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Abstract

The Lagrange—d’Alembert equations of a non-holonomic system with
symmetry can be reduced to the Lagrange—d’Alembert—Poincaré equations.
In a previous contribution we have shown that both sets of equations fall in
the category of the so-called ‘Lagrangian systems on a subbundle of a Lie
algebroid’. In this paper, we investigate the special case when the reduced
system is again invariant under a new symmetry group (and so forth). Via Lie
algebroid theory, we develop a geometric context in which successive reduction
can be performed in an intrinsic way. We prove that, at each stage of the
reduction, the reduced systems are part of the above mentioned category, and
that the Lie algebroid structure in each new step is the quotient Lie algebroid
of the previous step. We further show that that reduction in two stages is
equivalent with direct reduction.

PACS numbers: 02.20.Sv, 45.20.Jj
Mathematics Subject Classification: 17B66, 37J15, 70G45, 70H03, 70F25

1. Introduction

In this paper, we study the Lagrangian description of non-holonomic systems (with linear
constraints) which are invariant under the action of a Lie group. It is well known that the
Lagrange—d’ Alembert equations® of such systems project onto a new set of equations, the
Lagrange—d’ Alembert—Poincaré equations. In turn, these reduced equations could also be
invariant under some action and could therefore be subjected to a second reduction. In this
paper we will present a geometrical framework in which such successive reduction can be

1" Postdoctoral Fellow of the Special Research Fund of Ghent University.
2 We use the terminology of [2] and [3].
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investigated. As such, we provide an answer to a problem which has been put forward
in [2, 3].

A main source of inspiration is the work by Cendra et al/ [2], where it has been shown for
unconstrained or holonomically constrained systems that repetitive reduction can be performed
within the category of systems on the so-called Lagrange—Poincaré bundles. This category is
indeed ‘stable’ under reduction by ‘Lagrange—Poincaré actions’ in the sense that the reduced
system lives on some kind of quotient Lagrange—Poincaré bundle.

It is not difficult to see that a Lagrange—Poincaré bundle is in fact an example of a
transitive Lie algebroid and that therefore all the systems of interest fall in the category of
Weinstein’s ‘Lagrangian systems on Lie algebroids’ [13] (see also [11]). The Lagrange—
Poincaré equations, for example, which are obtained from a G-invariant Lagrangian can
be regarded as Lagrange equations on the so-called Atiyah algebroid TM/G. Based on a
geometric framework of Martinez [8], it has been shown in [5] that the map that projects the
original equations to the reduced ones can be regarded as a Lie algebroid morphism between
the Lie algebroid structures on so-called ‘prolongation bundles’ of TM and TM/G.

In [2] it has been remarked that further exploration of the link between Lagrange—Poincaré
bundles and Lie algebroids would be useful. With the results of [5] in mind, when looking at
successive reduction, it makes perfect sense to extend the category of systems of interest to
those on arbitrary Lie algebroids, which by itself can offer an alternative view on the results
of [2]. We will go even one step further, however, as we will deal straightaway with the
larger category of non-holonomic systems with symmetry. For that we can rely on [12],
where we have developed a framework for studying Lagrangian systems on a subbundle & of
a Lie algebroid 7 (see also [4]). In summary, the main purpose of this paper is to show that
the category of Lagrangian-type systems on a subbundle of a Lie algebroid is stable under
reduction. A geometric description of successive reduction of non-holonomic systems (as was
asked for, e.g., in [3]) then follows automatically, and unconstrained systems are of course
included in such an approach, when one takes the ‘constrained bundle’ wu to be simply the
whole Lie algebroid 7.

The paper is organized as follows. After some basic concepts and results, we introduce Lie
algebroid actions and quotient Lie algebroids. Next, we recall the definition of a Lagrangian
system on a subbundle of a Lie algebroid and show how these equations for a reducible
Lagrangian project on those for the reduced Lagrangian. Finally, we show that reduction
in two stages is equivalent with direct reduction. From this, symmetry reduction of the
Lagrange—d’Alembert equations of a non-holonomic system in an arbitrary number of steps
can be derived. We end the paper with coordinate expressions and some illustrative examples.

2. Quotient Lie algebroids

Some of the next definitions and results can be found in [2, 5-7]. Let7™ : M — M = M /G
be a principal fibre bundle with structure group G and (proper and free) action v : G x M —
M; (g, m) — gm. Lett : V— M be a vector bundle.

Definition 1. An action ¥V : G x V — V such that for each g € G the map
wg,’ : Vi = Ve 0V > gV is an isomorphism (over xpé”) and such that T is equivariant
(meaning that Tt o Wg,/ = wlf,” o t) is called a vector bundle action.

