion-less connection and it is metric with respect
to G. In other words

[X,Y] = VY -V{X,
p(X)(S(Y,2)) = S(VRY.Z)+ (Y, VX Z).
V9 is called the Levi-Civita connection of G (see [I3]).

Finally, suppose that £ = D @ D¢, with D and D¢ vector subbundles of F,
and denote by P: E — D and @ : E — D¢ the corresponding complementary
projectors induced by the decomposition. Then, the constrained connection is
the connection V on E defined by

VxY = P(VxY)+ Vx(QY),
for X,Y € Sec(E) (for the properties of the constrained connection V, see [I3]).

Examples. We will present some examples of Lie algebroids.

1.- Real Lie algebras of finite dimension. Let g be a real Lie algebra of
finite dimension. Then, it is clear that g is a Lie algebroid over a single point.

2.- The tangent bundle. Let T'M be the tangent bundle of a manifold M.
Then, the triple (T'M, [-, -], idrar) is a Lie algebroid over M, where idry : TM —
TM is the identity map.

3.- Foliations. Let F be a foliation of finite dimension on a manifold P and
7y : TF — P be the tangent bundle to the foliation F. Then, 74 : TF — P is a
Lie algebroid over P. The anchor map is the canonical inclusion pg : T — TP
and the Lie bracket on the space Sec(7s) is the restriction to Sec(7g) of the standard
Lie bracket of vector fields on P. In particular, if 7 : P — M is a fibration,
7p : TP — P is the canonical projection and (7p)jy, : Vm — P is the restriction
of 7p to the vertical bundle to 7, then (7p)|y, : Vr — P is a Lie algebroid over P.
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4.- Atiyah algebroids. Let p : Q — M be a principal G-bundle. Denote by
P : G xQ — Q the free action of G on Q and by T® : G x TQ — TQ the
tangent action of G on T'Q). Then, one may consider the quotient vector bundle
70|G : TQ/G — M = @Q/G, and the sections of this vector bundle may be
identified with the vector fields on @ which are invariant under the action ®. Using
that every G-invariant vector field on @ is p-projectable and that the usual Lie
bracket on vector fields is closed with respect to G-invariant vector fields, we can
induce a Lie algebroid structure on T'Q/G. This Lie algebroid is called the Atiyah
algebroid associated with the principal G-bundle p: Q — M (see [20, B2]).

5.- Action Lie algebroids. Let (E, [-,-], p) be a Lie algebroid over a manifold
M and f: M’ — M be a smooth map. Then, the pull-back of E over f, f*E =
{(a';a) e M' x E | f(2') =7(a) }, is a vector bundle over M’ whose vector bundle
projection is the restriction to f*E of the first canonical projection pry : M’ x E —
M'. However, f*FE is not, in general, a Lie algebroid.

Now, suppose that ®: Sec(7) — X(M’) is an action of F on f, that is, @ is a
R-linear map which satisfies the following conditions

®(hX) = (ho f)®X, ®[X,Y]=[®X,dY], ®X(ho f)=p(X)(h)o f,

for X,Y € Sec(r) and h € C*>°(M). Then, one may introduce a Lie algebroid
structure ([, -], ps) on the vector bundle f*E — M’ which is characterized by the
following conditions

[Xof,Yofle=[X,Y]of, pa(Xof)=>o(X), for X,Y €Sec(r). (2.6)

The resultant Lie algebroid is denoted by E x f and we call it an action Lie
algebroid (for more details, see [26]).

6.- The prolongation of a Lie algebroid over a fibration [19, 26, 39]. Let
(E,[,],p) be a Lie algebroid over a manifold M and = : P — M be a fibration.
We consider the subset of £ x T'P

TP ={(b,v) € E; x T,P | p(b) = Tm(v) },

where T : TP — T'M is the tangent map to 7, p € P, and 7(p) = 2 . We will
frequently use the redundant notation (p, b, v) to denote the element (b, v) € ’Z;E P.
TEP = Upe p’Z;E P is a vector bundle over P and the vector bundle projection 75
is just the projection onto the first factor. The anchor of 7P P is the projection
onto the third factor, that is, the map p™: T¥P — TP given by p™(p,b,v) = v.
The projection onto the second factor will be denoted by 7n: TPP — E, and it

is a morphism of Lie algebroids over 7. Explicitly, 7m(p,b,v) = b.

An element 2z € 7P P is said to be vertical if it projects to zero, that is 77 (z) =
0. Therefore it is of the form (p,0,v), with v a m-vertical vector tangent to P at p.
Given local coordinates (2%, u) on P and a local basis {e,} of sections of E, we
can define a local basis {X,,V4} of sections of 7¥ P by

Xa(p) = (p, ea(m(p)), Py aii

p) and Valp) = (p,O, auif“p)'

If z = (p,b,v) is an element of 7¥P, with b = 2%, then v is of the form v =

P2 62,_- + UAB%,, and we can write

z=2"Yu(p) + UAVA(p).

Vertical elements are linear combinations of {V4}.
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The anchor map p™ applied to a section Z of TP with local expression Z =
7%, + VAV 4 is the vector field on P whose coordinate expression is

0 4 0
ozt v ouA”

Next, we will see that it is possible to induce a Lie bracket structure on the
space of sections of 72 P. For that, we say that a section X of 5. TEP — P
is projectable if there exists a section X of 7 : F — M and a vector field
U € X(P) which is m-projectable to the vector field p(X) and such that X (p) =
(X (m(p)),U(p)), for all p € P. For such a projectable section X, we will use the
following notation X = (X,U). It is easy to prove that one may choose a local
basis of projectable sections of the space Sec(75).

The Lie bracket of two projectable sections Z1 = (X1,U;) and Zy = (Xo,Us) is
then given by
[Z1, Z2]" (p) = (p, [ X1, X2](®), [Ur, Ua](p)),  pe€P, x=m(p).

Since any section of TP P can be locally written as a linear combination of pro-
jectable sections, the definition of the Lie bracket for arbitrary sections of 7% P
follows. In particular, the Lie brackets of the elements of the basis are

[[:X:OU xﬁ]]ﬂ— = C;/ﬁ :X:’Ya IIxo“vB]]Tr - 0 and IIVA, VB]]TF — O’
and, therefore, the exterior differential is determined by

de’ = pflf)Co‘, du® = VA,

pr(Z) = p\ 2"

dX" = f%cgﬁxa AXP, dvA =0,

where {X, V4} is the dual basis to {Xa, Va}.
The Lie algebroid 77 P is called the prolongation of E over 7 or the E-
tangent bundle to .

2.2. Lie groupoids. In this section, we review the definition of a Lie groupoid and
present some basic facts generalities about them (see [32, B3] for more details). A
groupoid over a set M is a set G together with the following structural maps:

e A pair of maps o : G — M, the source, and §: G — M, the target.
These maps define the set of composable pairs

Gy ={(9,h) e GxG | Blg)=alh)}.

e A multiplication m : Go — G, to be denoted simply by m(g, h) = gh,
such that
— a(gh) = a(g) and B(gh) = B(h),
— g(hk) = (gh)k.
e An identity section € : M — G such that
— e(a(g))g = g and ge(B(g)) = g.
e An inversion map i : G — G, to be denoted simply by i(g) = g7 !,
such that
— g 'g=¢(B(g)) and gg~" = e(a(g)).
A groupoid G over a set M will be denoted simply by the symbol G = M.

The groupoid G = M is said to be a Lie groupoidif G and M are manifolds and
all the structural maps are differentiable with a and g differentiable submersions.
If G = M is a Lie groupoid then m is a submersion, ¢ is an immersion and ¢ is
a diffeomorphism. Moreover, if z € M, a~*(z) (resp., S~ !(z)) will be said the
a-fiber (resp., the G-fiber) of x.
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On the other hand, if ¢ € G then the left-translation by g € G and the
right-translation by g are the diffeomorphisms

lg a7 (B(9)) — o Halg) ; h—lg(h)=gh,
rg: B alg) — B71(B(9)) 5 h—ryg(h) = hg.

Note that [;' =1, and 7' =7 1.

A vector field X on G is said to be left-invariant (resp., right-invariant) if
it is tangent to the fibers of a (vesp., B) and X (gh) = (Thly)(Xp) (vesp., X (gh) =
(Tygrn)(X(9)), for (g,h) € Gs.

Now, we will recall the definition of the Lie algebroid associated with G.

We consider the vector bundle 7 : E¢ — M, whose fiber at a point x € M
is (Eg)e = V@)oo = Ker(Te(p)«). It is easy to prove that there exists a bijection
between the space Sec(7) and the set of left-invariant (resp., right-invariant) vector
fields on G. If X is a section of 7 : Eg — M, the corresponding left-invariant

(resp., right-invariant) vector field on G will be denoted X (resp., ?), where
«—
X(9) = (Teponle) (X (6(9))); (2.7)

4 .

X(9) = =(Tea(9)m9) (Te(a(en ) (X (a(9)))), (2.8)
for ¢ € G. Using the above facts, we may introduce a Lie algebroid structure
(I-,-], p) on Eg, which is defined by

—

— —
[X,Y]=[X,Y], p(X)(@) = (Te)B8)(X(2)), (2.9)
for X,Y € Sec(r) and = € M (for more details, see [9, 32]).
Given two Lie groupoids G = M and G' = M’, a morphism of Lie groupoids
is a smooth map ¥ : G — G’ such that
(9,h) € Go = (¥(g), ¥(h)) € (G')2
and
U(gh) = ¥(g)¥(h).
A morphism of Lie groupoids ¥ : G — G’ induces a smooth map &y : M — M’
in such a way that
ooV =>qyoa, [FoU=0103 Voe=¢ody,
a, 0 and € (resp., o, " and €’) being the source, the target and the identity section
of G (resp., G').

Suppose that (¥, ®() is a morphism between the Lie groupoids G = M and
G’ = M’ and that 7 : Eq — M (resp., 7" : Eq» — M) is the Lie algebroid of
G (resp., G’'). Then, if x € M we may consider the linear map @, : (Fg), —
(Ec')ay(z) defined by

Py (V) = (Te(@) V) (Ve(w)),  for vy € AxG. (2.10)
In fact, we have that the pair (®,®q) is a morphism between the Lie algebroids
7:Eg — M and 7' : Eqr — M’ (see [32, B3]).
Examples. We will present some examples of Lie groupoids.

1.- Lie groups. Any Lie group G is a Lie groupoid over {e}, the identity element
of G. The Lie algebroid associated with G is just the Lie algebra g of G.

2.- The pair or banal groupoid. Let M be a manifold. The product manifold
M x M is a Lie groupoid over M in the following way: « is the projection onto
the first factor and f is the projection onto the second factor; e(z) = (z, x), for all
x € M, m((z,y),(y,2)) = (x,2), for (x,y),(y,z) € M x M and i(x,y) = (y,x).
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M x M = M is called the pair or banal groupoid. If x is a point of M, it follows
that

Ve = {0, } x ToM C T M x T, M = Tyy (M x M),
Thus, the linear maps
O, T M — Vegya, ve — (04, 02),
induce an isomorphism (over the identity of M) between the Lie algebroids 7as :
TM — M and 7 : Epppr — M.

3.- The Lie groupoid associated with a fibration. Let 7 : P — M be
a fibration, that is, 7 is a surjective submersion and denote by G, the subset of
P x P given by
Gz={(pp)ePxP|n(p)=n@p)}.
Then, G is a Lie groupoid over P and the structural maps o, Or, Mmx, €, and i,
are the restrictions to G of the structural maps of the pair groupoid P x P = P.
If p is a point of P it follows that

Vertyr ={(0p,Yp) € TL,P X TP | (Tp7)(Yp) =01}
Thus, if (7p)yr : Vmr — P is the vertical bundle to 7 then the linear maps
(Pr)p : Vorr — Ve () 0m, Yy — (05, 7))
induce an isomorphism (over the identity of M) between the Lie algebroids (7p)|y, :

Vi — Pand 7: Eqg, — P.

