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ABSTRACT: In this paper a geometrical description of the Lagrangian dynamics
in quasi-coordinates on the tangent bundle, using the Lie algebroid framework, is
given. Linear non-holonomic systems on Lie algebroids are solved in local coordi-
nates adapted to the constraints, through generalized methods of the Lagrangian
multipliers and of Gibbs-Appell.
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1. Introduction

The geometric approach to both differential equations and classical me-
chanics has been very clarifying for many problems and is receiving a lot of
attention during the last years. As far as we know there is no systematic
treatment of the concept of quasi-coordinate from the geometric point of
view, and it is well known that the use of such quasi-coordinates has many
applications in physics and engineering [21]. Our aim in this paper is to
provide the geometric approach to such a concept and to prove the efficiency
of such geometric tool for solving different problems.

The dynamics of a classical system is usually described in terms of gene-
ralized coordinates on a tangent bundle of a manifold, i.e. positions ¢' and
their velocities v = ¢'. However, sometimes it is useful to consider a diffe-
rent set of coordinates, e.g. Euler equations for the rigid body are written
in terms of the three Euler angles (0,1, ¢) and the three components of the
angular velocity (wp, wy,w,) instead of the velocities (6,4}, ). This new set
of coordinates are called quasi-velocites. Although usually the calculations
in quasi-coordinates are difficult, they are used to solve many types of me-
chanical systems (see [14, 21]). The geometrical description on the tangent
bundle that we propose is a particular case of a more general geometrical
framework, the Lagrangian mechanics on Lie algebroids.
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Lie algebroids provide a very general framework for Mechanics, including
mechanical systems with symmetries in the same scheme. Roughly speaking,
a Lie algebroid is a generalization of both a Lie algebra and a tangente bun-
dle, these being the simplest examples of Lie algebroids. For a detailed study
of this subject we refer the books of Cannas et. al. [2] and of Mackenzie [17].
Since Pradines [22], who introduced the Lie algebroids as infinitesimal ob-
jects corresponding to Lie grupoids, several authors have studied the theory
of Lie algebroids giving important contributions for the knowledge of their
properties and applications. Among others, Higgins et. al. [13] introduced
the notion of prolongation of a Lie algebroid over a map; Weinstein [24] was
the first to study Lagrangian mechanics on Lie algebroids and Martinez [18]
developed the formalism for the Lagrangian mechanics on Lie algebroids,
generalizing the fundamental geometrical elements of Lagrangian mechanics
(see also [15] and references therein).

One of the goals of this paper is to deal with systems with linear non-
holonomic constraints in Lie algebroids, applying a generalized version of
the well-known methods of the Lagrangian multipliers [1, 4, 23] and Gibbs-
Appell [12, 16]. The solution of these systems is obtained in local coordinates
adapted to the constraints. These adapted coordinates on a Lie algebroid
play the role of quasi-coordinates on a tangent bundle. For the subject of
non-holonomic systems in a Lie algebroid we refer the first paper from Cortés
et. al. [7] and the papers of Mestdag et. al. [19, 20], Cortés et. al. [8] and
Carinena et. al. [6].

This article is organized in the following way. In the first section we re-
call the geometrical tools of classical mechanics in a tangent bundle. In the
second section, we provide the geometric approach to solve classical systems
using quasi-coordinates. In the third section we give a brief introduction to
Lie algebroids and in the fourth section we see how the geometric approach
to quasi-coordinates, given in the second section, derive from a Lie algebroid
structure. In the fifth section we generalized the problem of quasi-coordinates
in a tangent bundle to the problem of changing coordinates in a Lie alge-
broid. In the last section we apply the above problem to solve systems with
linear non-holonomic constraints in Lie algebroids, using the methods of the
Lagrange multipliers and of Gibbs-Appell in Lie algebroid framework.
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2. The geometric approach to classical mechanics of au-
tonomous systems

In the geometric approach to autonomous systems, the existence of holo-
nomic constraints amounts to restrict the possible configurations of the sys-
tems and to consider the set of such possible configurations as a differentia-
ble manifold, usually denoted by () and called configuration space. First-
order differential equations appear as local expressions determining the in-
tegral curves of vector fields in (), which are sections of the tangent bundle
¢ : T'Q)Q — @, while second-order differential equations appear as local ex-
pressions determining the integral curves of a special type of vector field on
T'(Q), the so-called second-order differential equation vector fields.

A local chart (U, ¢) on the n-dimensional manifold ) provides a local tri-
vialization of 7, L(U) and therefore a set of tangent bundle coordinates. If

(¢',...,q") are the coordinates on U, then the set of vector fields on U,
given by {9/9q" | i = 1,...,n}, define such a local trivialization and if v is
the vector at the point ¢ of coordinates (q!,...,¢") given by v = v'9/9¢’,
the local coordinates of (q,v) are (¢%,...,q¢",vl,...,v"). Note that T(TQ)
has two different vector bundle structures over T'Q) given, respectively, by
g : T(TQ) — TQ and Tt : T(TQ) — TQ. Sections with respect to
Trq are the vector fields on T'Q) and those which furthermore are also sec-
tions with respect to T'7g are the special kind of vector fields to be called
second-order differential equation (shortened SODE) vector fields. The local
expression of such a SODE vector field is

D= via%. + f'(q,v)

0
ovt

The two important geometric ingredients of a tangent bundle are a (1,1)-
tensor field S, called wvertical endomorphism, and the Liouwille vector field
A generating dilations along the fibres (see [9, 10, 11]). The coordinate
expression of S in terms of natural tangent bundle coordinates (¢*,v*) on T'Q
is

9 |
= - X dqg*
(%’@q’

while the dilation vector field A on T'(), which is the generator of the 1-
parameter group of dilations (q,v) — (g, €' v), is given in such coordinates

S
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by

0

ovt

Both the vector field A and the tensor field S can be used to characterize
SODE vector fields D, as those satisfying

S(D) = A.

A =’

All the constructions in the geometric approach to Lagrangian mechanics
can be formulated using such objects [9, 10, 11]. So, given a Lagrangian
function L € C*(TQ) we can define the Cartan 1-form 0, = dL o S, with
coordinate expression 0 = (OL/0v') dq', and then the Cartan 2-form wy =
—dfy, is given by

2 2
wr = —df;, = 838qu dg' Ndq’ + le;} dq' Ndv’ .