The quotient V = V/G can be given the structure of a vector bundle over M by imposing that
the map ¥ : V — V is a morphism of vector bundles (over 7). The projection : V — M,
given by T([v]) = [t(v)], is a surjective submersion. We will use, in many different situations,
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the same notation [.] for equivalence classes; the meaning will always be clear from the
context. It can further be shown that, for each m € M, the restriction ﬁ),’l Vi = Vi isa
linear isomorphism and has the property 7,, = T, o ¥}

v
vy —v
_ c gm
v L
7Y l v
M
st T||s
%{ N
M ~ M
ﬁM

A section r of 7 is said to be invariant if r(gm) = gr(m). The set of all invariant sections
is denoted by Sec!(1). Invariant sections in Sec(t) are in one-to-one correspondence with
the sections of the quotient bundle T. If T € Sec(7), then i’ will denote the corresponding
invariant section of r. The diagram shows that it can in fact be defined by

i (m) = (7))~ G(Im)). (1)

Conversely, given an invariant section r € Sec! (1), r; will stand for its associated section on
T,le.,

r(im]) = [r(m)]. 2

Likewise, invariant functions on M (satisfying f(gm) = f(m)) are in one-to-one
correspondence with functions on M. Tn particular, if ? e C Oo(M), then T o™ is an
invariant function.

Suppose now that, in addition, t : V — M is a Lie algebroid. Then Sec(r) is equipped
with a Lie algebra bracket [, -] : Sec(r) x Sec(r) — Sec(tr) which is compatible with the Lie
bracket of vector fields on M through a linear map p : V — T M over the identity, called the
anchor map. More precisely, this compatibility means that Vs, r € Sec(r) and f € C*(M)

[s, frl= fls, r1+ p(s)(fr, 3)
and, as a consequence, also p([r,s]) = [p(r), p(s)]. Notice that we will never make a
notational distinction between p : V — T M and its extension p : Sec(t) — X (M). In the
context of vector bundles and Lie algebroids, k-forms on Sec(t) (from now on also called
elements of /\k(l')) are skew-symmetric, C°°(M)-multi-linear maps w : Sec(r) X --- X
Sec(t) — C*®°(M) (with k arguments). Let w € /\k(r), then its exterior derivative is the
(k + 1)-form dw, defined by
k+1
dwo(sy, ..., S1) = Z(—l)l_lp(si)(w(Sh e 8, 8ke)
i=1
+ Z (_1)i+jw([si»sj]»sly"'1§i1"'7§j""7sk+1)'
1<i<j<k+1
In particular, on functions d f (r) = p(r) f, and on 1-forms df(r, s) = p(r)(6(s))—p(s)(O(r))—
0([r, s]). d is a derivation of degree 1 and satisfies d* =0.
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We will show next that, for appropriate vector bundle actions on a Lie algebroid t, the
quotient bundle T can also be given a Lie algebroid structure. First, we need to say a few words
about Lie algebroid morphisms. Let v : V — M and t’ : V' — M’ be two Lie algebroids
and ® : V — V' alinear bundle map over ¢ : M — M’ (i.e. a morphism of vector bundles).
Then, for all ' € /\k (), ®*0’ given by

Q0" (m)(vi, ..., vi) = 0 (@ (M) (D (v1), ... (vp)), Vi € Vi, “)
defines a k-form on Sec(t). @ is called a Lie algebroid morphism if
d(®*9") = *(d'9) (5)

for all 8’ € A(t'). In fact, by the derivation property, it suffices that the above relation is

satisfied for functions and 1-forms. A map & satisfying (5) only for functions is said to be

admissible. Equivalently, admissible maps can be characterized by the condition
Topop=p od.

When @ is fibrewise surjective, condition (5) on 1-forms can be recast in the following form:
if r; and r} are ®-related sections of, respectively,  and 7/, then also [r;, rp] is ®-related
with [r}, 5] (see [6]). When, in addition, ¢ : M — M’ is a diffeomorphism, there is a
more direct way to characterize the preservation of the Lie algebroid structure. Indeed, now
®,(r) € Sec(t’) can be defined by

P.(N(m') = d(r(¢~" (m)))
(for r € Sec(7)) and the requirement (5) for functions and 1-forms becomes

P (@:(N) = ¢.(p(N) and Q. ([r, 8]) = [Ps(1), Ps(s)], (6)

where ¢, X stands for the push-forward of the vector field X on M. So, if we want to check
that an admissible ® is a Lie algebroid morphism, we only need to check that ®, is a Lie
algebra morphism between the (real) Lie algebras Sec(t) and Sec(z’). An important case is
when M = M’ and ¢ = id. In such a case, we will simply write @ (r) for @, (r).

Definition 2. A vector bundle action " is a Lie algebroid action if 1//2,’ is a Lie algebroid
isomorphism over wé’,” forallg € G.

In what follows we will always assume that the action vV is a Lie algebroid action. As a
consequence, for each fixed g,

(we), (I sh = [(¥,). 0. (¥;),®]

An invariant section r € Sec’ (1) satisfies (I[/g)*(l’) = rand is thus always, for each g € G, Wg\./
related to itself. As a result, the set of invariant sections forms a Lie subalgebra (of the (real)
Lie algebra of sections), and since invariant sections can be identified with sections of the
quotient bundle T : V — M, this quotient bundle inherits a Lie algebroid structure. Indeed,
for a start, the Lie bracket of the two sections r and s of T can be defined by