4.- Atiyah or gauge groupoids. Let p : Q — M be a principal left G-bundle.
Then, the free action @ : G x Q@ — @, (9,9) — P®(g,¢) = gq, of G on Q induces,
in a natural way, a free action ® x ¢ : G X (Q X Q) — Q X Q of G on @ x @ given
by (® x ®)(g,(q,q")) = (9q,9¢), for g € G and (q,¢') € Q x Q. Moreover, one may
consider the quotient manifold (Q x Q)/G which admits a Lie groupoid structure
over M with structural maps given by

a:(@xQ))G—M ;o (a,d)) — (),
B:(@xQ))G— M 0 (4,4)] — p(d),
&M—(QxQ)/G ;o —[(q,9)], ifp(g) =m,
m:((@x Q)G — (QxQ)/G 5 ([(¢:4)],[(9¢',¢")]) — [(99,4")],
i1 (Q@%xQ)/G—(@xQ)/G ;o g, — (¢, )]

This Lie groupoid is called the Atiyah (gauge) groupoid associated with the
principal G-bundle p: Q — M (see [31]).
If = is a point of M such that p(¢q) = x, with ¢ € @, and pgoxg : @ X Q@ —
(Q x Q)/G is the canonical projection then it is clear that
Vea)& = (T(g,9Pox@) ({0} x T4Q).
Thus, if 7¢|G : TQ/G — M is the Atiyah algebroid associated with the principal
G-bundle p : G — M then the linear maps
(1TQ/G)r — Ve s [Uq] - (T(q,q)pQXQ)(quvq)a with v, € T,Q,
induce an isomorphism (over the identity of M) between the Lie algebroids 7 :
Egxqya — M and 7¢|G : TQ/G — M.

5.- Action Lie groupoids. Let G = M be a Lie groupoid and f : M’ — M
be a smooth map. If M’ ;xo G = {(p,g9) € Px G | f(p) = a(g)} then a right
action of G on f is a smooth map

M/ fxaGg)M/a (zlag) _)1.197
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which satisfies the following relations

f@'g) = Blg),  for(z',9) € M' yxa G,
(x'g)h = a'(gh), for (a',9) € M’ ;jxo G and (g,h) € G2, and
de(f(z) = o, for 2’ € M.

Given such an action one constructs the action Lie groupoid M’ ;x, G over
M’ by defining
ap: M xoG— M’ i (o, 9) — 2,
Br: M yxo G— M’ ;o (@hg) —aly,
€M — M’ pxo G ;o2 — (2 e(f(2))),
g (M pxa G2 — M’ pxo G5 ((2,9),(@'g,h)) — (2, gh),
%f:M/ Xa G— M xo0 G ; z’,g)%(x’g,gfl),

(f(a")) — M’ given by

—

8

— o~

Now, if ' € M’, we consider the map z’ - : «
o' (g) =2'g.

Then, if 7 : Eq — M is the Lie algebroid of G, the R-linear map ®: Sec(7) —
X(M') defined by

D(X)(2') = (Te(ppx’ )(X(f(2'))), for X € Sec(r) and z' € M’,

induces an action of Eg on f : M/ — M. In addition, the Lie algebroid associated
with the Lie groupoid M’ yx, G = P is the action Lie algebroid E¢g x f (for more
details, see [19]).

6.- The prolongation of a Lie groupoid over a fibration. Given a Lie
groupoid G = M and a fibration 7 : P — M, we consider the set

PgPEPﬂxangﬁP:{(p,g,p')EPxGxP | 7(p) = alg), Blg) ==(")}.

G
Then, P x P is a Lie groupoid over P with structural maps given by

0t PXP-—P ;o (p,g0") —

B”:PgP—>P ;o (pgp) — 1,

P PXP . p— (0 e(x(p).p),

m” : (P % P)y — P P ((p,9.p"), (@' h, ")) — (p, gh,p"),
" PXP - P%P ;o (g,0) — 97 ).

G
P x P is called the prolongation of G over m: P — M.
Now, denote by 7 : Eq — M the Lie algebroid of G, by EPGP the Lie algebroid
X

G
of P x P and by T¥¢ P the prolongation of 7 : Eg — M over the fibration 7. If
p € P and m = 7(p), then it follows that

(Ey5,) = {00t ) € TP X (B X TP | (B0)(0X,) = (L))}

and, thus, one may consider the linear isomorphism
((I)ﬂ)P : (Eng)p I %EGP, (O;Da Ve(m)s X;D) - (Uﬁ(m)vXp)' (211)
In addition, one may prove that the maps (®7),, p € P, induce an isomorphism
O™ . E o — TFeP between the Lie algebroids £ o and 7F¢P (for more
PxP PxP
details, see [19]).
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A particular case. Next, suppose that P = E¢ and that the map 7 is just the
vector bundle projection 7 : Eq — M. In this case,

G
EG XEG :EG TXaGﬁX.,-EG

G
and we may define the map © : Eg X Eg — V8 &g Va as follows

O (Ue(a(g))s 95 Ve(8(9))) = (Te(ala)) (Tg © 1)) (Ue(a(g)))s (Te(s(9))lg) (Ve(5(9)))):
for (ue(a(g)),g, ve(ﬁ(g))) S (Eg)a(g) X G X (Eg)g(g). O is a bijective map and

071 (Xy, Yy) = (Ty(iorg-1))(Xy), g, (Tyly-1)(Yy)),

G
for (X4,Yy) € V8 ® Vya. Thus, the spaces Eg x Eg and VB ®&¢ Va may be
identified and, under this identification, the structural maps of the Lie groupoid
structure on V3 ®&¢ Va are given by

o V&g Va— Eg 5 (ng Yg) I (Tg(i © Tgfl))(Xg)v

BT V&g Va — Eg ; (ng Yg) - (Tglgfl)(yg)a

€ :Eqg—VBdaVa i Ve@) — (Te@)1) (Ve(a)) Ve()),

i VB®eVa-—VBogVa ; (Xga Yg) - ((Tgi)(yg)a (Tgi)(Xg))a

and the multiplication m”™ : (V3 &g Va)s — VB Eg Va is
m"((Xg, Yy), (Ty(rgn © 1)) (Yg), Z1)) = (Tyrn)(Xg), (Thlg)(Zn))-
This Lie groupoid structure was considered by Saunders [53]. We remark that the

G
Lie algebroid of Eg x Eqg =2V &¢ Va = Eg is isomorphic to the prolongation
TEcEq of Eq over 7 : Eqg — M.

3. MECHANICS ON LIE ALGEBROIDS

We recall that a symplectic section on a vector bundle w: F' — M is a section
w of A2r* which is regular at every point when it is considered as a bilinear form.
By a symplectic Lie algebroid we mean a pair (F,w) where 7: E — M is a
Lie algebroid and w is a symplectic section on the vector bundle E satisfying the
compatibility condition dw = 0, where d is the exterior differential of E.

On a symplectic Lie algebroid (E, w) we can define a dynamical system for every
function on the base, as in the standard case of a tangent bundle. Given a function
H € C*°(M) there is a unique section oy € Sec(r) such that

igyw = dH.

The section oy is said to be the Hamiltonian section defined by H and the
vector field Xy = p(op) is said to be the Hamiltonian vector field defined by
H. In this way we get the dynamical system & = X g ().

A symplectic structure w on a Lie algebroid E defines a Poisson bracket { , }*
on the base manifold M as follows. Given two functions F,G € C*>°(M) we define
the bracket

{F,G}* =w(op,0q).
It is easy to see that the closure condition dw = 0 implies that { , }* is a Poisson
structure on M. In other words, if we denote by A the inverse of w as bilinear form,
then {F,G}¥ = A(dF,dG). The Hamiltonian dynamical system associated to H
can be written in terms of the Poisson bracket as & = {x, H}*.

By a symplectomorphism between two symplectic Lie algebroids (E,w) and
(E',w’") we mean an isomorphism of Lie algebroids (¥, ¥y) from F to E’ such that
(U, ¥y)*w" = w. In this case the base map ¥y is a Poisson diffeomorphism, that is,
it satisfies W{F', G} = {WEF', UG/, for all F/,G' € C(M').
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Sections Bl and describe two particular and important cases of the above
construction.

3.1. Lagrangian Mechanics. In B8] (see also [26]) a geometric formalism for
Lagrangian Mechanics on Lie algebroids was introduced. It is developed in the
prolongation 7¥E of a Lie algebroid E over the vector bundle projection 7 : £ —
M. The canonical geometrical structures defined on 7P E are the following:
e The vertical lift ¢: 7*E — TEE given by ¢V (a,b) = (a,0,bY), where
by is the vector tangent to the curve a + tb at t = 0.
o The vertical endomorphism S: TPE — TPE defined as follows:

S(a,b,v) =& (a,b) = (a,0,b)).
e The Liouwille section, which is the vertical section corresponding to the
Liouville dilation vector field:
Afa) =¢"(a,a) = (a,0,a,).
We also mention that the complete lift X of a section X € Sec(F) is the
section of 7P E characterized by the following properties:
(i) projects to X, ie,, 770X =XorT,
(i) Lxeit=Lxp,
where by & € C*°(E) we denote the linear function associated to o € Sec(E*).

Given a Lagrangian function L € C*°(E) we define the Cartan 1-section
0, € Sec((TPE)*) and the Cartan 2-section w; € Sec(A*(TPE)*) and the
Lagrangian energy E;, € C*(E) as

GL :S*(dL), Wy, = 7d9L and EL :LALfL. (31)

If (2',y) are local fibred coordinates on E, (pl,,C7 ;) are the corresponding local

structure functions on E and {X,,V,} is the corresponding local basis of sections
of TP E then

SXo =Ve, SV.=0, foralla, (3.2)
A =y*V,, (3.3)
0%’L 1 0L O’L oL
= XCAVE = . e ——— P+ =——C7 ) X* AP, (3.4
wL Oy>OyP AV 2 <axlaya Ps OxiOyP Pac oy CO‘B> AXT, (34)
oL
Ep = —y* — L. .
L= g (3.5)
From B2), B3), B4) and B3), it follows that
’isxwL = —S*(inL), iAwL = —S*(dEL), (36)

for X € Sec(TPE).
Now, a curve t — ¢(t) on F is a solution of the Euler-Lagrange equations
for L if

- ¢ is admissible (that is, p(c(t)) = m(t), where m = 7o ¢) and
- i(c(t),c'(t))WL(C(t)) — dEL(C(t)) = 0, for all ¢.
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If c(t) = (2°(t),y*(t)) then c is a solution of the Euler-Lagrange equations for L if
and only if

=0. (3.7)

o 1,
€z 7paya

d /0L oL . 5 ;0L
dt(@ya)+8yVCaﬁy T Pogy

Note that if E is the standard Lie algebroid T'M then the above equations are
the classical Euler-Lagrange equations for L : TM — R.

On the other hand, the Lagrangian function L is said to be regular if wy, is a
symplectic section, that is, if wy is regular at every point as a bilinear form. In
such a case, there exists a unique solution I'y, verifying

ir, Q0 —dE, =0 .

In addition, using &8, it follows that isr, w;, = iawy, which implies that 'y, is
a SODE section, that is,

S(TL) = A,
or alternatively 77(I'y,(a)) = a for all a € E.

Thus, the integral curves of T'j, (that is, the integral curves of the vector field
pT(T')) are solutions of the Euler-Lagrange equations for L. T'j is called the
FEuler-Lagrange section associated with L.

0%L
From B)), we deduce that L is regular if and only if the matrix W3 = T
Yoy
is regular. Moreover, the local expression of 'y, is
'y =y Xa + f*Va,
where the functions f¢ satisfy the linear equations
0*L 0*L | oL . OL
A . Ly + ——=C7 P — pt, = =0, for all . 3.8
8y50y0‘ + axzayapﬁy + ay,y aﬁy paal_l , or all « ( )

Examples.

1.- Real Lie algebras of finite dimension. Let g be a real Lie algebra of
finite dimension and L : ¢ — R be a Lagrangian function. Then, the Euler-
Lagrange equations for L are just the well-known FEuler-Poincaré equations
(see, for instance, [36]).