The exact 2-form wy is symplectic when the Lagrangian is regular, which
in local coordinates means that det(9%L/dv' 9v’) # 0. So, when wy, is sym-
plectic, it establishes a one-to-one correspondence, @y, : X(TQ) — QYTQ),
between vector fields and 1-forms on T'() just by contracting vector fields with
wr,. In particular, the vector field responsible for the dynamics described by
the Lagrangian L in the absence of non-conservative forces, corresponds to
the energy function defined by L, F;, = A(L) — L, and it can be shown to
be a SODE vector field.

The remarkable fact is that in such a correspondence, vertical vector fields
are in one-to-one correspondence with semi-basic 1-forms on 7'Q) (see [4]).
This is an important property because forces arising in classical formulations
are geometrically described by semi-basic 1-forms.

The simplest case is when there are not external forces and then the La-
grangian describing the motion is given by the kinetic energy, corresponding
to the Riemannian metric g defined on the configuration space @), as a sub-
manifold of the ambient Euclidean space:

1.
T = § g(D7 D) )
for any choice of a SODE vector field D. Here g denotes the pullback of g
to TQ. In this case 07p(U) = g(U,-), for any U € X(T'Q), and Ep = T. The

free dynamics is given by the vector field Xp, solution of i(Xp)wr — dT = 0.
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The integral curves of Xp are the geodesics of the Levi-Civita connection
associated with the Riemannian metric g (see [3]).

In the presence of external forces, given by a semibasic 1-form F on T'Q),
the dynamical vector field is the solution of

i(X)wr — dT = —F, (1)

ie. X = Xp+ &7 (—F), where the second term in the sum is vertical and
therefore X is also a SODE vector field. Note that F can also be decomposed
into a sum of a non-conservative force Q with another force which is conserv-
ative F., derivable from potentials, i.e. a (basic) exact form F, = —dV which
can be absorbed in the first term of (1) just by redefining the Lagrangian,
now becoming L =T — V. In summary, the equations of motion will be

i(X)wp —dE, = -9, (2)

where we assume that the conservative forces are included in the definition
of L, because w;, = wp and E;, =T + V. The Lagrangian functions of the
form L =T — V are usually said to be of mechanical type.

Now, one can develop the theory for general Lagrangian functions L €
C>®(TQ), where the conservative forces are included in its definition, with
the only assumption of regularity, i.e. it is assumed that L is regular.

3. A geometric approach to quasi-coordinates

The use of quasi-coordinates has been shown to be very efficient in descri-
bing the motion of some dynamical systems. For instance, the use of the area
swept by the line joining a planet with the sun for the motion of the planet,
or the use of the components of the angular momentum for describing the
motion of a rigid body with a fixed point. In fact, as pointed out in [12, 25],
the configuration of a dynamical system cannot be in general described by
quasi-coordinates, but it is possible to describe the displacement by using
quasi-coordinates, more specifically quasi-velocities. We explain next the
geometric meaning of such quasi-velocities.

Let mg : T*Q — (@ denote the cotangent bundle of a n-dimensional diffe-
rentiable manifold Q). It is well-known that a local 1-form « on an open set
U of @, i.e. a section for mg over U, defines a linear function @ € C*(U),
where U = 7, L(U), as follows:

a(v) = <047Q(u), U> ;

for all local vector field v defined on the open set U.
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As indicated above, the choice of a local chart on an open set U of (), with
coordinates (q',...,¢"), determines a basis (9/9q¢', ...,0/9q") of the tangent
space at each point of U = 7, Y(U). In such a way we define an associated
local coordinate system on T'(Q. The 2n coordinates are now the n basic
functions ¢' (or in a more rigorous notation ¢’ o 7g) and the corresponding

functions on tllg fibres v’ = dqi. Note that dg' A --- A dg" # 0 and therefore
the functions dqt, for ¢ = 1,...,n, are functionally independent.

When the local expression of the local 1-form «, in terms of the coordinates
on U, is a = a;(q)dqg’, then @ is the function a(v) = a;(q)v’. In order to
define a local chart on U, instead of {dq', ..., dq"}, we can alternatively make
use, together with the base coordinate functions, of any other set of n 1-forms

{al, ... a"™}, given locally by
o =a'i(q)dg Vi=1,...,n,

with the only condition of being linearly independent at each point, i.e.
al A--- Aa™ # 0, in this case the 2n coordinates in U are the n basic

functions ¢' and the linear functions {al,...,a”}. These new coordinates
on the fibres {a!,...,a"} are but linear combinations, with basic functions

as coefficients, of the usual velocities. Note that the 1-forms o do not need

to be exact, but in the case of all of them being exact, the functions o!
would be the velocities corresponding to a new coordinate system on the
base manifold (). The new fibre coordinates w' = «f, which play the role of
velocities, are called quasi-velocities, while the coordinates (¢', w') are called
quasi-coordinates on T'Q). Note also that in some cases we can globally define
quasi-velocities on (), for instance when () is a Lie group G, while velocities
can only be defined locally.

The fact that o' A---Aa" # 0, points out that there exists functions 8" ;(q)
such that

dq' = 3" ;(q) o, Vi=1,...,n,
with det(ﬁi i) # 0. The matrix with entries 8 ;(q) will be the inverse matrix
of (o' ;(q)), ie.
3" 5(q) o k(q) = 0a

for all ¢ € U. The quasi-velocities w’ are associated to a basis of vector
fields {X1,..., X,,} on Q, dual to the basis of 1-forms {a!,..., a"}, that is,
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<ozi,Xj> = 0, so locally X; = " ;0/9q', and

0
w'X; =1 —
oqi
Then, the relations among fibre coordinates are
wi:aijvj, vizﬁijwj,
and consequently,
ow’ , ov' .
- = O//j 3 — ﬁzj )
ov/ ow’
nd 9 9 9 9
= =i
ov' ow? ow’ ov’

The local expressions of the Liouville vector field A and the vertical endo-
morphism S in terms of quasi-coordinates are, respectively, given by

) ) 9
A=v"— =73 w o), — =y —
U@U ﬁjwal@wﬂ w@wﬂ’
and 3 3
_ _ J, _ J
S = a@@dq o 8]®dq B - ® o’ .

The explicit coordinate expressions of a SODE vector field D € X(T'Q),
which is characterized by S(D) = A, in terms of quasi-coordinates is

. 0 , 0
D — ! k . e
ﬁ k(Q)w 8ql (q7w)awl )
because if
D = (g, w) =+ (g, w) e
- q7 aqz Q7 611}2 9
then
0

S(D) = Oéjihi(q,w) %7

and therefore S(D) = A if and only if o/ ; h'(¢q, w) = w/, that is, h' = ' w’.