[F.8] = (F'.5'D). (7
Next, an appropriate anchor map can be defined as follows: since the anchor map p is
equivariant by assumption, i.e. p o 1//2,’ = T1//gM op, themap p : V — TM, given by the
relation

plvl =T (p(v)) ®)
is well defined. At the level of sections it has the property

@O T =pE)(for™), Ve M) ©)
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and can therefore be used as an anchor map for the quotient Lie algebroid. Indeed, it is easy
to see that (fr)! = (f o 7™ ) and therefore

[fT.8]1 = ((f o @), 8" Dy = (F o TDIF, 8" D1 — (0GH(f o 7)F),
= fIt, 51 — () f) o ®M¥); = FIF, 51 — (0 )T,
which shows that p is compatible with the Lie bracket. To conclude:

Lemma 1. For a Lie algebroid action ¥V, Sec! (t) is a Lie subalgebra and the reduction by
the group G yields a Lie algebroid structure on the quotient T with bracket (7) and anchor (8).

v
W,:,/ ﬁ;’m
P
v -V
T l
™ _
P p
% W
™ >~ M
T7M

With this Lie algebroid structure on T, the projection 7¥ : V — V is a Lie algebroid
morphism. Indeed, (8) is in fact saying that 7" is admissible. Secondly, for sections
1,5 € Sec(T) (that are 7' -related to ¥ and §'), the definition of the bracket (7) shows
that [r, 5] is 77 ¥ -related to [FI .8l ]. Finally, we would like to remark that it is now also obvious
that the sets Sec’ () and Sec(%) are isomorphic as Lie algebras.

The most simple example of a Lie algebroid is the tangent bundle with its natural bracket
of vector fields and trivial anchor map. Each action ¥* on M induces a ‘tangent’ action
onV = TM, given by 1//gTM :TM — TM, (m,v) — (gm,gv = Tmlﬂ;”(v)). From this
definition, it is immediately clear that ng M is admissible (w.r.t. the anchor map p = id).
Further, a standard property implies that, if X; and Y; are wg,/-related vector fields, then also
the vector fields [ X, X»] and [Y;, Y>] must be. So, ™ is a Lie algebroid action. The bracket
on sections of the quotient Lie algebroid structure on TM/G — M/G (called the Atiyah
algebroid) can be obtained from the Lie subalgebra of invariant vector fields, while the anchor
mapp: TM/G — T(M/G) is simply

(D) = T7" (v).

. . . . —I
In other terms, this relation shows that for invariant vector fields X = Y € X (M) and
invariant functions f = f o7 € C®(M),

X(f)=Y(f)om™. (10)

3. Prolongation bundles and non-holonomic systems on Lie algebroids

First, we very briefly recall the definition of a prolongation bundle u” : T"W — W. Let
T : V — M be a vector bundle with the anchor map p : V — T M (at this stage t need not
necessarily be a Lie algebroid) and suppose that  : W — M is a second vector bundle. Then
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the elements of the manifold 7°W are pairs (v, Xy,) € V,, x T,W for which p(v) = T u(Xy)
(and therefore also 7(v) = p(w) = m). The projection p” is then nothing but u” (v, Xy) = w.
TW

T

TPW > W
Vv

™
/N
Vv >
T
If 7 is a Lie algebroid, then so is n”: its anchor map is simply

o  TPW — TW, (v, Xu) > Xu,

n
M

while its bracket can most conveniently be defined on the subset Sec” (u”) of projectable
sections. These are sections of u” that project on a section of 7, i.e. they are of the form
Z = (r,X) € Sec’(u”), where r € Sec(t), regarded as subset of Sec(u*7). Let now
Z; = (r;, X;) € Sec” (), then the bracket of two projectable sections is defined as

[Z1, Z2] = ([r1, r2], [ X1, X2]). (11)

Since projectable sections generate (over C*°(W)) all sections of Sec(u”), the bracket of two
arbitrary sections can be obtained by extending the definition (11) by means of a Leibniz-
type property (3) for the anchor map p" (for more details on prolongation Lie algebroids,
see [5, 10]).

There exists in this context a generalization of the concept tangent map. Let & : V! — V2
be an admissible map over ¢ : M! — M? (between two Lie algebroids 7/ : V/ — M') and
suppose that ¥ : W! — W2 is a bundle map over ¢ (between two arbitrary vector bundles
w' Wi — M%), Then, the relation

ToU (W', X)) = (@), T¥ (X)) (12)
defines a linear bundle map 7®W : T#'W' — T”'W2 over W. T®W is admissible with
respect to the anchors (p!)*' and (p?)*’: indeed, (p*)"’ (@Y, TY(X))) =Tv(X)) =

T\I/((,ol)“l(vl, X!)). It is further easy to see that if the two maps ®' : VI — VI*! are
admissible, then so is ®2 o ®! : V! — V3 and

T W owh) =T w2 o T Wl (13)

Proposition 1. 7%V is a Lie algebroid morphism (w.r.t. the prolonged Lie algebroid
structures) if and only if ® is a Lie algebroid morphism.