2.- The tangent bundle. Let L : TM — R be a standard Lagrangian function
on the tangent bundle TM of M. Then, the resultant equations are the classical
FEuler-Lagrange equations for L.

3.- Foliations. If the Lie algebroid is the tangent bundle of a foliation F on P
then one recovers the classical formalism of holonomic mechanics.

4.- Atiyah algebroids. Let 79|G : TQ/G — M be the Atiyah algebroid
associated with a principal G-bundle p : @ — M and L : TQ|G — R be
a Lagrangian function. Then, the Euler-Lagrange equations for L are just the
Lagrange-Poincaré equations (see [26]).

5.- Action Lie algebroids. Suppose that g is a real Lie algebra of finite di-
mension and that ® : g x V* — V* is a linear representation of g on V*. If
L : gxV* — R is a Lagrangian function on the action Lie algebroid gx V* — V*
then the Euler-Lagrange equations for L are just the so-called Euler-Poincaré
equations with advected parameters or the Fuler-Poisson-Poincaré equa-

tions (see [20]).



A SURVEY OF MECHANICS ON LIE ALGEBROIDS AND GROUPOIDS 15

3.2. Hamiltonian Mechanics. In this section, we discuss how the Hamiltonian
formalism can be developed for systems evolving on Lie algebroids (for more details,

see [20, B9)).
Let 7% : E* — M be the vector bundle projection of the dual bundle E* to FE.
Consider the prolongation 7¥E* of E over 7%,

TPE* = {(bv) € ExTE" | p(b) = (TT")(v) }
= {(a",byv) EE* X EXTE" | 7"(a*) = 7(b), p(b) = (T7*)(v) } .
The canonical geometrical structures defined on 7¥E* are the following:

e The Liouville section O € Sec((TFE*)*) defined by
Or(a™)(b,v) = a"(b). (3.9)

e The canonical symplectic section Qp € Sec(A*(TFE*)*) is defined
by

Qp = —dOg. (3.10)
where d is the differential on the Lie algebroid 7% E*.

Take coordinates (27, po) on E* and denote by {Y, P?} the local basis of sections
TEE*, with

Yala™) = (a*,ea(T*(a*)),pfl 8?#) and Ph(a*) = (a*,O, %) .

In coordinates the Liouville and canonical symplectic sections are written as
1
Op =po¥”  and  Qp =Y APa+ p,CY" A Y,

where {Y, Ps} is the dual basis of {Y,, P7}.
Every function H € C°°(E*) define a unique section Iy of 7F E* by the equation

ir, QU = d,

and, therefore, a vector field pT*(I‘ ) = Xy on E* which gives the dynamics. In
coordinates,

0OH . OH OH
'y=—Y — | pb,— oY — | P,
H apa‘é <pa 5z T P1Cas apﬁ)
and therefore,
. OH 0 . OH OH\ 0
X = —_— — ’ - C"y - - .
H= o Opq Ot (Pa oxt T PyCap Ops ) OPa
Thus, the Hamzlton equations are
dx? . OH dpa, - OH 0OH
=pl— — = —pl=— —p,C7 —. 3.11
ar P Opa dt Pagyi ~ Pr™as Opg ( )

The Poisson bracket { , }*# defined by the canonical symplectic section Qg on
E* is the canonical Poisson bracket, which is known to exists on the dual of a Lie
algebroid [3].
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Examples.

1.- Real Lie algebras of finite dimension. If the Lie algebroid E is a real
Lie algebra of finite dimension then the Hamilton equations are just the well-known
Lie-Poisson equations (see, for instance, [36]).

2.- The tangent bundle. If E is the standard Lie algebroid TM and H :
T*M — Ris a Hamiltonian function then the resultant equations are the classical
Hamilton equations for H.

3.- Foliations. If the Lie algebroid is the tangent bundle of a foliation F then
one recovers the classical formalism of holonomic Hamiltonian mechanics.

4.- Atiyah algebroids. Let 7¢|G : TQ/G — M = Q|G be the Atiyah alge-
broid associated with a principal G-bundle p : Q — M and H : T*Q|G — R be
a Hamilton function. Then, the Hamilton equations for H are just the Hamilton-
Poincaré equations (see [26]).

5.- Action Lie algebroids. Suppose that g is a real Lie algebra of finite dimen-
sion, that V is a real vector space of finite dimension and that ® : g x V* — V* is
a linear representation of g on V*. If H : g* x V* — R is a Hamiltonian function
on the action Lie algebroid g x V* — V™ then the Hamilton equations for H are
just the Lie-Poisson equations on the dual of the semidirect product of
Lie algebras s = g®V (see [20]).

3.3. The Legendre transformation and the equivalence between the La-
grangian and Hamiltonian formalisms. Let L : E — R be a Lagrangian func-
tion and 6, € Sec((Z7FE)*) be the Poincaré-Cartan 1-section associated with L.

We introduce the Legendre transformation assoctated with L as the smooth
map Legy, : E — E* defined by

d
Legr,(a)(b) = EL(G +tb
for a,b € E,, where FE, is the fiber of F¥ over the point z € M. In other words
Legr(a)(b) = 01(a)(2), where z is a point in the fiber of 7 E over the point a such
that T7(z) = b.
The map Legy, is well-defined and its local expression in fibred coordinates on
E and E* is

) ,—o; (3.12)

. . OL
Legp(z',y*) = (2, @) (3.13)

From this local expression it is easy to prove that the Lagrangian L is regular if
and only if Legy, is a local diffeomorphism.

The Legendre transformation induces a map 7 Legy, : TP E — TP E* defined
by

(TLegr)(b, Xa) = (b, (TaLegr)(Xa)), (3.14)

for a,b € E and (a,b, X,) € T.FE C Era) X Er) X ToE, where T'Legy, : TE —
TE* is the tangent map of Legr. Note that 7" o Legy, = 7 and thus 7 Legy, is
well-defined.

If we consider local coordinates on 7P E (resp. TF E*) induced by the local basis
{Xa,Va} (resp., {Ya, P*}) the local expression of 7 Legy, is

_ . OL 0°L 0*L
TL 7 a, o « — 7 . [3 . [3
egr (e’ y% 2%, %) (””’aya’ dxioyr " DyedyP

zo‘,p%z ). (3.15)

The relationship between Lagrangian and Hamiltonian Mechanics is given by
the following result.
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Theorem 3.1. [26] The pair (7T Legy, Legy,) is a morphism between the Lie al-
gebroids (TPE,[-,-]7,p") and (TPE*,[-,-]7,p" ). Moreover, if 01, and wy (re-
spectively, O and Qg) are the Poincaré-Cartan 1-section and 2-section associated
with L (respectively, the Liouville 1-section and the canonical symplectic section on
TEE*) then

(T Legr, Legr)" (©p) =01, (T Legr,Legr)* (Qr) = wr. (3.16)

In addition, in [26], it is proved that if the Lagrangian L is hyperregular, that
is, Legy, is a global diffeomorphism, then (7 Legy, Legy,) is a symplectomorphism
and the Euler-Lagrange section ', associated with L and the Hamiltonian section
Ty are (7 Legy,, Legy,)-related, that is,

FHoLegLZTLegLoFL. (317)

Therefore, an admissible curve a(t) on 7P FE is a solution of the Euler-Lagrange
equations if and only if the curve u(t) = Legr(a(t)) is a solution of the Hamilton
equations.

4. NONHOLONOMIC LAGRANGIAN SYSTEMS ON LIE ALGEBROIDS

4.1. Constrained Lagrangian systems. In this section, we will discuss La-
grangian systems on a Lie algebroid 7 : ' — M subject to nonholonomic con-
straints. The constraints are real functions on the positions and generalized veloci-
ties which constrain the motion to some submanifold M of E. M is the constraint
submanifold.

We will assume that the constraints are purely nonholonomic, that is, not all the
generalized velocities are allowable, although all the positions are permitted. So,
we will suppose that m = 7| : M — M is a fibration.

The constraints are linear if they are linear functions on E or, in more geometrical
terms, if M is a vector subbundle of E over M (Lagrangian systems subject to linear
constraints were discussed in [T3], 45]).

In the general case, since 7 is a fibration, the prolongation 7FM is defined.
We will denote by r the dimension of the fibers of m: M — M, that is r =
dimM — dim M.

Now, we define the bundle V — M of virtual displacements as the subbundle
of 7*E of rank r whose fiber at a point a € M is

Va:{bGE,,.(a) ‘bZGTaM}.

In other words, the elements of V are pairs of elements (a,b) € E @y, E such that

d
a th ‘ -
qPlattb) =0,

for every local constraint function ¢.

We also define the bundle of constraint forces ¥ by ¥ = S*((7FM)°). Since
7 is a fibration, the transformation S* : (7¥M)? — W defines an isomorphism
between the vector bundles (7EM)? — M and ¥ — M. Therefore, the rank of
W is s = n — r, where n is the rank of F.

Next, suppose that L € C*°(FE) is a regular Lagrangian function. Then, the pair
(L,M) is a constrained Lagrangian system. Moreover, assuming the validity
of a Chetaev’s principle in the spirit of that of standard Nonholonomic Mechanics
(see [28]), the solutions of the system (L, M) are curves t — ¢(¢) on F such that:

— ¢ is admissible (that is, p(c(t)) = m(t), where m = 7o ¢),
— ¢ is contained in M and,
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— i(c(t),c'(t))WL(C(t)) — dEL(C(t)) S ‘I’(C(t)), for all ¢.

If (2',y®) are local fibred coordinates on E, (p,,C] ;) are the corresponding
local structure functions of £ and

qﬁA(xi,yo‘):O, A=1,...,s,

A
are the local equations defining M as a submanifold of E, then {ZLXQ}A
Y =1,...,s

is a local basis of ¥. Moreover, a curve t — c(t) = (z(t),y*(t)) on E is a solution
of the problem if and only if

&= ply®,

d (0L OL . 5 ;0L Dot

(e Sl s A 4.1
dt (aya) oy Caﬁy Pa ot A Dy~ ) ( )
¢4 (2, y™) =0,

where A4 are the Lagrange multipliers to be determined.

These equations are called the Lagrange-d’Alembert equations for the con-
strained system (L,M). Note that if F is the Lie algebroid 7'M, then the above
equations are just the standard Lagrange-d’Alembert equations for the constrained
system (L, M).

Now, we will assume that the solution curves of the problem are the integral
curves of a section I' of TP E — E. Then, we may reformulate geometrically the
problem as follows: we look for a section I' of 7P E — E such that

(’ier — dEL)lM c Sec(lIl),
Ll € Sec(7EM).

If T is a solution of the above equations then, from (B0), we have that

(4.2)

(isrwr —iawr)|m =0,
which implies that I' is a SODE section along M, that is, (ST — A)|M = 0.

4.2. Regularity, projection of the free dynamics and nonholonomic bracket.
We will discuss next the regularity of the constrained system (L,M) (the con-
strained system (L, M) is regular if equations [2) admit a unique solution I').

For this purpose, we will introduce two new vector bundles F' and 7VM over M.
The fibers of F and 7VM at the point a € M are

E, = w;'(P,),
TM = {2€TEM | Tr(z) €Va}={2z€TFM | S(z) e TFM}.
Then, one may prove the following result.
Theorem 4.1. [I0] The following properties are equivalent:

(i) The constrained Lagrangian system (L, M) is regular.
(i) 7EM N F ={0}.
(iil) 7VM N (TVM)* = {0}.
Here, the orthogonal complement is taken with respect to the symplectic sec-
tion wy,.
Condition (ii) (or, equivalently, (iii)) in Theorem Elis locally equivalent to the

regularity of the matrix

lo o¢P
AB _Zr ap?v
(@ oy~ W oyP )A B=
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0?L
Ay oyl ) ’
Thus, if L is a Lagrangian function of mechanical type (that is, L(a) = $5(a,a)—
V(r(a)), foralla € E, with §: Exj E — R a bundle metricon Fand V : M —
R a real function on M) then the constrained system (L, M) is always regular.

where (WW*7) is the inverse matrix of (Wag =

Now, assume that the constrained Lagrangian system (L,M) is regular. Then
(i) in Theorem Bl is equivalent to (77 E) 5y = 7"M @ F and we will denote by
P and @ the complementary projectors defined by this decomposition

P,:TFE —TEM, Q,:TFE — F,, forallacM.
Moreover, we have

Theorem 4.2. [[0] Let (L, M) be a regular constrained Lagrangian system and let
'L be the solution of the free dynamics, i.e., ir,wr = dEr. Then, the solution of
the constrained dynamics is the SODE I' along M obtained as follows

I = P(TL|M).