Let us consider a system characterized by a regular Lagrangian function
L € C*(TQ) and the action of a non-conservative force Q, locally defined
by Q(q,v) = Qi(q,v)dq'. The Cartan 1-form 6, = dL o S is given in quasi-
coordinates by

L L , , : oL . L .
0r = (iqu+idw’> o (oﬂ-i_®dqz) :a]iidq’:iaj :
q ' w

ow’ owJ
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and consequently, the Cartan 2-form wj, defined by w;, = —df, turns out to
be

= — — — : i——— — " ———| dq¢" N d¢’

L [( g’ aq ) owk o dql Ow” @ dqiow” ¢ e
2
ko i j
+a | DI DF dq' N\ dw’ |

that is,

1 p OL i O*L 82L ; 0*L i :

. — g A . A duw’

L [%”la TP g gmen P aaul T Bwigwr ¢ N

where the functions fy?’fll are given by

dak;  dak .
1 ] [ J

and are known in the literature by Hamel symbols (see [14, 21]). We can
now write the coordinate expression in terms of quasi-coordinates of the
dynamical equation i(X)wy = dEp — Q, where the energy of the system in
the absence of non-conservative forces is given by

Er=AL—-L=uw' a—L—L
ow’

It is well-known that when L is regular the dynamics will be given by a
second-order differential equation vector field (see [10]), of the form X =
B w™d/0q" + f™(q,w)0/O0w™. The left-hand side of the dynamical equa-
tion becomes:

| oL . 8L i OPL O\,
I(X)wp = <’Yf~bza + 671 dpown B m ™ o ) w™a!
m 82 m 82 l
tw (9wj3wm -/ owrowl "

while the right hand side is

‘ 27, 27, ‘
dEL—Q:<w’“ﬁZla. o )ozl+wka. dw’ — Tl |

Iq Owk Owiwk
where T; = 3;Q); is the l—component in quasi-coordinates of the external
force Q. Therefore,
oL - 0L 0*L - OL
k m Qi m i
m— — - — 1.
w” Tmi gk Y b dgiow! -/ dwmow! g 'og :



QUASI-COORDINATES FROM THE POINT OF VIEW OF LIE ALGEBROID STRUCTURES 9

The dynamical equation is equivalent to
£x0; =dL + Q,

where £ x is the Lie derivative. In the physicians notation, the above equation
is equivalent to the following system of generalized Euler-Lagrange equations:

d (0L - 0L oL
i () =713+ e + T )

Suppose that the Lagrangian is of mechanical type, i.e. L is the difference
between the kinetic energy T and the potential energy V of the system.
Then, the equations of motion are given by:

d (0T oT

— (=) = @ F I1 4

dat (aw) B i " Tt g T (4)
where II; = (3 F} is the l—component in quasi-coordinates of the external

force F = —dV + Q (see [12, 25]).

4. Lie algebroids

The structure of Lie algebroid has been shown to be of a great usefulness in
Mechanics from the pioneer paper by Weinstein [24]. In particular Martinez
showed in [18] that the Lagrangian theory can be developed directly in the
Lie algebroid formalism by using new geometric tools which generalize the
vertical endomorphism and the Liouville vector field, but now in a generali-
zation of the tangent bundle of T'Q.

We summarize in this section the basic concepts and definitions of the
theory of Lie algebroids.

Definition 4.1. A Lie algebroid with base M is a vector bundle 74 : A — M,
together with a Lie algebra structure in the space of its sections given by a Lie
product [, -4, and a vector bundle map over the identity in the base, called
anchor, p : A — TM, inducing a map between the corresponding spaces of
sections, to be denoted with the same name and symbol, such that:

v, pwla = @[v,wla+ (pv)p)w,

for any pair of sections for T4, v and w, and each differentiable function ¢
defined on M.
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Let {¢" | i = 1,...,n} be local coordinates in a chart on an open set
UC M, and let {e, | a=1,...,s} be a basis of local sections of the bundle
Us = 7,7 (U) — M. Each local section v is written v = v®e,. The local
coordinates of p € Uy are p = (¢, v®). In a similar way, the corresponding
dual basis {e* | @ = 1,...,s} of local sections on U = 7' (U), allows us to
define local coordinates (¢, pi,) for ma- : A* — M.

The local expressions for the Lie product and the anchor map are (sum-
mation on repeated indexes is understood):

eareala—cos e, plea) = pla % . (5)

where a, 3,7 = 1,...,s, and i = 1,...,n. The functions c,37 € C*(U)
and p', € C®(U) are called structure functions of the Lie algebroid. The
conditions for p to be a Lie algebra homomorphism are

apz B j apz o 7 ol -
8—qj_p]ﬁ 8(]] =P ~vCap Vz-l,...,n, (6)
and for the Leibniz condition and the Jacobi identity of the bracket [-,-]4,
are
- OJcg M
> <caﬁycwﬂ+pu b ):0, Vu=1,..,s. (7)
dq
cycl(e,3,7)

These equations are called structure equations of the Lie algebroid.

Examples of Lie algebroids are the tangent bundle of a manifold M, with
the identity as anchor map and the usual bracket of vector fields, or any inte-
grable subbundle of it, and also a finite-dimensional Lie algebra g, considered
as a vector bundle over a point, for which the anchor vanishes identically and
the bracket is that of g. In the first case, with the usual choice of coordinates
(¢',v") on A = TM, induced from local coordinates (¢') on the base M, the
structure functions are

i .
Cz‘j ZO, pzj:(?ij.

However, in arbitrary coordinates, the structure functions c;; ¥ in general,

do not vanish. For the case of the Lie algebra g the structure functions are
the structure constants of the Lie algebra c, 37 and p’, = 0.

Given a Lie algebroid (A, p, [-,:]4) over M, there exists a derivation d4 of
degree one of the graded exterior algebra of forms of A, Q*(A), to be called
A-forms, which is nilpotent of order two, i.e. d4 = 0 (see e.g. [2, 17]). Tt
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is called the exterior derivative of the Lie algebroid. In the particular cases
of the tangent bundle T'M and that of a Lie algebra g, d4 reduces to the
de Rham operator d on the manifold M and the Chevalley differential dy,
respectively.

5. Quasi-coordinates and the tangent bundle as a Lie
algebroid

When we use quasi-coordinates (¢°, w') on the tangent bundle T'Q, then
we have an associated choice of a local basis of sections for 7p¢g : T(T'Q) —
TQ, i.e. a local basis of vector fields in TQ. Such basis is {X;,d/0w’ |
j=1,...,n}, where {¢; | i = 1,...,n} is a set of local coordinates on @) and
X; = [";0/9q" is an element of the dual basis of {a’ | i =1,...,n} .