Proof. The admissibility condition on the anchor maps has already been verified. We show
now that the bracket of two 7®W-projectable sections is also 7®W-projectable. Sections
z7, = (s, X2,) in Sec” ((12)?") that are T®W-related to sections Z), = (sh, Xa,)
in Sec” ((,ul)pl) satisfy this condition, if and only if [35 si] is ®-related to [S; S;], or,
equivalently, if and only if ® is a Lie algebroid morphism. Observe now that 7®W-
projectable sections in Sec” ((,uz)”2) finitely generate (over C*°(W?)) the set of all sections
in Sec((u?)”") that can be T®W-related to some section in Sec((u!)?"): if f2 € C®(W?)
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and if 22 € Sec”((u?)"") is T®W-related to Z, e Sec”((u")*"), then f227? is T®W-
related to (f? o \D)Zbl. We therefore only need to show (of course under the assumption that
@ is a Lie algebroid morphism) that, for such sections, also the brackets [22, f222] and
[Z). (f* o W)Z}] are T®W-related. From the Leibniz-identity of the bracket it follows that

[22, F222)(w(w)) = A D[22, Z2] (@ wh)) + (0D (22) £2) (P W) Z2(F wh)).
(14)

On the one hand Zaz(\ll(wl)) = (si(q&(ml),Xg(\Il(wl)))), while, due to the supposed
T ®W-projectability, also Z2(W(wh) = T®W(Z}w")) = (®(si(mh), T¥ (XL wh)). So,
X2 = (pH)"(22) € X(W?) is TW-related to X! = (p")*'(2}) € X(W"). Applying this
property to functions f2 € C®(W?), we get that ((,02)“2 (ZH)fH)ovw = (o™ (Z)(fPoW).
Relation (14) now becomes

(22, F22;) (e wh) = T®U((f2o W[ 2], 2] + EH™ (ZH (P o w) 2w
=TW([2), (fFo v Z])(wh,

which concludes the proof. U

A different proof for the above property can be found in [9], proposition 1.

We will recall now in a nutshell our definition of a Lagrangian system on a (vector)
sub-bundle u : W — M of a Lie algebroid 7 : V — M (see [12]). Denote the injection
W — V by i and put

A=poi. (15)

Both the prolongations t” : T”V — V and u” : T"W — W are Lie algebroids. In fact, via
the injection

T TPW — TPV, (v, Xw) = (v, Ti(Xy))

it can be proved that p” is a Lie subalgebroid of t”. Although p is not a Lie (sub)algebroid,
A will play the role of its ‘anchor’. The vector bundle u* : T*W — W is a subbundle of u”
whose injection is given by

Thd : T*"W — T*W, (Wi, Xw,) B> (i (W), X,)- (16)

Note that 77id is well defined because (15) can be interpreted as saying that i is admissible
with respect to the anchors p and A. In [12], 77id and 7'/ were denoted respectively by /
and T*i. Their composition is the injection 7%i, which can be used to interpret u* also as a
subbundle of 7”.

We need to define some canonical objects on t°. The vertical lift ¥ : t*V — T’V is
given by (a,v) € T*V i (0, X,) € TV, where, on a function f € C*°(V),

d
Xa(f) = af(aHV) a7)

t=0

We will also use the so-called vertical endomorphism ST =" o j : Sec(r”) — Sec(r”). Here
Jj stands for the projection (vz, X\,l) e TPV > (vq,Vv2) € T*V. Next, the Liouville section
C® e Sec(t”) can be defined as the map v € V — (v,v)” € T*V. Finally, we will need the
exterior derivative d : /\k (uf) — /\k+l (u”) of the Lie algebroid u” to define an operator

§=(Tidy* od: \ (") — N\ (). (18)
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Let L € C*(V) be a Lagrangian, 6, = ST(dL) € /\I(rp) and E;, = p*(C")L — L €
C>°(V). Then, we can define the Poincaré—Cartan 1-form §; as a 1-form on Sec(i.”) by means
of 8, = (7'9§)*6,. The function E; € C*®(W) is the restriction of E; to W. From now on,
we will only consider regular Lagrangians, i.e., those for which the two-form 86, /\2(,u’\)
is non-degenerate.

Definition 3. [12] If T is the section of the prolongation bundle >, determined by
ird0, = —8Ey;, (19)

the vector field M (I') € X(W) is said to define the Lagrangian system on the subbundle | of
the Lie algebroid t, associated with the given Lagrangian L on V.

Another way of writing (19) is the following.

Proposition 2. Let d : /\k (7)) — /\kJrl (t”) be the exterior derivative of the Lie algebroid t”
and put

A= (T'iyod: \@*) > \wh. (20)
then the Lagrangian section T is a solution of
irA0, = —AE;. Q1)

Proof. Since 79 is a Lie algebroid morphism, do (7'9)* = (7'9)* o d. It follows that
80, = (T'id)* od o (T199)*0; = (T'id)* o (T’di)* odf, = (TH)* o df;, = AO;. A similar
reasoning shows that § E, = AE;. O

Coordinate expressions for such dynamical systems can be found in [12], where we
have also shown that, in case the Lie algebroid is the standard one, i.e. V = T M, and the
subbundle w is a distribution W C T M, the above equations are exactly the Lagrange—
d’Alembert equations for systems subject to (non-holonomic) linear constraints (see e.g.
[1, p217] for some coordinate expressions). Itis further well known that, when the Lagrangian
is invariant under the action of a Lie group G, and when the distribution satisfies some additional
requirements, the Lagrange—d’ Alembert equations can be reduced to the so-called Lagrange—
d’ Alembert—Poincaré equations (see e.g. [3] or [1, p 269]). We have shown in [12] that also
this type of Lagrangian equations fit in our current framework, simply by considering the
reduced Lagrangian on the the Atiyah algebroid t : TM/G — M /G and by assuming that
the subbundle u is the quotient W/ G — M /G of the distribution.