On the other hand, (3) in Theorem Bl is equivalent to (TFE)jy = T"M @
(TVM)* and we will denote by P and Q the corresponding projectors induced by
this decomposition, that is,

P,:TFPE —T'M, Q.=TFFE — (T,M)*, for all a € M.

Theorem 4.3. [[0] Let (L,M) be a reqular constrained Lagrangian system, T'j,
(respectively, T') be the solution of the free (respectively, constrained) dynamics and
A be the Liouville section of TPE — E. Then, T' = P(I'|M) if and only if the
restriction to M of the vector field p™(A) on E is tangent to M.

Note that if M is a vector subbundle of E then the vector field p™(A) is tangent
to M. Therefore, using Theorem B3 it follows that

Corollary 4.4. Under the same hypotheses as in Theorem@ if M is a vector
subbundle of E (that is, the constraints are linear) then T' = P(I'r|M).

Next, we will study the conservation of the Lagrangian energy for the constrained
Lagrangian system (L, M).

Since S* : (TPM)? — W is a vector bundle isomorphism, it follows that there
exists a unique section oz, ay of (7M)? — M such that

iQ(FL\M)WL = S*(Q(LJ\/[))-

Moreover, we have

Theorem 4.5 (Conservation of the energy). [I0] If (L, M) is a regular constrained
Lagrangian system and T is the solution of the dynamics then Ly (EL|M) = 0 if
and only if cp vy (AIM) = 0. In particular, if the vector field p™(A) is tangent to
M then LF(ELlM) =0.

Now, suppose that f and g are two smooth real functions on M and take ar-
bitrary extensions to E denoted by the same letters. Then, we may define the
nonholonomic bracket of f and g as follows

{f:9}nn = wi(P(X5), P(Xy))IM,
where X and X, are the Hamiltonian sections on TFE associated with f and g,
respectively.
The nonholonomic bracket is well-defined and, furthermore, it is not difficult to
prove the following result.
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Theorem 4.6 (The nonholonomic bracket). [[0] The nonholonomic bracket is an
almost-Poisson bracket, i.e., it is skew-symmetric and satisfies the Leibniz rule (it
is a derwation in each argument with respect to the usual product of functions).
Moreover, if f € C°°(M) is an observable, then the evolution f of f is given by

F=0"RL)(f) + {f. ELIM}nn,

where Ry, is the section of TPM — M defined by Ry, = P(I'1|M) — P(T'|M). In
particular, if the vector field p™(A) is tangent to M then

f={f, BL|M}nn.

4.3. Reduction. Next, we will discuss a reduction process and its relation with Lie
algebroid epimorphisms. These results will be also valid for Lie algebroids without
nonholonomic constraints, simply taking M = E and M’ = E’ in the sequel.

Let (L, M) be a regular constrained Lagrangian system on a Lie algebroid 7 :
E — M and (L', M) be another constrained Lagrangian system on a second Lie
algebroid 7/ : B/ — M’. Suppose also that we have a fiberwise surjective morphism
of Lie algebroids ® : E — FE’ over a surjective submersion ¢ : M — M’ such
that:

i) L=L0o®,
i1) @ : M — M is a surjective submersion and
iii) ®(Vy) = Vﬁb(a), for all a € M.

Note that if M and M’ are vector subbundles of E and E’, respectively, then
conditions 4), i4) and #i7) hold if and only if

L=L0o® and ®M)=M.
In the general case, one may introduce the map 7%® : TFM — TF M given by
(T*®)(b,v) = (®(b), (T®)(v)), for (b,v) € TEM,

and we have that 7®® is a Lie algebroid epimorphism over ®. In addition, the
following results hold

Theorem 4.7 (Reduction of the constrained dynamics). [I0] Let (L, M) be a reg-
ular constrained Lagrangian system on a Lie algebroid E and (L',M') be a con-
strained Lagrangian system on a second Lie algebroid E'. Assume that we have a
fiberwise surjective morphism of Lie algebroids ® : E — E’ over ¢ : M — M’
such that conditions i), ii) and iii) hold. Then:

(i) The constrained Lagrangian system (L', M') is regular.
(ii) If T (respectively, ") is the constrained dynamics for L (respectively, for
L') then T*® ol =T1" 0 .
(i) If t — c(t) is a solution of Lagrange-d’Alembert differential equations for
L then ®(c(t)) is a solution of Lagrange-d’Alembert differential equations
for L.

Theorem 4.8 (Reduction of the nonholonomic bracket). [[0] Under the same
hypotheses as in Theorem [I. ] we have that

{f'o®.g o@tun={f g rno®

for f'.g" € C°(M'), where {-,-}nn (respectively, {-,-},,) is the nonholonomic
bracket for the constrained system (L, M) (respectively, (L', M')). In other words,
d: M — M’ is an almost-Poisson morphism when on M and M’ we consider the
almost-Poisson structures defined by the corresponding nonholonomic brackets.
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Reduction by symmetries. Let ¢ : Q — M be a principal G-bundle and 7 :
E — @ be a Lie algebroid over ). In addition, assume that we have an action of
G on E such that the quotient vector bundle E/G is defined and the set Sec(E)“
of equivariant sections of E is a Lie subalgebra of Sec(F). Then, E' = E/G
has a canonical Lie algebroid structure over M such that the canonical projection
®: F — FE' is a fiberwise bijective Lie algebroid morphism over ¢ (see [26]).

Next, suppose that (L, M) is a G-invariant regular constrained Lagrangian sys-
tem, that is, the Lagrangian function L and the constraint submanifold M are
G-invariant. Assume also that M is closed. Then, one may define a Lagrangian
function L' : B/ — R on E’ such that

L=1L0®.

Moreover, G acts on M and the set of orbits M’ = M/G of this action is a quotient
manifold, that is, M’ is a smooth manifold and the canonical projection @y :
M — M = M/G is a submersion. Thus, one may consider the constrained
Lagrangian system (L', M’) on E’.

Since the orbits of the action of G on E are the fibers of ® and M is G-invariant,
we deduce that

Va(®) C T, M, for all a € M,

V(®) being the vertical bundle of ®. This implies that @y, : Vo — Vg, is a
linear isomorphism, for all a € M.

Therefore, from Theorem B, we conclude that the constrained Lagrangian sys-
tem (L', M) is regular and that

T®d ol =T" 0,

where T (resp., I') is the constrained dynamics for L (resp., L’). In addition, using
Theorem EE8, we obtain that ® : M — M’ is an almost-Poisson morphism when on
M and M’ we consider the almost-Poisson structures induced by the corresponding
nonholonomic brackets.

4.4. Example: a rolling ball on a rotating table. We apply the results in this
section to the case of a ball rolling without sliding on a rotating table with constant
angular velocity Il B [T0, B0, #8]. A (homogeneous) sphere of radius r > 0, unit
mass m = 1 and inertia k? about any axis, rolls without sliding on a horizontal
table which rotates with constant angular velocity €2 about a vertical axis through
one of its points. Apart from the constant gravitational force, no other external
forces are assumed to act on the sphere.

Choose a Cartesian reference frame with origin at the center of rotation of the
table and z-axis along the rotation axis. Let (x,y) denote the position of the point
of contact of the sphere with the table. The configuration space for the sphere on
the table is @ = R? x SO(3), where SO(3) may be parameterized by the Eulerian
angles 6, ¢ and . The kinetic energy of the sphere is then given by

1 ) ) )
T= 5(552 + 9% 4+ k2 (0% 4+ * + 2¢1) cos 0)).

With the potential energy being constant, we may put V' = 0. Thus, the Lagrangian
function L is T and the constraint equations are

i —rfsing + rgsinfeosyy = —Qy,

y+rfcosy +rosinfsiny = Q.
Since the Lagrangian function is of mechanical type, the constrained system is
regular. Note that the constraints are not linear and that the restriction to the
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constraint submanifold M of the Liouville vector field on T'Q is not tangent to M.
Indeed, the constraints are linear if and only if 2 = 0.

Next, following [, [I0], we will consider local coordinates (Z,, 0, @, 1; 7 )i=1
on TQ = TR? x T(SO(3)), where

T=z, Y=Y, g:97 » =, 1/_1=¢7

m =i+ ke, m =1y — kG, w3 =kgs,

k2 k2
m(fc — g2 +Qy), w5 =

(¢1,G2, g3) are the quasi-coordinates defined by

T4 = )(y—i_rql _Q‘T)a

(&2 + 12

g1 = Wz, Q2= Wy g3 = ws,
and w,, wy and w, are the components of the angular velocity of the sphere.

Then, the constrained dynamics is the SODE I' along M defined by
0 0 0 0

I = (PT /M) = (a—+ya—+9 +<pa_+w w)l
z " op 0. (4.3)
(i a‘+y8‘+q181+q282+q38%)|

On the other hand, when constructing the nonholonomic bracket on M, we find
that the only non-zero fundamental brackets are

{xvﬂ-l}nh =T, {yyﬂQ}nh =T,
{1, m2}nn = —1, {g2, ™1 }nn =1, {g3, m3}nn = 1,
k/’2 TkQQ (
_ _ 4.4)
{71, m2}nn = 73, {m2, 73 }nn (k2+r2)7ﬁ+ Y
( ) k2 rk2Q)
T3, T fnh = g — €,
3,711 h (1{32 +T2) 2 (1{32 +T2)

in which the “appropriate operational” meaning has to be attached to the quasi-
coordinates ¢;.

Thus, we have that
f=Re(f) +{f, Lyan, for f € C=(N),
where Ry, is the vector field on M given by
k2Q 0 0 r 0 0
(e @y, ~¥a.) T E.
(k2 +12)" dy oz’ (k2 +r 3 8q1 8q2

+$(W3*k29)a—+y(7f3*k29) — k*(mx + may)

Note that Ry = 0 if and only if Q = 0.

Now, it is clear that @ = R?x SO(3) is the total space of a trivial principal SO(3)-
bundle over R? and the bundle projection ¢ : Q — M = R? is just the canonical
projection on the first factor. Therefore, we may consider the corresponding Atiyah
algebroid E' = T'Q/SO(3) over M = R2.

One may prove that E’ is isomorphic to the real vector bundle TR? x R? — R?
in such a way that the anchor map p’ : B/ = TR? x R?® — TR? is just the canonical
projection on the first factor. Moreover, one may choose a global basis {e;}izl,_ﬁ
of Sec(E’) and the only non-zero fundamental Lie brackets are

R, =

)M

671'2 8—773

[[621, 6&]]/ = 6/5’ [[6/5’ 621]]/ = 6/3, [[6/3’ 6/5]]/ = 621'
We have that the Lagrangian function L = T and the constraint submanifold

M are SO(3)-invariant. Consequently, L induces a Lagrangian function L’ on
E' = TQ/S0(3) and the set of orbits M" = M/SO(3) is a submanifold of E' =
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TQ/SO(3) in such a way that the canonical projection ®|M : M — M =
M/SO(3) is a surjective submersion.
Under the identification between E' = T'Q/SO(3) and TR? x R3, L’ is given by

. 1 . ) k2
L/(zayvxay;wlvw2;w3) = 5(1'2 +y2) + ?(w% +w§ +w?2>)a

where (z,y,,7) and (w;,ws,ws) are the standard coordinates on TR? and R3,
respectively. Moreover, the equations defining M’ as a submanifold of TR? x R3
are
T—rwe+Qy =0, y+rw —z=0.