Using such a local basis, the relations defining the structure functions of
the Lie algebroid 7p¢ : T(TQ) — T'Q are:

X, Xy = ;nXma X, 57| = Bjm ' T ) 7 =Y
| ] T [ 8wk] & Oq’ A [(9101 (911}7}

0 0
) = 5o ()

owl )] Owi’

Recall that the anchor map p on the Lie algebroid T'(7T'Q)) is the identity map
on T(TQ), the bracket [-,] on the sections of the Lie algebroid is the usual
bracket of vector fields on T'Q) and v} are the Hamel symbols associated with
the definition of the quasi-coordinates.

The expression of the exterior differential of the Lie algebroid will be de-
termined, for all F' € C*(T'Q) by

i, OF
dF = X;(F)a' + 8widw'
Given a Lagrangian function L € C*(TQ), we can easily calculated its
differential, the differential of £y = A(L) — L and the Cartan forms 0 =
dL o S and w; = —df;. Their local expressions in quasi-coordinates are
given in Section 3. If the Lagrangian is regular and a non-conservative force
Q is given, the dynamics equation i(X)w; = dE; — Q has a unique solution
X = w"X,, + f"0/0w™, that satisfies the generalized Euler-Lagrangian
equations (3).

Example 5.1. Let us consider a particle P (mass = 1) moving in a plane
under the action of a force of magnitude F(r) on the direction of a fixed point
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O, where r represents the distance between the point O and the particle P.
Let 0 be the angle that the line OP makes with a fized direction in the plane,
and A the area swept by unity of time by the line. The configuration space of
the system is Q = R?> — {0} and the usual coordinates on the phase space TQ
are ¢ =r,¢*> = 0,7, 6. In order to solve the equations of motion we use the
following set of quasi-velocities on TQ: w* = 7, w? = 2A = r20. From the
previous relations, we conclude that the coordinates transformation matrices
a and 3 are the following:

04=(0/a'>=((1) f?) 6:(5ij):(<1) 2)

The motion of the particle P s described by the reqular Lagrangian

1 1 (w?)?
L:— 1\2 -
W)+ 55

where Fy = —dV /dr = F(r) and Fy» = 0. The equations of motion (4) are
equivalent to

o V(T)v

s (r, 0, w!, w?) = 1;’—22

{ I (r, 0, w!, w?) = w' — (w

Since I} = BY 11+ 521 Fo = Fy and Il = B oF + 32 9F, = 0, the dy_namz'cs
is given by the integrable curves of the vector field X = w™X,, + f'0/0w’
satisfying:

where 7 = w! and 6 = w?/r?. As we can easily see, the quasi-velocity w? is
a constant of motion, that is, the area swept A is constant of motion.

The usual coordinates on TQ are: ¢ =r,¢*> = 0,v" =7 and v> = 0. If we
need to determine the geometrical solution of the dynamics in the usual set
of coordinates on TQ, we must pay attention to the term with 0/9q" in the
solution X in quasi-coordinates, that is, the parcial derivative in order to the
coordinate ¢¢ maintaining fized the coordinates w:

o o oo o 0 9. , .
3qiw_8qiv+(%j 8q’i_8qiv+(%j ¢’ ao (8)
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In this particular case,

X =w" m+<F(q1)+(w2)2> 0 =wm6imi

(¢")? ) ow' aq' owl’
So, applying (8), we have the dynamics solution in usual coordinates (q', ¢?,
vl v?) on TQ
-0 -0 03 1 (w*?\ , 0
X = of . i~ . . r F i -
U@q’U—I_UEQUJ o7 o v-l—( (q)+(q1)3 61811@
that 1s,
.0 0 (-2 (w?)?\ 0
X — ot — 1~ | _“ 2,2 F 1 —
Y, e () o (P G ) g

Then, in the coordinates (r,0,7,0) we have

o .0 N O 200
x =i o2y (py o) 2200
“or * 00 FE o r 90
Example 5.2. Let G be a Lie group and e the unity of the group. We can
identify the tangent bundle T'G with G x T.G, using the map T Ly : TG —

G x T,G given by
TLgfl(ghg) = (975)7

where L, : G — G is defined by Lyh = gh, for all h € G. Let (&), for
I =1,..,dimG, be the set of coordinates of & € T,G with respect to a base
{er} of T.G, then (&%) is a set of quasi-velocities in TG, where

5161 =§= Tng‘l(g)'

If g is a point in G of local coordinates (g'), then (g',&!) define a set of
quasi-coordinates in T'G. Note that the map o = TyLy : T,G — T,.G 1s
an invertible linear transformation whose inverse transformation is given by
B=T.L,:T.G— T,G. Thus, & = of ;g7 and §' = B! ;¢7, where a =
(! ;) and 3 = (81 ;) are the coordinates transformations matrices, between
the usual coordinates (g%, ") on TG and the quasi-coordinates (g', 7).
Given a regular and G-invariant Lagrangian L € C*(TG), it does not
depend on the elements of the Lie group G. Thus, in quasi-coordinates, the
Lagrangian is given by () = Ly(9,€) = L(g,¢g). Since the Lagrangian L
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on the Lie algebroid T'G 1s G-invariant, it is possible to obtain the Fuler-
Lagrange equations of the gauge algebroid TG /G = g from the equations (3)

on TG:
d [ 0l I K ol
ii(ar) = <" ©

where cy; ™ are the structure constants of the Lie algebra g of the Lie group
G, with respect to the basis {er} of g = T.G. In fact, let X*(g) = T.Ly(X)
be the left-invariante vector field on G associated to an element X in the Lie
algebra g of G. Thus, the set {ef} represents a local basis of sections of TG
associated to the set of local coordinates (g7, &%) on TG = G x g, because

0
gt
The structure functions of the Lie algebroid T'G are given by:

K

lef =4’

[(3%, €§]TG = C1J Kefg, PTG(€§> = 65-

Using the structure functions of the Lie algebroid T'G and the Euler-Lagrangian
equations (3), in the absence of non-conservative forces, we obtain (9). If
the Lagrangian L is reqular, then the geometric solution of the dynamaics is

a SODE vector field on TG given by X = Mel, + fM0/06M with
o Ol
oEx

where W' is the inverse matriz of (821/851651‘4).