Equation (21) (or (19)) can be simplified in the case that we are dealing with
‘unconstrained’ systems. Indeed, in such a case the subbundle u is the whole Lie algebroid
T and the operators § and A both equal the exterior derivative d on t”. The equation for
Lagrangian systems on a Lie algebroid is then simply (see [8])

irdo;, = —dE;. 22)

In the case of the standard Lie algebroid V = T M, (22) defines the standard Euler—Lagrange
equations. In the case of an (unconstrained) system with symmetry with reduced Lagrangian
L € C*®(V = TM/G), local expressions for equation (22) of a Lagrangian system on the
Atiyah algebroid T M /G are the so-called Lagrange—Poincaré equations (see also [11]). In
[5] it has been proved that one can go from the system on 7'M to the one of 7 M /G by means
of a Lie algebroid morphism.

The main purpose of this paper is to extend the results of [5] in two ways, first by allowing
constraints, and secondly by taking the Lagrangian systems on an arbitrary Lie algebroid as the
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starting point for a symmetry reduction, rather than the standard Lagrangian systems. Then,
a framework for repetitive reduction will follow almost automatically. Indeed, in the second
step of the reduction, for example, the system on 7 M /G is reduced to a system on a quotient
(TM/G)/H. Within our approach, this will be interpreted as a reduction from a Lie algebroid
to its quotient Lie algebroid. Of course, a lot of proofs in the next sections are inspired by
those in [5].

4. Quotients of prolongation bundles

Definition 4. A constrained Lie algebroid action is a vector bundle action YV : G x W — W
(over yM) on a subbundle w of a Lie algebroid T which is the restriction of a Lie algebroid
action y¥ : G x V — V (also over ™) to W.

Then, 1@’ oci=1io 1//2,’\’, from which it follows that the map i : W — V, [w] — [i(w)]

is a well-defined injection, and therefore_ﬁ :W — M is a vector subbundle of T : V — M.
Another way of writing the definition of 7 is

iom" =wVoi. 23)

We can now define also a G-action on the prolongation n”. It is given by
G x T’W — T*W: (g, (v, Xu)) = (gV, gXw).

The action in the second argument is ¥ 7", the tangent lift of the action on the manifold W.
Remark that (gv, gX,,) is indeed an element of 7°W since p(gv) = go(v) = gTu(Xy) =
Tu(gXyw) (p by the assumption that ¥V is a Lie algebroid action, and T i by the property
wé” o =pno w;/v, are equivariant under the appropriate actions). In fact, for a fixed g € G,
the above action can be rewritten as 7+ wg,’v. Since any ‘u@/ is supposed to be a Lie algebroid
morphism, TV wg,’v must also be a Lie algebroid morphism (for the Lie algebroid structure on
the prolongation bundle). The action on T”W is thus a Lie algebroid action and the invariant
sections of +” form a Lie subalgebra which can be reduced to a quotient Lie algebroid structure
onuf : TPW = T°W/G — W = W/G. In this set-up, the reduced anchor map, defined as
in (8), is

PRIV, Xul = TV (p" (v, X)) = T (Xu). (24)
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We will show now that we can in fact identify WP L TPW — W with a prolongation bundle,
namely the prolongation bundle 7” : T”W — W, formed by the quotient Lie algebroid
T:V—> M( (with anchor map p, as defined in (8) and bracket (7)) and the quotient subbundle
nw:W—> M.

AN/

Proposition 3. The quotient prolongation Lie algebroid P . TPW — W and the prolongation
Lie algebroidi” : T°W — W are isomorphic as Lie algebroids. Moreover, Sec(u”), Sec(i”)
and Sec' (u”) are isomorphic as Lie algebras.

Proof. Expression (12) for 77 7V : T*W — T?W is

T 7V, X,) = @ (v), TRV (X)) € T, W

7w
We will show that, for each [w] € W, the map

St ¢ [V, Xl € TPWyy > 77 7V(v, Xo) € T, W
is a Lie algebroid isomorphism. First, we prove that the two spaces are isomorphic as vector
spaces. From the considerations in section 2 about quotient bundles we know that, for each
wew, (ﬁrﬁw)v_vl : [v, Xw] — (v, Xy) is an isomorphism (it selects the unique representative
of the class [v, X, ] in the fibre at w). Since X, is in fact the composition Zf/ﬁw o(Trow)y L
we only need to show that, for each w € W, the map ’Twﬁvfw : TI/W — T[a]W is a linear
isomorphism. The linearity is obvious. Since ¥ and ™™ = Ty are supposed to be
vector bundle actions, W,,, >~ W, and T,W =~ T},;W. Therefore, clearly the dimensions

of /W and T},,W will be the same. It remains to show that 777" is injective. Suppose
that ’Z;vﬁvﬁw(v, Xw) = 0, then, on the one hand, [v] = 0, meaning that v = 0 and thus
also Tu(Xy) = 0. On the other hand, TwV(X,) = 0 which means that there exists
aé € g = TG such that X, = T.yy' () (¥ : G - W,g — gw). As a result,
0 =Tu(Xy) = T(Tyl(€) = T (1o YW)(E) = Ty &) (where m = u(w)). Since ¥
is an injective immersion, it follows that £ = 0 and therefore also X,, = 0.