So, we have the constrained Lagrangian system (L', M) on the Atiyah algebroid
E' =TQ/SO(3) = TR? x R3. Note that the constraints are not linear and that if
A’ is the Liouville section of the prolongation 72 E’ then the restriction to M’ of
the vector field (p')™ (A’) is not tangent to M’.

Now, if we put

2’ =, Y =y,

) = ri + k2ws, T =1y — k2w1, b = k2ws,
k2 .

WQ:W(SC*TWQﬁ’Qy), ﬁéfm(warwlfo),

then (a,y',m}, 7o, mh, my, k) is a system of global coordinates on T'Q/SO(3) =
TR? x R3. In these coordinates the equations defining the submanifold M’ are
7y = 0 and 7§ = 0 and the canonical projection ® : TQ — TQ/SO(3) is given by

(I)(-i'a ga éa @a ’JJ;Wlaﬂ.Qa 3, 7T4,7T5) = (‘i'a g; T, T2, T3, T4, 775)' (45)

Thus, if IV is the constrained dynamics for the system (L', M'), it follows that

(see E3))

’

() (1) = (@' + 3/ O

On the other hand, from dl), X)) and Theorem L8 we deduce that the only
non-zero fundamental nonholonomic brackets for the system (L', M') are

@Yo =, Wt =r
(¥, = 7, A e
2o, k%0
(B2 )

Therefore, we have that
= @)+ L Yo, for [ € CX(N)
where (o)™ (Ry/) is the vector field on M’ given by
) () = (e~ ) + s (e}~ )
+y/ (7 — k?Q)

E2Q
= T2 27T/1+ Z 2yl’
(k2 +12) (k2 +1r2)

/

{73, T bn =

0
onl K (ma’ + Wéy')a—ﬂé)}mu

4.5. Hamiltonian formalism. Let (L, M) be a constrained Lagrangian system
on a Lie algebroid E and assume that the Lagrangian function L is hyperregular.
Then, since the Legy, is a diffeomorphism then, it is clear that one may develop
a Hamiltonian formalism which is equivalent, via the Legendre transformation, to
the Lagrangian formalism.
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5. MECHANICAL CONTROL SYSTEMS ON LIE ALGEBROIDS

5.1. General control systems on Lie algebroids. Consider a Lie algebroid
7: E — M, with anchor map p: E — TM. Let {o,m,...,nr} be sections of E.
A control problem on the Lie algebroid 7: E — M with drift section o
and input sections 1, ...,n; is defined by the following equation on M,

k
(1) = p(o(m(t) + 3 uit)mi(m(1))). (5.1)

where u = (uy,...,u;) € U, and U is an open set of R¥ containing 0. The function
t— u(t) = (u1(t),...,ux(t)) belongs to a certain class of functions of time, denoted
by U, called the set of admissible controls. For our purposes, we may restrict the
admissible controls to be the piecewise constant functions with values in U. Notice
that the trajectories of the control system are admissible curves of the Lie algebroid,
and therefore they must lie on a leaf of E. It follows that if F is not transitive,
then there are points that cannot be connected by solutions of any control system
defined on such a Lie algebroid. In particular, the system (&Jl) cannot be locally
accessible at points m € M where p is not surjective. Since the emphasis here is
put on the controllability analysis, without loss of generality we will restrict our
attention to locally transitive Lie algebroids.

Denoting by f = p(o) and g; = p(n;), i € 1,..., k, we can rewrite the system (BT
as

k
mi(t) = f(m(t)) + Z ui(t)gi(m(t)), (5.2)

which is a standard nonlinear control system on M affine in the inputs [A7]. Here
we make use of the additional geometric structure provided by the Lie algebroid
in order to carry over the analysis of the controllability properties of the control
system ([BJ). We refer to [A7 for a comprehensive discussion of the notions of
reachable sets, accessibility algebra and computable accessibility tests.

Definition 5.1. The accessibility algebra D of the control system [BI)) in
the Lie algebroid is the smallest subalgebra of Sec(FE) that contains the sections
{ovm, . nkt

Using the Jacobi identity, one can deduce that any element of accessibility alge-
bra D is a linear combination of repeated Lie brackets of sections of the form

[[Clal[gl—lall"'a[[g%cl]]"']]]]]]’
where ¢; € {o,n1,...,mk}, 1 <i<landleN.

Definition 5.2. The accessibility subbundle in the Lie algebroid, denoted
by Lie({o,n1,...,mk}), is the vector subbundle of E generated by the accessibility
algebra D,

Lie({o,n1,...,m}) = span {¢(m) | ¢ section of E in D}, m € M.

If the dimension of Lie({o,n1,...,m,}) is constant, then Lie({o,n1,...,m}) is
the smallest Lie subalgebroid of E that has {o,n1,...,mx} as sections.

5.2. Mechanical control systems. Let 7: £ — M be a Lie algebroid, let V be
a connection on F, and let {n, 71, ..., } be sections of E. A mechanical control
system on the Lie algebroid 7: E — M is defined by the following equation

Vawal(t) +n(m(t)) = Z wi(t)ni(m(t)). (5:3)
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We will often refer to 7 as the potential energy term in equations (B3). Associated
with this equation, there is always a control system on the Lie algebroid 7P E — E
given by
k
(1) = o7 (g = n")(a() + 3wty (1)), (5.4)
i=1

where 0¥ (resp. 7)) denotes the vertical lift of 7 (resp. 7;) and I'y is the SODE
section associated with V. I'y is locally given by (see [13])

1

FV :yaxoz - 9

(T8, +T55) 47y Va
There are two distinguished families within the class of mechanical control sys-
tems. We introduce them next.

Mechanical control systems. Consider a Lagrangian system with L: £ — R
of the form

L(a) = %S(a,a) —Vor(a), a€E,

with §: F Xy E — R a bundle metric on £ and V a function on M. This
Lagrangian function gives rise to the Euler-Lagrange equations as explained in

Section Bl

Consider now the situation when the Lagrangian system is subject to some ex-
ternal forces, represented by a collection {61,...,0;} of sections of E*. Denote by
{n1,...,nx} the input sections of E determined by the control forces {01, ..., 0} via
the metric, i.e., 0;(X) = G(n;, X) for all X € Sec(FE). If I'ys denotes the SODE sec-
tion associated with the Levi-Civita connection V9, the controlled Euler-Lagrange
equations can be written as

k
(1) = 7 (Dys (a(t)) ~ (radg V)" (a(t) + 3 wo) (a(1)).  (5.5)

Here gradg V' is the section of E characterized by G(gradg V,X) = dV(X) for
X € Sec(F). Note that system (BH) is a control problem on the Lie algebroid
TPE — E as defined in Section B2l Locally, the equations can be written as

&' = puy”,

. 1 OV

9" = =5 (03, (0) + T55(0) y7y" = G plo— + D wa(t)nf (w),
i=1

where (G,) are the components of the metric G and (G*?) is the inverse matrix of
(gaﬁ)-

Alternatively, one can describe the dynamical behavior of the mechanical control
system by means of an equation on E via the covariant derivative. An admissible
curve a : t — a(t) is a solution of the system (&) if and only if

k
Vf(t)a(t) + gradg V(m(t)) = Z ui (t)m (m(t)). (5.6)

This equation corresponds to a mechanical control system ([B3) with connection
V = V¥ and sections {gradg V,n1,...,mk}.

Mechanical control systems with constraints. Assume a mechanical control
system with data (G,V,{61,...,0x}) is subject to the constraints determined by a
subbundle D of E. Consider the orthogonal decomposition £ = D @& D+ an the
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associated orthogonal projectors P: E — D, Q: E — D=. Then, one can write
the controlled Lagrange-d’Alembert equations as

P(Vg(t) a(t)) + P(gradg V ZUZ n:(m(t))), Q(a) = 0.

In terms of the constrained connection V7 = (Vgn) + VI(Qn), with o,n €
Sec(E), the controlled equations can be rewritten as V,ya(t)+P(gradg V (m(t))) =
Zle u; (t)P(n;(m(t))), Q(a) = 0. Since the forcing terms coming from the poten-
tial and the inputs belong to D, the solutions of the total controlled dynamics
initially belonging to D also remain in D. As a consequence, an admissible curve
a:t— a(t) is a solution of the system (15:&) if and only if

Vamal(t) + P(gradg V ZUZ n;(m(t))), ap € D. (5.7)

This equation corresponds to a mechanlcal control system (B3) with connection
V =V and sections {P(gradg V), P(m),..., P(nx)}-

Note that one can write the controlled dynamics as a control system on the Lie
algebroid 7P E — E,

at) = pT(Fv(a(t)) P(gradg V —I—Zul ) (t))). (5.8)

The coordinate expression of these equations is greatly simplified if we take a basis
{ea} = {ea,ea} of E adapted to the orthogonal decomposition £ = D @ D=,
i.e., D = span{e,}, D+ = span{es}. Denoting by (y*) = (y?,y*) the induced
coordinates, the constraint equations Q(a) = 0 just read y* = 0. The controlled
equations () are then

i 1, .a
T _pay7

1 V&
g = —gSgcybyc — Gl 7+ > wi(t)P(n)”,
i=1
A4=0.
where S, = e, + I';, are the components of the symmetric product.

5.3. Accessibility and controllability notions. Here we introduce the notions
of accessibility and controllability that are specialized to mechanical control systems
on Lie algebroids. Let m € M and consider a neighborhood V' of m in M. Define
the set of reachable points in the base manifold M starting from m as

R}, (m,T) = {m’ € M | Ju € U defined on [0, T] such that the evolution of (B
for a(0) = 0., satisfies 7(a(t)) € V, t € [0,T] and 7(a(T)) = m'} .

Alternatively, one may write RY,(m,T) = T(R};l(v)(om, T)). Denote

RY,(m,<T) U R}, (m,t).
t<T

Definition 5.3. The system ([B4l) is locally base accessible from m (respec-
tively, locally base controllable from m) if RY;(m,< T) contains a non-empty
open set of M (respectively, RY;(m,< T) contains a non-empty open set of M to
which m belongs) for all neighborhoods V' of m and all T > 0. If this holds for any
m € M, then the system is called locally base accessible (respectively, locally
base controllable).
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In addition to the notions of base accessibility and base controllability, we shall
also consider full-state accessibility and controllability starting from points of the
form 0,, € E, m € M (note that full-state is meant here with regards to E, not to
TM).

Definition 5.4. The system ([B4l) is locally accessible from m at zero (re-
spectively, locally controllable from m at zero) if RY (0,,,< T) contains a
non-empty open set of E (respectively, RW (0,,, < T) contains a non-empty open
set of E to which 0y, belongs) for all neighborhoods W of 0., in E and all T > 0.
If this holds for any m € M, then the system is called locally accessible at zero
(respectively, locally controllable at zero).

The relevance of the above definitions stems from the fact that, frequently, one
needs to control a system by starting at rest. Nevertheless it is important to notice
that not every equilibrium point at m corresponds to the point 0,,. Finally, we also
introduce the notion of accessibility and controllability with regards to a manifold.

Definition 5.5. Let ¢»: M — N be an open mapping. The system &4) is lo-
cally base accessible from m with regards to N (respectively, locally base
controllable from m with regards to N ) if (RY,;(m, < T)) contains a non-empty
open set of N (respectively, 1(RY,(m,< T)) contains a non-empty open set of N
to which ¥(m) belongs) for all neighborhoods V' of m and all T > 0. If this holds
for any m € M, then the system is called locally base accessible with regards
to N (respectively, locally base controllable with regards to N ).

Note that base accessibility and controllability with regards to M with idas :
M — M corresponds to the notions of base accessibility and controllability (cf.
Definition BE3). Moreover, if the system is base accessible, then it is base accessible
with regards to N. The analogous implication for base controllability also holds
true.

5.4. The structure of the control Lie algebra. The aim of this section is to
show that the analysis of the structure of the control Lie algebra of affine connection
control systems carried out in [29] can be further extended to control systems
defined on a Lie algebroid. The enabling technical notion exploited here is that of
homogeneity.