— M
M =W"¢ey

6. The problem of changing local coordinates on a Lie
algebroid with base coordinates fixed

Using the description of Lagrangian mechanics in a Lie algebroid (see [15,
18]) and the structure functions of the Lie algebroid for a given set of local
coordinates, it is possible to write the dynamics of the Lie algebroid in a
different set of coordinates, in parallel with quasi-coordinates formalism on
a tangent bundle (see [12, 14]). In an arbitrary Lie algebroid, we do not
have a canonical basis of sections for the Lie algebroid and, therefore, the Lie
algebroid does not have a natural set of coordinates. However, sometimes is
worthwhile to write the equations of motion in a given set instead of other
initially given, as we can see in the next section.
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Recall that the prolongation of the Lie algebroid p : A — M (see [13, 15,
18]) is a vector bundle 7 A over A, where 7 A is the total space of the pull-
back of the vector bundle T'p : TA — T'M by the anchor map p: A — TM.
The projection pra : TA — A is defined by pra(b,v) = pra(v) = a € A,
with pra : TA — A the canonical projection of the tangent bundle T'A
over the base A. An element (b,v) of TA will be denoted by (a,b,v),
where a € A is the point where v is tangent to A. With this notation,
TA = {(a,b,v) € Ax AXTA| p(a) = p(b), p(b) =T,p(v), with v € T, A}.
The vector bundle p74 : 7TA — A can be endowed with a Lie algebroid struc-
ture, where the anchor is the map pr4: TA — TA, given by pra(a,b,v) = v,
and the Lie bracket on the space of sections is defined by setting [15, 18]:

[Vh VQ]TA(Q) = (a7 [017 JQ]A(p(a))7 [Xh XZ](CL))a

for all @ € A and all projectable sections V;,V, € I'(T A), i.e. sections of
the form V;(a) = (a,0;(p(a)), X;(a)) where o, € I'(A) and X; € X(A) are
such that Tp o X; = p(o;) o p, with ¢ = 1,2. If A is the tangent bundle
to a manifold @), A = T'Q), endowed with its usual Lie algebroid structure,
the prolongation of the Lie algebroid A is the tangent bundle T(T'Q) to T'Q
endowed with its usual structure of Lie algebroid over T'Q) (see [18]).

Let us consider on the Lie algebroid A a new set of local coordinates
{(¢,w*) | i = 1,...,n,a = 1,...,5} (see section 4) associated to a basis
of sections {f, | « = 1,..., s} of A, that satisfies:

—

we = P,(q,v) = (Dag(q)vﬁ, (10)
VY o= Uuq,w) = Uas(q)w’, (11)
for all @« = 1,..., s, where EDZ and @ are linear functions on A associated

to the A-1-forms ®, and ¥, respectively, that verify V,3®5, = d,,. With
these conditions, we have the following relations:

0 0 0 [2)
Jo = Usats, €q = ‘I)ﬁafﬁ ' Dwe ‘Ifﬁaw - q’ﬁam .

Associated with the new coordinates on the Lie algebroid A, we consider on
the prolongation of A the following basis of local sections:

X'a(a) = (a, fa(p(a)), Xa(a)), (12)
V’a(a) = (CL,O, afva ),
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where X, = Vg, p' 5 Oyi, for all @ = 1,...,r. Thus, the structure functions of
the Lie algebroid 7 A are given by:

, (‘9\1/ .
[X a, X ﬁ]TA = %bX [X ﬁ]TA - ‘I’ﬁap B g Zﬁ P, V, [V/ow VIB]TA =0,
0

owe’

pTA(X/a) = X, ) pTA(VIOé) -

where [fom fB]A - ’V;bfe-
Let L € C*(A) be the Lagrangian of a dynamical system on the Lie

algebroid A, depending on the action of a non-conservative force Q. The
elements of the Lagrangian formalism on the Lie algebroid A, with respect
to the local structure defined above, are given by:

1. Vertical endomorphism:

S = V’g ® X /6;
2. Liouville section:
A=wYV
3. Energy (in the absence of non-conservative forces):
OL
Ep =w" — L;
E= W owe ’

4. Differential of the energy:
oL O0?L
draBr = (w'X ~ Xs(L) ) X7+ w V"
TA=L (W ﬂ(@we) s )> +W8W58WEV ’

5. Cartan 1-form:

oL
o = —x";
L aWﬁ )

6. Cartan 2-form:

1/ . oL oL oL v L e
— (e = X [ ) + X5 (o= ) ) A AT AV,
LT <%‘ﬁ ow* ¢ <8w5> T4 (8W0‘)) 4 T owiowa Ny

Given a section X = a®X’, + bV, of T A, the contraction of the section
with the Cartan 2-form is given by

| N oL oL CBL
(X )wr = [a [WW_X“ (8Wﬂ> Xp (8W )] - 8W0‘8Wﬁ:|X

0*L 103
OwPOowe

+a®
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Therefore, if the Lagrangian is regular, the dynamics has a unique solution
X =a*X', + b*V', that satisfies the system

a® = w*

—a oL oL
b =W’ WC’YEﬁa — WX <—> + Xp(L) + Tﬂ],

W ow’

where W represents the entries of the inverse matrix of (0>L/0w”90w®) and
T = ¥,3Q, is the B-component of the non-conservative force Q = ), X, in
the new coordinates. As we expect the solution of the dynamics is a SODE

section of T A, because S(X) = A. Since X is a SODE vector field, the
dynamics equation is equivalent to

°€pTA(X)9L - dTAL + Qa

where £,,,(X) :=4(X)odra+draoi(X). The generalized Euler-Lagrange
equations in the new coordinates, are given by

d ( OL - 0L oL
—— — @ 6% ! . € ﬁ Ta’ ]_
dt <8w0‘) facP f”aqz tw “owhb + (13)

where ¢ = w*WUg,p' 5.

Example 6.1. Let P(M,G) be a principal bundle and (¢*, ¢*, ¢', &%) a set of
quasi-coordinates on TP, where (¢') is a set of local coordinates on M, (¢', ¢*)
is the usual set of local coordinates on the tangent bundle TM and (g', &7) is
a set of quasi-coordinates on T'G, given in the example 5.2.