To prove now that ¥ is a Lie algebroid morphism (over the identity W — W), we
first check the admissibility condition T'id o p# = p* o T- ™'7W. When applied to an element
[v, X\ ], the left-hand side gives T7V(X,) (by using (24)). This is in agreement with the right-
hand side, because also p* (7" (v), T7"V(X,)) = T7"(X,). It remains to check the condition
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on the bracket, which, in this case, is equivalent to establishing a Lie algebra (iso)morphism
>, between Sec(”) and Sec(it”).

. PN _
Sec(uP) Sec(i2”)
T W
1 (77'),
Sec! (1)

From our conclusions in section 2, the projection wrow : T°W — TPW is a Lie
algebroid morphism and it generates a Lie algebra 1somorphlsm ()! between Sec(u”)

and the set of invariant sections Sec’(1”). Secondly, 77 7" can be extended to a map
(Tﬂ 7)., : Sec! (1) — Sec(i”) by means of
(T7'7"), (2)(w) = T 7V (2(@) " (D)) 25)

It can easily be checked that, due to the supposed invariance of Z, m can be any element of
[m] = T([w]) in this definition. (Tﬁvﬁw)* has an inverse (Tﬁvﬁw);l : Sec(”) — Sec! (),
given by

(777 @ w) = (T7 @), E(w))), (26)

and is thus an isomorphism. Equation (25) in fact shows that (7- ﬁvfw)*(Z) is the
unique section that is 7 T'7W related to an invariant Z. Moreover, since 7" is a Lie
. . =V __ . . =V _}
algebroid morphism, also 77 7" is one. The bracket [Z,, Z,] is thus 77 7 "-related
o [(T77Y) (21, (T7'7V) (2»)]. Since also (77 7V) ([21, 25]) is T7 7 "-related to
[Z1, 25, these two brackets must coincide, which proves that (7 ﬁvﬁw)* is a Lie algebra
isomorphism.
. .. =V _| . .
In conclusion, the composition of the maps (.)’ and (T” rrW)* is exactly the sought Lie

algebra morphism I, : Sec(u?) — Sec(it”) we were looking for. O

The observation that 7 fvﬁw is a Lie algebroid morphism means that, for the exterior
derivatives d on A\ (1+”) and d on A (72°),
do(T77Y)" = (T7'7Y)" 04, 27)
where (’T ﬁvﬁw)* : /\k P — /\k(up ) is defined as in (4). We can, of course prove a similar
result for 77 7V

Corollary 1. If d is the exterior derivative on )\ (t*) and don A\ (T?), then T%'7V is a Lie

algebroid morphism over 7TV e,

do (T7'7Y) = (T7 ")  od. (28)
The quotient prolongation Lie algebroid TP : TPV — V and the prolongation Lie algebroid

: TPV — V are isomorphic as Lie algebroids. Moreover, Sec(t?), Sec(t?) and Sec! ()
are isomorphic as Lie algebras.

Much of what has just been said also applies to the prolongation bundle i TPW — W
even though it does not carry a Lie algebroid structure. The maps i and p induce a map
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A=poi:W—>TM. The quotient projection 7V is admissible for the ‘anchors’ A and A, in
the sense that 77 o A = A o 7" (because of (8) and (23)). Therefore, it is easy to see that the
map 777V . T*W — T*W is still well defined and admissible with respect to A* and e

TaVort =V o7 7V,

Lemma 2. The diagram

Thid Td;
W —mM8  TPW  ——— TPV
Ti
T7 W_w TﬁVfW Tﬁv ﬁV
Tii
"W ————— IPW ————— 7V
Tiid Tid}

is completely commutative.

Proof. The map id stands for both the identity maps on V and W. 7T id} is defined, for the
quotient bundles, as in (16). The proof is obvious. (]

In the case of the prolongations w* and ﬁx, the operators ¢ : /\(/ﬂl - Awh),
5 A@) — A@H, A AN@?) - A and A @ A(T?) — A@G@") (defined in
(18) and (20)) have similar properties as the exterior derivatives.

Corollary 2. The bundles m : T*W — W and ﬁx : TPW — W are isomorphic as vector
bundles. Moreover,

5o(T77TV)' =(T7'7TY) 08 and  Ao(TT®')' =(T7 7TV) oA

Proof. The first statement can easily be deduced from the proof of proposition 3. The
identity 7id o 777V = 77 7" o T'id, leads to the identity (77 7")" o (T7id)* =
(T'id)* o (77 '7")" on forms. Then, from property (27) we can deduce that § o (77 7")"
(Tiidy*odo (T 7V)" = (T'id)*o(T7 7 W) od = (T7"7") o (T id)*od = (T7 "7 V)" 03.
The last property follows in a similar way from the identity TioT™" 7V =777V o Tii
and property (28). g

5. Reduction of Lagrangian systems on a subbundle of a Lie algebroid

Let us come back to the Lagrangian systems (21) on a subbundle of a Lie algebroid.