Let B be a Lie bracket formed with sections of the family X = {T'v,ny’, ..., 7y, n"}.
The degree of B is the number of occurrences of all its factors, and is therefore
given by §(B) = do(B) + 01(B) + - - - + §x(B), where 6o(B), §;(B), i € {1,...,k},
and dp41(B) correspond, respectively, to the number of times that I'y, 0, i €
{1,...,k}, and ¥ appear in B. For each [, consider the following sets

Br!(X) = {B bracket inX | §(B) =1},  Br;(X) = {B bracket inX | B € P;},

where P; denotes the set of homogeneous sections of 7 F of degree [. The notion
of primitive bracket will also be useful. Given a bracket B in X, it is clear that
we can write B = [Bj, Bs], with B; brackets in X. In turn, we can also write
By = [Ba1, Baz] for a = 1,2, and continue these decompositions until we end up
with elements belonging to X. The collection of brackets By, Bs, B11, B12,... are
called the components of B. The components of B which do not admit further
decompositions are called irreducible. A bracket B is called primitive if all of its
components are brackets in Br_;(X) UBrg(X) U {T'v}.

Consider the set X' = {I'v —n",nY,...,nY}. Clearly, the elements in Lie(X’)
are linear combinations of the elements in Lie(X). In fact, for each bracket B’
of elements in X', let us define the subset S(B’) C Br(X) formed by all possible
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brackets B € Br(X) obtained by replacing each occurrence of I'v — ¥ in B’ by
either I'y or n¥. Then, one can prove by induction (cf. [28]) that

B'= Y (-1)®B. (5.9)
BeS(B')

Reciprocally, given an element B € Br(X), one can determine the bracket B’ of
elements in X’ such that B € S(B’) simply by substituting each occurrence of I'y
orn¥ in B by I'v —n". We denote this operation by pseudoinv(B) = B’. For each
k € N, define the following families of sections in F,

Gslél)r(n?nlv R T’k) =
{veSec(B) 0" =B"B"= Y (~1)*7® B, Be B (X) primitive},
BeS(pseudoinv(B))
ﬁBr,l(x)ﬁBro(x)
e (s w) =
{0 €Sec(E) |0 =0pr,B" = > (—1)%+1(B) B B € Br?*(X) primitive}.
BeS(pseudoinv(B))
ﬁBr,l(x)ﬁBro(x)
Consider
Cocr(mim1s - vmk) = UkenCEL (s, .- i),
k
Ghor(mﬁla-uﬂ?k) = UkENeflo)r(n;nla-"ank%

and denote by Cier(n;m1, -, 0%) and Chor(n; 171, - - ., Mk ), respectively, the subbun-
dles of the Lie algebroid E generated by the latter families.

Taking into account the previous discussion, we are now ready to compute Lie({T'y —
n',ny,...,ny}) for a mechanical control system defined on a Lie algebroid.
Proposition 5.6. ([I3]) Let m € M. Then,

Lie({T'y =", nys ., }) N Vero, (TE) = Coer(m5m, -, 11) (M)
Lie({T'v = 0", my,...,n¢ }) N Hory (T E) = Chor (31, . -, 1) ().
Remark 5.7. In the absence of potential terms, i.e., n = 0, one has that

Cver(o; M- 777k) = Sym({nla e 7nk})’ OhOI"(O; n,--- Jlk) = L_le(sym({nla e 777k}))a

where Sym({ny,...,nx}) denotes the distribution obtained by closing (the distri-
bution defined by) {1, ..., 7} under the symmetric product associated with V. Tt
is worth noticing that, in this case, Cyer(0; 71, -+, M%) € Chor (0371, ..., m). This is
not true in general. o

5.5. Accessibility and controllability tests. In this section we merge the no-
tions introduced in Section B3 with the results obtained in Section Bl to give tests
for accessibility and controllability.

Proposition 5.8. [I3] Let m € M and assume the Lie algebroid E is locally
transitive at m. Then the mechanical control system [&4) is

e locally base accessible from m if Chor(N;n1,...,0x) (M) +kerp = E,p,
e locally accessible from m at zero if Chor(n;m, ... ,nk)(Mm) + kerp = E,,
G/fld Cver(n; m,... 777k)(m) = Em

In order to state controllability tests, we need to introduce the notions of good
and bad symmetric products. We say that a symmetric product P in the sections
{n,m,...,nx} is badif the number of occurrences of each 7; in P is even. Otherwise,
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P is good. Accordingly, (n; : n;) is bad and ((n : n;) : (n; : m;)) is good. The
following theorem gives sufficient conditions for local controllability.

Proposition 5.9. [I3] Let m € M. The mechanical control system (B is

e [ocally base controllable from m if it is locally base accessible from m and
every bad symmetric product in {n,m,...,nx} evaluated at m can be put
as an R-linear combination of good symmetric products of lower degree and
elements of ker p,

e locally controllable from m at zero if it is locally accessible from m at zero
and every bad symmetric product in {n,m,...,nx} evaluated at m can be
put as an R-linear combination of good symmetric products of lower degree.

The corresponding tests for base accessibility and controllability with regards to
a manifold can be proved in a similar way.

Proposition 5.10. [[3] Let : M — N be an open map. Let m € M and assume
Yu(p(Em)) = Ty(m)IN. Then the mechanical control system &) is

e locally base accessible from m with regards to N if Chor(m;m1, ..., nK)(m)+
P_l(keriﬂ*) = En,

e locally base controllable from m with regards to N if the system is locally
base accessible from m with regards to N and every bad symmetric product
in {n,m,..., Nk} evaluated at m can be put as an R-linear combination of
good symmetric products of lower degree and elements of p~(ker).).

6. DISCRETE MECHANICS ON LIE GROUPOIDS

In this section, we discuss discrete Lagrangian Mechanics on a Lie groupoid
G = M. Instead of the usual Euler-Lagrange equations [B1) for a Lie algebroid
7 : E — M equipped with a Lagrange function L : F — R, we obtain a
set of difference equations called Discrete Euler-Lagrange equations for a discrete
Lagrangian Ly : G — R [35]. When the Lie algebroid is precisely F = Eg and Ly
is a suitable approximation of the continuous Lagrangian L : Eg¢ — R, then we
will obtain a geometric integrator for the Euler-Lagrange equations. In the next
subsections we will carefully analyze this construction and its geometric properties.

G
6.1. Lie algebroid structure on the vector bundle 7" : Eg X Eq — G. Let
G = M be a Lie groupoid with structural maps

a,B:G— M, e M —G, i:G— G, m:Gy— G.

G
We know that Eq X Eq = F¢ is a Lie groupoid. The following theorem shows that

G
the vector bundle 77 : Eg x Eq = V3 &g Va — G is equipped with a natural
structure of Lie algebroid.

G
Theorem 6.1 (See Theorem 3.3 in [35]). The vector bundle 7™ : Eg x Eg =
VB&c Va — G admits a Lie algebroid structure, where the anchor map is given

by
el
pEGXEG(Xg,Yg) =X, +Y,, for (Xg,Yg) GVgﬁ@Vga, (6.1)

G
and the Lie bracket [, -]¥¢*E¢ on the space Sec(n™) is characterized by the following

relation
— — —

[[()_57 )7( Iv I)]]EG;;EG - (7[[Xa X/]]a [[Ya Y/]])v (62)
for X,Y, X' Y' € Sec(1).
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We also remark that, if we denote by (G, «) the fibration a: G — M and
by (G, ) the fibration 3: G — M, then it is not difficult to prove that the Lie
algebroid prolongations 7 %¢ (G, o) — G and 7 ¥¢(G, 3) — G are isomorphic, as
Lie algebroids, and both are isomorphic to the Lie algebroid V3 &g Va — G and

G
hence to Eg X Eq — G (see [35] for the details).

G
The following diagram shows both structures of Eq x Eg,

where the vertical maps are morphisms of Lie groupoids and the horizontal maps
are morphisms of Lie algebroids.

Given a section X of Eg — M, we define the sections X (1.0 x(0.1) (the 8 and
G
a- lifts) and X (51 (the complete lift) of X to 77 : Eg x Eq — G as follows:

—

— “— —
X10(g) = (X(9).05), XOV(g) = (05, X(9)) and X"V(g) = (~X(9), X(9))
We can easily see that
G
) 0)NEexEa — )
[[Xu 0y 0)]] G: ¢ = —[X, Y]](l 0) and [[X(OJ),Y(LO)]]EGgEG =0 (6.3)
[[X(Ovl),Y(O’l)]]EGXEG — |IX7 Y]](O,l)

and, as a consequence,

(XD, Y(1,0)HEG§EG — [X, Y]

: and [X(),yD]Ee%Ee — [x, v,
[x @D y(©0D]EexEe =[x, y]OD

(6.4)

6.2. Discrete Variational Mechanics on Lie groupoids. Discrete Lagrangian
systems on Lie groupoids have a variational origin, as we explain next. A discrete
Lagrangian system cousists of a Lie groupoid G = M (the discrete space) and
a discrete Lagrangian Ly : G — R.

Discrete Euler-Lagrange equations. For ¢ € G fixed, we consider the set of
admissible sequences:

Gi]v:{(gl,...,gN) eaV | (9k,9k41) €Gofork=1,....N—land g1...gn =g }.
It is easy to show that we may identify the tangent space to Gév with
T(ghm,gN)GéV ={(v1,...,on=1) | vk € (EG)a, and 2, = B(gr), 1 <k < N —1}.

An element of Ty, . gN)Gf]V is called an infinitesimal variation. Now, we define
the discrete action sum associated to the discrete Lagrangian Lg : G — R by

SLd((gl, e ,gN) = Z Ld(gk)-
k=1
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Hamilton’s principle requires that this discrete action sum be stationary with re-
spect to all the infinitesimal variations. This requirement gives the following alter-
native expressions for the discrete Euler-Lagrange equations (see [35]):

“— —
X (9k)(La) = X (gr+1)(La) = 0, (6.5)
or
(dLa, X V) (gr) = (dLa, X ) (gr11) = 0,
for all sections X of 7 : Eq — M. Here, d denotes the differential of the Lie

G
algebroid 77 : Fg X Eq = V3 &g Va — G. Alternatively, we may rewrite the
Discrete Euler-Lagrange equations as

d° [Ld olg, +Lgorg,, o Z] (e(xk))|(EG)Ik =0

where 8(gr) = a(gr+1) = xk, and where d° denotes the standard differential on G,
that is, the differential of the Lie algebroid 7¢ : TG — G.

Thus, we may define the discrete FEuler-Lagrange operator:
DpgrLa: Go — E¢; ,
where E, is the dual of Eg. This operator is given by

DpgrLa(g,h) =d°[Laolg + Laory ol (€($))’(EG)
zp,

with 0(g) = a(h) = .
G
Discrete Poincaré-Cartan sections. Consider the Lie algebroid 77 : Fg X Eg =
VB3 &g Va — G, and define the Poincaré-Cartan 1-sections ®Zd7@Jer €
Sec((n7)*) as follows
01,(9)(Xg, Yy) = =X4(La),  O7F,(9)(Xg,Yy) = Yy(La), (6.6)

for each g € G and (X,,Y,) € V,8 @ Vja.

Since dLg = @Jer — @Zd and so, using d? = 0, it follows that d@Jer = d@;d. This
means that there exists a unique 2-section Qr, = fdG)Jer = —dO7 , that will be

called the Poincaré-Cartan 2-section. This 2-section will be important to study
the symplectic character of the discrete Euler-Lagrange equations.

If {X;} is a local basis of Sec(7) then {Xi(l’o), XZ-(O’l)} is a local basis of Sec(n7).
Moreover, if {(X %)), (X#)©D} is the dual basis of {X ", X(®V} it follows that

— . — .
@Zd = —Xi(Ld)(XZ)(l,O), @JLFd = Xi(Ld)(Xz)(O,l),

Qr, = = Xi(X;La) (X0 A (X9)OD.

Discrete Lagrangian evolution operator. Let £ : G — G be a smooth map
such that:

- graph(&) C Go, that is, (g,£(g)) € Go, for all g € G (£ is a second order
operator).