Given a regular and G-invariant Lagrangian L € C*(TP), it does not
depend on the elements of the Lie group G. Thus, in the quasi-coordinates,
the Lagrangian is given by 1(q,q,€) = L4(q.9,¢,.€) = L(q,9,q,9). Since
the Lagrangian on the Lie algebroid TP is G-invariant, we can obtain the
equations of motion on the gauge algebroid TP/G from equations (13), in
the absence of non-conservative forces:

d ([ 0l ol
%(8_51) = 5']75(185—Ka (14)

d (0l ol
dt \o¢' )  0Oq'’
where ’yfl = ¢;1 % are the structure constants of the Lie algebra g of the

Lie group G, with respect to a basis {e;} of g = T.G (see [14]). Indeed,
let I1 : TP — TP/G be the canonical projection over the principal bundle
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m: P — M = P/G. The gauge algebroid structure (prpjc, |-, -rp/c) is given
by (see for example [5, 17]):

(1) PZP/AG()A() = Tm o prp(X),
(2) [X,Y]rp/g =lo[X,Y]rp,

for all X, Y € TY(TP), Il-related with X,Y e ['(TP/G), respectively. Given
a connection on the principal bundle w : P — M, we denote by A the con-
nection 1-form associated with the principal connection; in local coordinates,
A(0/9¢"|,) = Al(q)er. Let {e;,er} be a basis of local sections of TP/G, ob-
tained by the Il-projection of the basis of local sections {(8/8qi)h, e%} of TP,
where (0/0q")" = 8, — Alel is the horizontal lift of the vector field O on M
to a vector field on P and ek is the left-invariant vector field on G associated
with the element e of the basis of g. In these local coordinates, the gauge
algebroid structure is given by:

[ €j]TP/G = —CffeK [ 6I]TP/G = CrJ KA;'JeKa ler, eJ]TP/G = C1J KGK,

0
pTP/G(ez') = 8_q1" PTP/G(GJ) =0,

where C’fj( are the coefficients of the curvature form defined by the princi-
pal connection. The local basis of sections {3(11',6%} of TP 1s associated to
the set of local coordinates given initially, (¢', g, q", &%), The I-projections,
[Mod; = fiom and Il o ek = from, define a local base of sections { fi, fr}
of TP/G, associated to the local coordinates (¢',¢', &%) on TP/G. Note that
fi = e; + Aler and fr = e;. By the definition of the gauge algebroid struc-
ture, we have [fi, filrpic = [fi, filrpic = 0 and [f1, filrpic = cri ™ fx. So,
using the reduced Lagrangianl € C*(TP/G), we obtain from the generalized
Euler-Lagrange equations (18) the equations of motion (14). The reduced

dynamics X; = a® X, + b*V!, satisfies the following system

a® =w*
—ap | . g Ol . 0% oLy
=W — — 4 05—
where w' = ¢, w!l = &I, Waﬁ are the entries of the inverse matriz of

(0*L/ow ow®) and { X}, V.} is a base of local sections of T(T'P/G) defined
in (12).

From Carinena et. al. [6], the Lagrangian L is ll-projectable because
there exists a function | such that L = [ o Il. Therefore, the solution X €
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X(TP) of the dynamics characterized by L, projects into the dynamics )/51 €
L(7T(TP/G)) characterized by the reduced lagrangian [, that is, Il o X =

A~

X oI, where I : T(TP) = T(IT'P) — T(TP/G) = T(TP)/G is defined by
I(a,b,v) = (Il(a), I1(b), TTI(v)), for all (a,b,v) € T(TP).

7. Application of the above problem to solve Lagrangian
systems with non-holonomic linear constraints on a
Lie algebroid

In this section, we intend to solve systems with linear non-holonomic cons-
traints on a Lie algebroid A, i.e. constraints which are linear in the local
coordinates v® on A associated with a local base of sections {e,} of A, by
using local coordinates adapted to the constraints.

Let us consider on a Lie algebroid (A, p, [, ]4) over M, a system with k
linear non-holonomic constraints

—

ba(q, V) = Pulq,v) = Pup(q)v”,

given by a subbundle 7 : B — M of A, where ¢, is an A-1-form and 6\@
is the associated linear function. The submanifold B is defined by the set
{¢a =0|a=1,....k} and is called the constrained manifold. Suppose that
the A-1-forms @, are such that ®; A... A ®; £ 0. Then, the functions ¢, are
functionally independent.

Let 7 B be the vector bundle over B, whose total space

TB={(bc,v) e Bx BxTB|71(b)=1(c), o(c) =TT1(v) com v € T, B}

is given by the pullback of the vector bundle T'r : TTB — T M by the map
0o=pot: B — TM, where + : B — A is the canonical inclusion. The
projection prp : TB — B of 7B onto B, is given by prp(b,c,v) = b. Let
us suppose that L € C*°(A) is a regular Lagrangian, that describes the non-
holonomic system subjected to the action of a non-conservative force Q. In
parallel with the formalism of linear non-holonomic systems in a tangente
bundle, the equations of motion of the non-holonomic system in A, can be
written satisfying the d’Alembert-Chetaev principle, in the global form:

(i(X)wr —drabr + Q) |5 € F(Eﬁ) (15)
X|p € (T B) ’
where B = (®,|a=1,....k) is the annihilator of B, and B =

(p5®, | a=1,...,k) can be seen as a vector bundle over B, where py : TA —
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A is the projection defined by ps(a,b,v) = b, for all (a,b,v) € TA. Note
that, for each m € M, BY are the set generated by the elements ®,(m) that
satisfy (®,(m),v) = 0, for each element v € B,, and a = 1, ..., k.

Suppose that the admissibility condition holds:

dim(7;'B)° = dim 5°((7;"B)"),

for all b € B, where 74B — B is the prolongation of the subbundle B with
respect to the Lie algebroid A (see [15, 19]) and S is the vertical endomor-
phism on 7 A. Observe that dim(74B)" = - k and (T2B)" is generated by

the 1-forms d7a¢,, and also S*((74B)°) = BY.

7.1. Lagrange multipliers method in a Lie algebroid framework. In
this section, we will solve the non-holonomic system given previous, using
the method of Lagrangian multipliers (see [4] for the classical case).

The dynamics equation of the system is given by

i(X)wy = draFEL — Q — Ao Ps®a, (16)

where the Lagrange multipliers A\, € C*(A) are to be determined by the
tangency condition £,,,(X)¢, =0, foralla =1, ..., k. Recall that py : TA —
A is defined by ps(a,b,v) = b and the semi-basic sections p5®, = CDagXﬂ are
the reaction forces of the Lie algebroid A (see [6]). The solution of the
equation (16) is a section of the form

X = X2+ M\,

where X LQ is the solution of the dynamics without constraints and Z, is a
vertical section of 7 A satisfying the condition

i(Zy)wp = —p5Py,.

Note, once again, that the section X is a SODE section of 7 A, since S(X) =
S(X2) =A.