Definition 5. A Lagrangian L € C*(V) is said to be reducible if it is invariant under the
action of the Lie group, i.e. L(gv) = L(v).

The reduced Lagrangian is then the function L € C*®(V), satisfying L = L o 7", or
L([v]) = L(v). This function has of course its own 1-form br € /\l () and energy function
E; € C*(V). We will show now that equation (21) for L projects on the Lagrangian equation
for L (on the subbundle 7z of the quotient Lie algebroid T), given by

iFAOr = —AE7.
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Lemma 3. The vertical endomorphisms ST : T°N — T*V and ST : T°N — TPV satisfy the
relation

SToT" 7V =T 7" oS (29)
On functions f € C*(M), the action of the Liouville sections is related by

P CH(fom¥)y= @ (CHf)oT". (30)

Proof. By definition of S7, we have S7(’Tﬁvﬁv(v, X)) = (@' (W), T7V(Xn))" =
@'(@, 7' ()" =(0,7), with

: Yf e C®(M).
t=0

On the other hand, 77 TV (S7(v, Xa)) = 77 7' ((a,v)V) = T7 7Y(0,Y) = (0, TV (Y)),
where

- d-
Y(f)= af(ﬁv(a) +17V (v))

, VfeC™¥(M),

d
Y(f)= g fla+t)
1=0

and thus TZV(Y) () =Y (fomV) = g—rf(ﬁv(a +1V))|;=0, from which we can conclude that
T7V(Y) =Y indeed.

To prove the second property, if p™ (CT)(v) = X, then p™ (C*)(f o V)(v) = X(foT¥) =
G /@ +1v)|=o. This is, again, exactly (p°(CH)NH@T'V) = @ CHT'WN() =
S 7@V W) + 17V W)= O

Lemma 4. The Poincaré—Cartan forms and the energy functions of L and L are related in
iy % —V *

such a way that (T” ﬁv) 6 = 61 and (’T” ﬁv) Er=Ep.

Proof. From L = Lom" (or (T T'%VY*L = L) and property (28) it follows that
dL = (Tﬁvﬁv)*dL. Property (29) is equivalent to S* o (’Tﬁvj?vyk = (Tﬁvﬁv)* o ST for the
action on 1-forms. Together with the previous observation, it follows that 6;, = (Tﬁvﬁv)*%.
Similarly, another way of writing (30) is p*(C") o (77 7V)" = (77 @")" 0 5°(C7) from
which it follows that E;, = (77 7TV)*Epor E, = E; o 7", O
Theorem 1. Suppose L is a reducible regular Lagrangian on \. Then, also L is regular.

Moreover the Lagrangian section T' € Sec(u*) is invariant and the solutions of the non-
holonomic equations on L (i.e. the integral curves of M*(I')) project to those for the reduced

Lagrangian L (i.e. the integral curves of AND)).
Proof. From the previous lemma it is clear that
A6, =Ao (T 7Y)'0r = (T 7") o AL

Since each Twﬁwﬁw is an isomorphism, this relation ensures that Af; will also be non-
degenerate. Further, also

AEL = (Ao (T 7Y)VE; = (T7 7V)" 0 A) Ep,
from which it follows that

T 7N W) = T@" w)). €29}
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It is further obvious that also 77 W (A*(I'(w))) = AT @Y (w))) and therefore A*(T") and
e (T) must be 7V-related. Observe finally that (31) indicates that both I"(w) and I" (gw) project

to the same equivalence class, which can only mean that I'(gw) = gI'(w), or I € Sec! (uh).
With a similar definition as (25), we can thus write that T = (T” _W) (). O

6. Lagrangian reduction by stages

In this section, we prove that the category of Lagrangians systems on a subbundle of a Lie
algebroid is stable under successive reduction. We start by recalling some known facts which
can be found in [2]. Suppose that 7™ : M — M = M/G is a principal fibre bundle and
that N C G is a normal subgroup of G. Since the action ¥ of G on M can be restricted to
N, it makes perfect sense to speak of the quotient = M/N. In fact, M is also a principal
fibre bundle with respect to this restricted action, AM .M — M. Moreover, we can define an
action of H = G/N on M by means of

[gln[m]ly = [gm]n, (32)

which gives M the structure of a principal fibre bundle with structure group H, AR N
M = M/H. Another way of writing (32) is then

Yl oM =aM oy (33)
Further, the map

BM M — M, [mlg — [ImIxln (34)

is a diffeomorphism.
Suppose now that t : V — M is a vector bundle, equipped with a G-vector bundle
actlon I//V Again, 1//\’ can be restricted to an N-vector bundle action on t. Then, both
:V—> Mand ¢ : V =V/N — M are vector bundles. We will denote the submersion
V — V by #V. There is also an induced vector bundle action of H on %, given by
Vi oV = Vi ly = [gln[Viv = [gVly, or

yl ooaV=aVoy (35)