- (g9,&(g)) is a solution of the discrete Euler-Lagrange equations, for all g €
G, that is, (Dpgp,La)(g,£(g)) =0, for all g € G.

In such case
X(9)(La) — X (&(9))(La) = 0 (6.7)

for every section X of Eg and every g € G. The map £ : G — G is called a
discrete flow or a discrete Lagrangian evolution operator for L.
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Now, let ¢ : G — G be a second order operator. Then, the prolongation
TE:VEdaVa— VE®gVa of £ is the Lie algebroid morphism over £ : G — G
defined as follows (see [35]):

1,6(Xy, Yy) = (Ty(rge(q)01)) (Yg), (T5€)(Xg)+(Ty€) (Yg) =Ty (rge(q) 07)(Yy)), (6.8)
for all (X,,Y,) € V,8& Vya. Moreover, from [£70), ) and ([EF), we obtain that

T,EX(9). Y (9) = (Y E@) (T,OX () + Y(9) + Y (€9).  (69)
for all X,Y sections of Fg.
Using (E8), one may prove that (see [35]):

(i) The map ¢ is a discrete Lagrangian evolution operator for Ly if and only
if (T¢,6)*0;, =067} .

(ii) The map £ is a discrete Lagrangian evolution operator for L4 if and only

if (7€,§)*©;, — O, =dLa.

(iii) If € is discrete Lagrangian evolution operator then (7¢,£)*Qr, = Q.
Discrete Legendre transformations. Given a Lagrangian Lgy : G — R we
define the discrete Legendre transformations F~ Ly : G — E} and F™Lg :
G — Ea by

(F_Ld)(h)(ve(a(h))) = 7vﬁ(a(h))(Ld oTp O i), for Ve(a(h)) € (EG)a(h)7
(FFL)(9)(ve((9)) = Ve(ate)) (La 0 Ly)s for ve(a(g)) € (Ea)p(q)-

G
Now, we introduce the prolongations TF~ L, : Eg X Eqg = V3®gVa — TFSEY,
G
and TF*Lg: Eg x Eg = VB &g Va — TESEY by
T,F" La(Xn, Yn) = (Th(iorp-1)(Xn), (ThF~ L)(Xs) + (ThF~L)(Y4)),
T F " La(Xn, Yi) = (Thlp-1(Ya), (ThF T L)(X3) + (ThFTL)(Y2)),
for all h € G and (X, Yn) € VB ® Vi We observe that the discrete Poincaré-
Cartan 1-sections and 2-section are related to the canonical Liouville section of
(TFeEL)* — EJ and the canonical symplectic section of A?(TF¢EZ)* — EY,
by pull-back under the discrete Legendre transformations, that is,
(TF~ La,F~La)*@p, =07,  (TF'Lq,F"Ls)*Op, = O] ,
(TFiLd,FiLd)*QEG = QLd; (TFJrLd,FJrLd)*QEG = QLd-

Discrete regular Lagrangians. A discrete Lagrangian Ly : G — R is said to be
regular if the set of solutions of the discrete Euler-Lagrange equations is locally the
graph of a diffeomorphism, that is, there exists locally a unique discrete Lagrangian
evolution operator {1, : G — G for Ly. In such a case, £, is called the discrete
Euler-Lagrange evolution operator. In [35] (see Theorem 4.13 in [35]), we obtained
some necessary and sufficient conditions for a discrete Lagrangian on a Lie groupoid
G to be regular that we summarize as follows:

Lg is regular <= The Legendre transformation F* Ly is a local diffeomorphism
<= The Legendre transformation F~ L, is a local diffeomorphism
<= The Poincaré-Cartan 2-section €2z, is symplectic

G
on the Lie algebroid Eqg X Eq =V &g Va — G.

Locally, we deduce that L, is regular if and only if for every local basis {X;} of
—
Sec(7) the local matrix (X ;(X;Lq)) is regular.
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Discrete Hamiltonian evolution operator. If L; : G — R is a regular La-
grangian, then pushing forward to Ef, with the discrete Legendre transformations,
we obtain the discrete Hamiltonian evolution operator, &, : Ef, — Ef,
which is given by

€, =F*Lgo&p, o (F*Ly)~" . (6.10)
Defining the prolongation TéLd : TECE}, — TECEY, of ng by

Tép, =TF L 0Tér, o (TFELy) ™Y,
we deduce that (see [35]):
(TéLdang)*GEc =Op, + d(Ld ° (F_Ld)_l)’ (TéLdang)*QEc = Qg

Noether’s theorem. In Discrete Mechanics is also possible to relate invariance
of the discrete Lagrangian under some transformation group with the existence of
constants of the motion. In fact, we will say that a section X of Eq is a Noether’s
symmetry of the Lagrangian L, if there exists a function f € C°°(M) such that

dLg(XPVy = g f —a* f.

In the particular case when dLy(X ™) = XLyt XLg= 0, we will say that X
is an tnfinitesimal symmetry of the discrete Lagrangian L.

If Ly : G — R is a regular discrete Lagrangian, by a constant of the mo-
tion we mean a function F' invariant under the discrete Euler-Lagrange evolution
operator &r,,, that is, F'o &, = I'. Then, we have the following result.

Theorem 6.2 (Discrete Noether’s theorem). [35] If X is a Noether symmetry of
a discrete Lagrangian Lq, then the function F'=©7p (XYY —o*f is a constant
of the motion for the discrete dynamics defined by Lg.

7. CLASSICAL FIELD THEORY ON LIE ALGEBROIDS

In this section, we study Classical Field Theories on Lie algebroids. We consider
a fiber bundle v: M — N, a Lie algebroid structure on a vector bundle 755 : E —
M and a surjective morphism of Lie algebroids m: E — T'N over v. The physical
interpretation of the above data is as follows: we will consider a field theory in
which the fields are the sections of the bundle v and the partial derivatives of the
fields are parameterized by linear sections of .

We will find the equations for the extremals of a variational problem which
roughly speaking is the following: given a Lagrangian function L defined on the
set of sections of 7, and a volume form w on the manifold N, we look for those
morphisms of Lie algebroids which are critical points of the action functional

S(®) = /NL(tb)w.

This is a constrained variational problem, because we are restricting the fields ® to
be morphisms of Lie algebroids, which is a condition on the derivatives of ®.

7.1. Jets. We consider two vector bundles 7&: E — M and 7 : F — N and
a surjective vector bundle map 7: F — F over the map v: M — N. Moreover,
we will assume that v: M — N is a smooth fiber bundle. We will denote by
K — M the kernel of the map m, which is a vector bundle over M. Given a point
m € M, if we denote n = v(m), we have the following exact sequence 0 — K, —
E,, — F,, — 0, and we can consider the set {,,7 of splittings ¢ of such sequence.
More concretely, we define the following sets L, 7 = {w: F,, — E,,, | w is linear },
Imm={¢pclpm |mop=idp, } and V,m = {¢p € L7 | o1 = 0}. Therefore



34 J. CORTES, M. DE LEON, J. C. MARRERO, D. MARTIN DE DIEGO, AND E. MARTINEZ

L, is a vector space, V,,m is a vector subspace of L,,7 and J,,7 is an affine
subspace of L,,7 modeled on the vector space V,,mw. By taking the union, L7 =
UmemLmm, d7 = Unemdmm and Vo = UpepmViem, we get the vector bundle
T10: Lm — M and the affine subbundle 7p: J® — M modeled on the vector
bundle 71o: Vr — M. We will also consider the projection my: Jm — N defined
by composition m; = v o 9. An element of J,,7 will be simply called a jet at the
point m € M and accordingly the bundle J7 is said to be the first jet bundle of =.

Notice that the standard case [62] is recovered when we have a bundle v: M —
N and one considers the standard Lie algebroids E =TM — M and F =TN —
N together with the differential of the projection # =Tv: TM — T N. With the
standard notations, we have that J'v = J(Tv).

Local coordinates on Jm are given as follows. We consider local coordinates
(%) on N and (2%,u”) on M adapted to the projection v. We also consider local
basis of sections {€,} of F' and {e,,en} of F adapted to the projection =, that is
moe, =€z ov and woe, = 0. In this way {e,} is a base of sections of K. An
element w in L,,7 is of the form w = (wgeb +wley) ® €%, and it is in J,, 7 if and
only if w? = %, i.e., an element ¢ in g7 is of the form ¢ = (e, + ¢Zeq) @ . If we
set y(¢) = %, we have adapted local coordinates (2%, u?,y%) on Jr. Similarly,
an element 1) € V,,, 7 is of the form ¢ = 9Ye, ® €. If we set y&(¢) = ¥, we have
adapted local coordinates (2, u”, %) on V. As usual, we use the same name for
the coordinates in an affine bundle and in the associated vector bundle.

An element z € L7 defines an affine function Z on J,,m by contraction 2(¢) =
(z, @) where (-, -) is the pairing (z, ¢) = Tr(z0¢) = Tr(¢poz). Therefore, a section 6 of
L*r defines a fiberwise affine function 6 on g, é(gb) = (Or10(¢)> D) = Tr(Or,4(0) © D)
In local coordinates, a section of L*r is of the form 6 = (6% (x)e® + 0% (x)e®) @ &q,
and the affine function defined by 6 is 6 = 6%(z) + 6% (z)y2.

Anchor. Consider now anchored structures on the bundles E and F, that is, we
have two vector bundle maps pp: FF — TN and pg: E — T'M over the identity
in N and M respectively. We will assume that the map 7 is admissible, that is
prom =Tvopg. Therefore we have

0

7 9 A
8_ and pE(eG) - p“@xi +pa auA’
ox?

pr(ea) = Pl

pE(ea) = Pfau—Av

with pl, = pl(x), p3 = pi(x,u) and pg = pd(z,u).
The anchor allows us to define the concept of total derivative of a function with
respect to a section. Given a section o € Sec(F'), the total derivative of a function

f € C°°(M) with respect to o is the function df ® o, i.e., the affine function
associated to df ® o € Sec(L*r). In particular, the total derivative with respect to
an element €, of the local basis of sections of F', will be denoted by f|,. In this

way, if 0 = 0%, then tm = ﬁaoa, where the coordinate expression of f|a is
of of
oxt ouA’

Notice that, for a function f in the base N, we have that ﬁa = pl
components of df in the basis {&,}.

fla = P+ (0 + pays)

ngi are just the
Bracket. Finally, let us assume that we have Lie algebroid structures on 74 : F/ —
N and on 75 : E — M, and that the projection 7 is a morphism of Lie algebroids.
This condition implies the vanishing of some structure functions.
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We have the following expressions for the brackets of elements in the basis of
sections
lea, es] = Cliey + Cpec

a
el = Co.  and  { [eaesl= Clpes
lea: 65]] = C(Z,Bew
where Cft, = C{.(x) is a basic function.
The structure functions can be conveniently combined as terms of some affine
function as follows
Zoy=Cay+Chyl  and  Z5, =C0 + Chyl.

c

In particular, such functions will appear in the Euler-Lagrange equations of the
variational problem.

7.2. Morphisms and admissible maps. By a section of m we mean a vector
bundle map ® such that 7 o ® = idp, (i.e., we consider only linear sections of 7
(see also [I6])). It follows that the base map ¢: N — M is a section of v, i.e.,
vo¢ =idy. The set of sections of m will be denoted by Sec(w). The set of those
sections of m which are a morphism of Lie algebroids will be denoted by M(w). We
will find local conditions for ® € Sec(r) to be an admissible map between anchored
vector bundles and also local conditions for ® to be a morphism of Lie algebroids.

Taking adapted local coordinates (%, u”) on M, the map ¢ has the expression
#(z%) = (z°,u(x)). If we moreover take an adapted basis {e,, e, } of local sections
of E, then the expression of ® is given by ®(&,) = €4 + y5(x)eq, so that the map @
is determined by the functions (u”(z),y%(z)) locally defined on N. The action on
the dual basis is ®*e® = &%, and ®*e® = y$(x)e®, and for the coordinate functions
O*z' = 2 and ®*ut = u ().