It is important to observe that for the Lagrangian multipliers A, to be
determined, we must suppose the following compatibility condition (see [8]):
the matriz of entries Cyp = p74(Z,) s is regular in each point of B, where B =
{w*=0]|a=s—k+1,...,s} is the constrained manifold. In this situation,
we say that the non-holonomic system (L, B) on the Lie algebroid A is reqular.
So, let us suppose that the non-holonomic system (L, B) is regular.
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We can assume without losing generality that the last & columns of the

matrix (®,3) are independent. Thus, let us consider on the bundle A a set

of coordinates (¢, ..., ¢", w!, ..., w®) adapted to the constraints:

we = vY Va=1,..(s—k),
wikte — o Va=1,.. k.

The coordinates transformation matrices are given by:

= Is— o Ogs—ryxk = Is i O(s—k)yxk
@ — \If —
( Ay Axp ’ By By ’
where the matrix A = (A9 Ago) is given by Ay = Py, for alla =1, ...,k and

b=1,...,s, with Ay invertible by hypothesis and the matrix B = (By; Byo)
is given by By = — A5} Asy e Byy = A;). Note that the matrices satisfy

OV = I, = U ®. In the new coordinates the geometrical dynamics solution
is given by

Xlp = W, + f4(¢, W)V,

where a = 1, ..., s — k. The functions f¢ are determined by
F4(q, w) = g%(q: W) + X WPy,

with =1,...,sand a =1, ..., k, where

X2 = W)+ ¢°(q, W)V},

Z, = WPdV,
and the function A, is given by
draw" (X E) + N draw™ " (Z,) =0, Vb=1,.. k.

Therefore, the dynamics is given by the integral curves of the following vector
field in B 5
X|p) =w X, + <
pra(Xlp) = wiXo + foo 0
Since the solution X is a SODE section of 7 A, it satisfies the following
equation

prA(X)QL =drsLl + Q+ )\apz@a.

In the new coordinates, the previous equation is given on B by

d [ 0L ~ . 0L oL
— s, b To + AV 0P,
dt(awa) ﬂpﬁaﬁrwv A5 T lat BaPap
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where ¢' = W@\Tlggpi g and T, = \Tf@an is the a-component of the non-
conservative force @ on the new coordinates, with a,e =1,....,.s — k, o, 3 =
1,...,s,a=1,...kei=1,...,n. Thus, we have

= ‘I’ﬂapﬂ
d oL oL
- B T,
7 ( ) ool i T W Ve T ,
d ~ - 0L oL
— Usa 5 To + Aaos
d <8Wa> 5 pﬂal—i_w%aﬁ + + +k

with @ = s — k + 1,...,s. Eliminating the Lagrange multipliers from the
system we obtain, in the new coordinates, the following generalized Lagrange-
d’Alembert equation

d [ OL ~ oL oL
£< > qjﬁapﬁ +W7ﬂ +Ta7

owe aq 2wl

where ¢’ = wgﬁfﬂgpi 3-

Note that we would obtain similar results if we had selected a different set
of coordinates adapted to the constraints: w! = @ mvﬁ and w¥Fe = ¢, =
q)agvﬁ, forall I =1,...,s —kand a =1, ..., k, with the only assumption that
the following matrix be invertible

~ A

()
where Ajg = CTDIB and Byg = ®yp, forall I =1,...,s =k, a =1,...,k and
6=1,..s

Example 7.1. Let us consider the motion of a free particle, of unity mass,
in the configuration space M = R3, with a linear constraint

p=z—y.

In order to determined the solution of this problem, we consider on the Lie

algebroid A = TR? the set of local coordinates (x,y, z, w, w?, w?3), given by:

1 : 2 : 3
W =0, =T, W =0, =1, W =¢@=1, —yu,.
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From the previous relations, we conclude that the coordinates transformation
matrices ® and U are:

B 1 00 B 100
b = 0 10, =010
—y 0 1 y 0 1
The motion of the free particle is characterized by the reqular Lagrangian

L= % (Wh?+ (W) + (W’ + yw')?) .

Let B be the constraint manifold. Solving the problem through the method of
Lagrangian multipliers, we obtain the geometrical solution

wiw?

X — 1Xl 2xl_—
B =w X] + WA, 21

yVi,
where:

Xp = WA + w2 X+ WX — ww?;

Z = —yVi+ y*+ 1)V
1.2

A= o
ye+1

In this particular case, we can identify TA = T (TR3) with T(TR?) = TA.
In a parallel way, we can identify the solution X|p with a vector field on B,

X| =w13+w2£+ ng_wlw2 0
=" o dy W5, y2+1y8W1'

The dynamics is given by the integrable curves of the above vector field.

7.2. Gibbs-Appell’s method in a Lie algebroid framework. In the
formalism of Lie algebroids, the aim of Gibbs-Appell’s method is to deter-
mined the equations of motion of a system with constraints. This method
consist, in a first step, to determine the Gibbs-Appell’s function associated
with the Lagrangian of the system without constraints. After that, we need
to obtain this function in a set of coordinates adapted to the constraints and,
in the last step, we need to determine the equations of motion, given by the
Gibbs-Appell in the new coordinates.

Next we will determine the Gibbs-Appell’s function associated to a La-
grangiano L € C*®(A), defined on a Lie algebroid (A, p,[-,]4) over M. We
will show that this function is defined on a subset A®) of T'A, given by the
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set of equivalent classes of admissible curves in the bundle p : A — M, i.e.
curves ¢’ : I — A in A such that ¢(t) = p(o’(t)), where o : [ — M is a curve
in M given by o(t) = poo’(t). The equivalence relation between two curves
of A, 04 = (0,0") and v4 = (v,7/), is given by: the curves o4 and 4 are
said to be equivalent if and only if

7(0) = 7(0)
7'(0) = 7/(0)
5'(0) = 4/(0)

The set A® is an affine subbundle of pp4 : TA — A, whose projection in A
is given by
poi: (g, v,a) € A® — (¢, v) € A,
and the inclusion of A® in T A is defined by
i: (¢, v a%) e A% (¢',v*,vp', a%) € TA.

So, given an element v € AP of the form v = (¢', v®, a%), we have i(v) =
vap! ,0/0q" + a“d/ove.

Let L € C*(A) be a regular Lagrangian of a system without constraints,
depending on a non-conservative force Q. To define the Gibbs-Appell’s func-
tion associated to the Lagrangian L, we need first to consider the section of
T A over the map py; : A® — A

I'r=Xropa1 — TV,

where X is the solution of the equation i(Xy)wy, = draFyr, given in local
coordinates by X1(q,v) = v®X, + F%(q,v)V,, and TW is a section of TA
over the map py; : A® — A defined by v = prg o TW where vV is a
vector field on A over the map py; : A®) — A, given by

vW o o? = Tol(d/dt),

for all admissible curves o' = (0,0") : I — A, where 0 = (0,0',0") : [ —
A®)

PTA

TA—TA

e
T pra

A2 —— A

P21



QUASI-COORDINATES FROM THE POINT OF VIEW OF LIE ALGEBROID STRUCTURES 25

In local coordinates, the curve o! is given by (0!, v®) and, since it is admis-
sible, we have that ¢ = v®p',. Thus,

U(l)(qi,va’va) _ Vapé(q) 6(11' + v Oye.