The admissibility condition reads ®*(df) = d(®*f) for every function f €
C>(M). Taking f = z' we get an identity, while taking f = u? we get the
condition

Ou A A
Pa 57— P + P4 Ya -

In addition to the admissibility condition, the morphism condition reads ®*df =
d(®*0) for every section 6 of E*. For § = e* we get an identity, while for § = e
we find the

g dyg i Ay _y
b i € oxt

SO + Coypyl + Oyl — Cy) + O = 0.

7.3. Variational Calculus. In what follows in this paper we consider the case
where the Lie algebroid F is the tangent bundle F = T'N with pp = idpyx and [, ]
the usual Lie bracket of vector fields on N. The Lie algebroid F remains a general
Lie algebroid. Moreover, for local expressions on F', the local basis of sections of
F which we will consider is a basis of coordinate vector fields €; = %, so that
pl = 6% and CZ = 0.

Variational problem. Given a Lagrangian function L € C*(Jr) and a volume
form w € A" (I'N), where r = dim(N), we consider the following variational prob-
lem: find the critical points of the action functional S(®) = [ L(®)w defined on
the set of sections of m which are moreover morphisms of Lie algebroids, that is,
defined on the set M(w). Here by L(®) we mean the function n — L(®,,), where
®,, € Jr is the restriction of ® the fiber F,, = T}, N.

It is important to notice that the above variational problem is a constrained
problem, not only because the condition 7 o ® = idp, which can be easily solved,



36 J. CORTES, M. DE LEON, J. C. MARRERO, D. MARTIN DE DIEGO, AND E. MARTINEZ

but because of the condition of ® being a morphism of Lie algebroids, which is a
condition on the derivatives of ®. Taking coordinates on N such that the volume
form is w = dz' A --- A dz", the problem is to find the critical points of

/ L(z* u(z), y&(x)) dz A - - A da”,
N
subject to the constraints
u L ouE oy
Ox® dxb  Oxc
The first method one can try to solve the problem is to use Lagrange multipliers.
Nevertheless, one has no warranties that all solutions to this problem are normal
(i.e., not strictly abnormal). In fact, in simple cases such as the problem of a heavy
top B8], one can easily see that there will be strictly abnormal solutions. Therefore

we take another approach, which consists of finding explicitly finite variations of a
solution, that is, defining a curve in M(7) starting at the given solution.

+ Oyl — Oyl + O ypyd + Cp = 0.

A A
= py +PaYe an oy

Variations and infinitesimal variations. In order to find admissible variations,
we consider sections of E and the associated flow. With the help of this flow we
can transform morphisms of Lie algebroids into morphisms of Lie algebroids.

Flow defined by a section. We recall that every section of a Lie algebroid has
an associated local flow composed of morphisms of Lie algebroids [42, B4]. More
explicitly, given a section o of a Lie algebroid F, there exists a local flow ®4: F —
E such that p
L,0= E(I)SH o’
for any section 0 of A E. Moreover, for every fixed s, the map ®, is a morphism of
Lie algebroids, and the base map ¢s: M — M, the (ordinary) flow of the vector
field p(o) € X(M).
Complete lift of a section. In this section we will define the lift of a projectable
section of F to a vector field on Jm, in a similar way to the definition of the first jet

prolongations of a projectable vector field in the standard theory of jet bundles [52].

We consider a section o of a Lie algebroid E projectable over a section 7 of F.
We denote by ¥, the flow on E associated to ¢ and by ® the flow on F associated
to n. We recall that, for every fixed s, the maps ¥, and ®, are morphisms of Lie
algebroids. Moreover, the base maps 15 and ¢, are but the flows of the vector
fields pgp (o) and pr(n), respectively.

The projectability of the section implies the projectability of the flow. It follows
that (locally, in the domain of the flows) we have defined a map LU,: Lm — L7
by means of LU (w) = Uso0w o ®_,. By restriction of LU, to Jm we get a map
JV,, which is a local flow in Jm. We will denote by X" the vector field on Jn
generating the flow JW,. The vector field X" will be called the complete lift to
Jdm of the section o. Since J¥, projects to the flow vy it follows that the vector
field X ¢V projects to the vector field pg(o) in M.

Locally, a section o = 0%, + 0%e, is projectable if 0% = o%(x") depends only
on x'. Tts complete lift XV has the local expression

0

9
X =0"—+ (pito® + plo®) 0a A
dyg

ox? +

dur

where 0% = élo(‘l + Zg‘bab + Zg‘ﬁoﬁ -y (o’lba + O‘CCSC). In particular, if o projects to
the zero section, i.e., 0% = 0, we have

0 0
1 - A _« XY a 3
X =plo —auA+(U\a+Zaﬁa )—3y3"
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Euler-Lagrange equations. Let ® € M(7) be a critical point of S. In order
to find admissible variations we consider a m-vertical section o of E. Its flow
V,: E — FE projects to the identity in F' = T'N. Moreover we will require o to
have compact support. Since for every fixed s, the map W, is a morphism of Lie
algebroids, it follows that the map &3 = U, o @ is a section of 7 and a morphism
of Lie algebroids, that is, s — ®; is a curve in M(7). Using this kind of variations
we have the following result.

Theorem 7.1. [A2] Select local coordinates such that the volume form is expressed
as w = dx' A - Adx". A map ® is a critical section of S if and only if the
components ys of ® satisfy the system of partial differential equations

out

T = pd + pays,

oy Oy

ot~ aas T+ COoyyd = Cayl + Cypyl + g =0,

d L L L
a— = a—’yZ;/a 0 pg
dz® \ Oy Oya ou
Proof. Recall that by L(®) we mean the function in N given by L(®)(n) = L(®,,),
where ®,, is the restriction of ®: FF — FE to the fiber F,,. The function L(®y) is
L(®s)(n) = L(¥s 0 ®p) = L(JVs(Pn)) = (JULL)(P)(n),

and therefore the variation of the action along the curve s +— @ is

=0 /N d%L(@s) Y= /N(LXC@L)(@)W,

Taking into account the local expression of X" for a m-vertical o, we have that

OL do® oL
A _« a 3
LX‘(})L =Pt 5% + (—dza + Zgg0 ) Bye

B 0L A (LN 4 (oL
N PaguA oy dx \ Qyg dx ye )’

Let us denote by dL the expression with components
_d (ALY, 0L oL
dze \ 0ye

d
= —S(®,
0=—-S8(%)

5La . A0
ax ayg Pa OuA

and by J, the (r — 1)-form (along m1) J, = aagTLawa with w, = ia%w. Then we
have that 4

0=—8(d,

7:5(2s)

zf/N(aLaaa)w+/ d(J5 0 ®).

s=0 N

Since o has compact support the second term vanishes by Stokes theorem. More-
over, since the section ¢ is arbitrary, by the fundamental theorem of the Calculus
of Variations, we get L. = 0, which are the Euler-Lagrange equations. Notice
that the first two equations in the above statement are nothing but the morphism
conditions. O

7.4. Examples.

Standard case. In the standard case, we consider a bundle v: M — N, the stan-
dard Lie algebroids F' = TN and F = T M and the tangent map 7 =Tv: TM —
TN. Then we have that = = J'v. When we choose coordinate basis of vector
fields (i.e., of sections of TN and T'M) we recover the equations for the standard
first-order field theory. Moreover, if we consider a different basis, what we get are
the equations for a first-order field theory written in pseudo-coordinates [Bl, T4l E2].



38 J. CORTES, M. DE LEON, J. C. MARRERO, D. MARTIN DE DIEGO, AND E. MARTINEZ

Time-dependent Mechanics. In [B0, BI] we developed a theory of Lagrangian Me-
chanics for time dependent systems defined on Lie algebroids, where the base man-
ifold is fibered over the real line R. Since time-dependent Mechanics is nothing but
a 1-dimensional field theory, our results must reduce to that.

The morphism condition is just the admissibility condition so that, if we write
2% =t and y§ = y“, the Euler-Lagrange equations are

du 4 4. d (0L OL v o g, OL 4
3 P teay ar \ oy~ —a—m(coa+cﬁay)+m—APa,

in full agreement with [E4]. In particular, for an autonomous system on a Lie
algebroid V' — @, one considers £ = TR xV — R x M with 7 the projection onto
the first factor TR. Our results provide yet another indication of the variational
character of autonomous mechanical systems on Lie algebroids.

Topological field theories. Given a closed r-form €2 on a Lie algebroid V. — @,
we can define a topological field theory as follows. For an r-dimensional manifold
N we consider FF = TN — N, E =TN xV — N x @ and 7 the projection
onto the first factor TN. The Lagrangian of the theory is L(®) = ®*Q. Then it is
easy to see that the Euler-Lagrange equations reduce to the morphism condition.
In this way, one can cope with systems such as Poisson o-models or Chern-Simons

theories [2 B2, B3].

Systems with symmetry. The case of a system with symmetry is very important
in Physics. We consider a principal bundle v: P — M with structure group G
and we set N = M, FF = TN and E = TP/G (the Atiyah algebroid of P), with
7([v]) = Tv(v). Sections of 7 are just principal connections on P and a section is
a morphism if and only if it is a flat connection. The kernel K is just the adjoint
bundle (P x g)/G — M. By an adequate choice of a local basis of sections of F'; K
and E one easily find the covariant Euler-Poincaré equations [, . The covariant
Lagrange-Poincaré equations [6] can also be recovered within this formalism.

8. FUTURE WORK

We have illustrated the generality of the theory of Lie algebroids and groupoids
in a wide range of situations, from nonholonomic Lagrangian and Hamiltonian
systems and mechanical control systems to Discrete Mechanics and extensions to
Field Theory. Current and future directions of research include the following:

Hamilton-Jacobi equation for a Hamiltonian system on a Lie algebroid: It wo-
uld be interesting to continue with the study started in [26] of Hamilton-
Jacobi theory for Hamiltonian systems on Lie algebroids. In particular, it
would be interesting to introduce a suitable definition of a local (global)
complete integral of the Hamilton-Jacobi equation. The idea would be
that the knowledge of an integral of the equation would allow the “direct
determination” of some integral curves of the corresponding Hamiltonian
vector field.

Geometric formalism for Vakonomic Mechanics on Lie algebroids: An inter-
esting topic to study is the case of constrained variational problems on Lie
algebroids. In this case, to derive the equations of motion for a Lagrangian
system subject to nonholonomic constraints, one invokes a variational prin-
ciple, rather than the Lagrange-D’Alembert’s principle (cf. Sectionfl). The
differential equations obtained, called vakonomic equations, are in general
different. From an optimal control perspective, it seems interesting to
generalize the formalism developed in [TT].
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Mechanical control systems on Lie algebroids: Topics of interest related to
mechanical control systems on Lie algebroids include the investigation of
controllability tests along relative equilibria and the study of systems that
include gyroscopic and dissipative forces.

Discrete Mechanics on Lie groupoids: We are currently studying the construc-
tion of geometric integrators for mechanical systems on Lie algebroids.
We have introduced the exact discrete Lagrangian in the Lie groupoid
formalism, and are discussing different types of discretizations of continu-
ous Lagrangians and their numerical implementation. We plan to explore
natural extensions to forced systems and to systems with holonomic and
nonholonomic constraints as in [T2, 27].

Classical Field Theory and Lie algebroids: In [I6, B4] the authors have intro-
duced the notion of a Lie affgebroid structure [I7, BTl B4] (see also [211).
They have developed a Lagrangian (and Hamiltonian) formalism on Lie af-
fgebroids, which generalizes some classical formalisms for time-dependent
Mechanics and, in addition, may be applied to other situations. Since
time-dependent Mechanics is a 1-dimensional field theory, it would be in-
teresting to define the notion of a “Lie multialgebroid”, as a generalization
of the notion of a Lie affgebroid. This mathematical object should en-
code the geometric structure necessary to develop field theories. The first
example of a Lie multialgebroid; should be Jw. The notion of a Lie multi-
algebroid will potentially allow to study other aspects of the theory, such
as Tulczyjew’s triples associated with a Lie multialgebroid and Hamilton-
Jacobi equation for classical field theories on Lie multialgebroids.
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