The section T! of TA over the map po; : A® — A, is given in local
coordinates by

T(l)(qi) Va, ‘-/_a) — VaXa(qi, Va) + Vo‘Va(qi, Va).

Therefore, the section I';, takes values in the vertical subbundle of 7 A, i.e.
p2 o', = sp 0 pay, where sq is the null section of A; in local coordinates,

FL(qi,vo‘,Vo‘) = (Fa(qi,vo‘) — V) Vs,

Let us also consider a symmetric tensor G4 : 7A x4 7A — R in A, given in
local coordinates by

Ga(q,v) = Gy (g, V)V @V + G2, (q, vV @ X7 + G2, (¢, v) X @ A7,

such that S*Gy = p5G, where G : A X3y A — R is the fundamental tensor
associated to the Lagrangian function L € C'*°(A), given in local coordinates
by G(q) = Gap(q)e® ® €, where G5 = 0*L/Ov*dvS. In this way, Qéﬁ(a) =
Gap(p(a)), for all a € A. Thus, the Gibbs-Appell’s function associated to the
Lagrangian L is a function on A, defined by

1~
G = 3 G(I'r,I'r),

where é =Ga0pa;.

Let us consider a dynamical system on the Lie algebroid A with k li-
near non-holonomic constraints ¢,(q,v) = ®.(q,v) = P.5(¢) v’, and let
(q',...,q", w, ..., w®) be a set of coordinates in A adapted to the constraints:

w® = CTDOégVﬁ ,
where the last k coordinates coincide with the constraints ¢,, that is,
wl = émvﬂ, VIi=1,..(s—k),
wo ke — Va=1,.., k.

The coordinate transformation matrix ® is invertible, so v® = \T!agwﬂ , where
®.,, V.5 = 0,5. The Gibbs-Appell function Gy, defined in a curve (¢', v®, v%)
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in A® is given by

1 |
Gr(a,v,¥) = 5Gas(@) V" = Gapla) ¥ F7(q,v) + 5Gas(a) F*(q, V) F"(q, V).

In the set where the constraints w**t¢ = ¢, and their time derivatives

are equal to zero, the function G is easily written in the new coordinates
(¢ ...,q", wt, ..., w*F wl .. w* ). Note that the time derivative of a func-

tion f € C®(A) is a function in C*(A®?), given by

dyon f = (T )draf = oVf,
where T() is a section of TA over the map pa; : A® — A, previously
defined.
To determine the equations of motion of the non-holonomic system de-

pending on a non-conservative force Q, we need to solve the system given by
the Gibbs-Appell (s — k)-equations
0G(q, W, W)
ow!
where T = \T/ﬁIQg is the I-component of the non-conservative force, in the

new coordinates, with I = 1,...,s — k. Let B be the constrained manifold.

The geometrical solution of the non-holonomic system is the following section
of TB

=Ty, (17)

X =whxr+w'yy,
where {X! V! } is given by (12), that is,
0

X(a) = ( w! fi(m), w'Xy(a) + w! -

)

for all a € A,,, where X; = \Aﬁﬁ]pi 3 O0,4i. Therefore, the dynamics is given by
the integral curves of the following vector field on B

pra(X) =w'X;+ WI%-
Example 7.2. Let A = TR? x R® — R? be a vector bundle, whose local
coordinates (x,y, T,Y, Wy, wy, w,) are associated the the local basis of sections
{e1 = (0:,0),e2 = (9,,0),e3 = (0, X3), es = (0, Xy),e5 = (0, X5)} of A. The
vector bundle A is endowed with a Lie algebroid structure (p,[-,-]a), given
locally by:

[63764]/1 = —és5, [63,65]/1 = €4, [64765]/1 = —eg, p(61) = Oy, P(€2> = 8@/7
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where the remaining structure functions are zero. Let us suppose that a non-
holonomic system on the Lie algebroid A is characterized by the reqular La-
grangian

Lo o K 2 2
L= 5(9@ +y )+§(wx+wy+wz),
whose constraints are given by:
O1 = T —rwy,
¢2 = y + rWy,

where k,r are constants (see [8]). The solution of the system without cons-
traints is a section of T A, that is written in local coordinates as

X, =z2X] + yXQ + w, X3 + wa4 + wZX5,

where Xi(a) = (a,e1(m),0:q), Xa(a) = (a,e2(m),0yla) and Xi(a) =
(a,e;(m),0), for alla € A, andi = 3,4,5. Thus, the Gibbs-Appell’s function
assoctated with L 1s given for

1. . : ko . .
G = 3 [(Vl)Q 4+ (V2)2] + 5 [(V3)2 + (V4)2 + (V5)2] '
Let us consider the following coordinates:
wi=vl=4% wi=v’= v, wi=v® = Wy,

wi=¢ =v —rvt W= ¢y =V + v’

Taking the constraints and their time derivatives equal to zero, we obtain

2y ()]

1. . :
GL — 5 [(W1)2 4+ (W2)2] 4+ =
Solving the Gibbs-Appell equations, we conclude that

2

1

w!l = w? = w? = 0.

Therefore, the geometrical solution of the non-holonomic is given by
X =wX + WXy + Wi,
that 1is,
X(a) = (a,2f1(m) + yfa(m) + w. fs(m), £0s 0 + Y0Oyla),
for all a € A,,.
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8. Conclusions

The Lie algebroid formalism is an important geometrical tool to study
classical mechanics, describing it as well as in usual coordinates as in quasi-
coordinates. We believe that the geometrical description we presented makes
the resolution of systems using quasi-coordinates in a tangent bundle easier.

We can use the Lie algebroid formalism to study systems with linear
non-holonomic constraints, in parallel with the study of this type of sys-
tems in classical mechanics on a tangent bundle. Again, the role of “quasi-
coordinates” is essential to solve these systems. The Gibbs-Appell generali-
zed method is an useful tool to determine the equations of motion of a system
with constraints. In most cases, this method is more efficient to solve systems
with linear non-holonomic constraints than the Lagrange multipliers (genera-
lized) method or the resolution of the generalized Euler-Lagrange equations.
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