Therefore, also the quotient 2. \7 = \7/ H — 1\2 is a vector bundle. Again, there exists a
well-defined (vector bundle) isomorphism

BY V=V, Vig = [VIvlu (36)
over M. In other words,
Binto © T = Ry, 0 - (37)

where frv is the projection\7 = V: [Vly — [[Vin]1g (over fTM c M — M: [mly = [[mlylg)-

Next, let L be a (regular) Lagrangian on the Lie algebroid7 : V—> M and u : W - M
a subbundle of t. The three conditions, necessary to perform an reduction by means of G are
as follows: (i) L is a G-invariant Lagrangian; (ii) all Wg are Lie algebroid isomorphisms; (iii)
the G-action ¥V restricts to W. To explain how successive reduction works, we will from now
on assume that these conditions are satisfied and we will verify that the induced actions of N
and H satisfy similar conditions.

The first stage of the reduction is the reduction by the Lie group N. Since the Lagrangian
is also obviously invariant under the N-action, it gives rise to a Lagrangian L € C>®(V)
defined by i([v]N) = L(v). We will use, e.g., the notation Sec:¢ (1) for the set of the
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T-sections that are invariant under the action of G. Although Sec’6(r) c Sec!'N(r), also
ec!*N () is a Lie subalgebra of Sec(z), because all ¥V :V — V(n € N) are Lie algebroid
isomorphisms. Therefore, T can be given the structure of a Lie algebroid with a bracket and
anchor p : V — T M defined as in (7) and (8). From the third assumption, it follows that the
restriction of ¥V to N restricts in turn to an action of N on W, so we can define the quotient
vector bundle /1 : W — M. Therefore, all conditions to perform a reduction by N are satisfied
and the Lagranglan equatlons for L € C*°(V) on the subbundle p of T will prOJect to reduced
equations for L. € C (M) on the subbundle /1 of the quotient Lie algebroid  : V — M.
The second reduction is the one by H = G/N. We can easily verify that the Lagrangian
L is invariant under the H-action. Indeed,

L(glnIvly) = L([gvly) = L(gv) = LW = L(IvIw)-

Therefore, it is possible to reduce L to a Lagrangian L eC °°(V V/H). Also, the condition
on the constrained action is satisfied. Indeed, since W — M is a subbundle of V — M, the
reduced action of H on V restricts exactly to the reduced action of # on W. We can therefore
introduce the vector bundle W = W/H — M = M/H and our programme further will consist
in showing that each w[\g]N is a Lie algebroid morphism. We remark first that the following
diagram is commutative.

ngf
™M ———————— TM
/ /
vy
v v
T \ﬂ
™ ™
! Vit !
v Y

Proposition 4. For each [g]y, W[ZI]N :V — V is a Lie algebroid isomorphism (over w[?]N ).

Proof. The admissibility Tlﬁ[}g]N op = po w\? is clear from the diagram. Indeed,
when apphed to [v]y (and taking into account the deﬁmtlon (8) for p), the left-hand side
is T(l//[g]N )(,o(v)) In view of (33), this equals the right-hand side T( AM o wM)(,o(v))
Further, with every section & in £, we can identify a N-invariant section 8"V of T (see
(1)), by means of
N Ay =1 A
§"Nmy = (#,))" B(mn)).
Now, if §; is lﬂ[\é]N—related to §;, (for a specific [g]y), then §{ N will be 1//V—related to éé N (for
any g € [g]n). Indeed, we have
N 1, v -1 N
81N (gm) = (#,)" GilglvImln) = (7g,)” (glnd1([mly))
= g(7Y) " Ga(lmly)) = g&5" (m),

Lyl
where we have used the fact that #,, = 1,0[ %y © n o W), and therefore (o) =

-1 5/
yYo(#)) o W[\; -1~ Also the converse s true: if two N-invariant sections §'N and 8N of ¢
N

are wg’-related, then §; and §, are W[Z]N-related.
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Suppose now that also T is ‘ﬁ[\é]N -related to a certain f,. Then, by definition (7),
[, 810N = [T’IN é{ N]. Moreover, since by assumption each wv is a Lie algebroid
[#5 v 8] = [h 817V,
It follows that [y, §;] and [f,, §;] are w[g]N -related and thus we may conclude, that for each

isomorphism this last bracket is wv-related to the N-invariant bracket

[gln, 1//[\;’;]N is a Lie algebroid isomorphism. U

The reduction process can now be continued: the quotlent Lie algebrmd t:V - M

induces a quotient Lie algebroid structure on © V — M (with the anchor  : V- M ).
Equations (19) for the Lagrangian L on the subbundle w of the Lie algebroid t, reduce
therefore, in two stages (first NV, then H), to similar equations for the Lagrangian L on the
subbundle /1 of the Lie algebroid £. We will show that this reduction is equivalent to the direct
reduction under the action of G.

Recall first that B (see (36)) is a (vector bundle) isomorphism. With a similar definition
for gV,

w —w _ aW AW
'B[M]c OTm = Timly © T » (38)

also 7z and /1 are isomorphic as vector bundles. Moreover, if L € C*(V) is the Lagrangian,
obtained after a reduction by the action of G, then

L(IVlg) = L(Bv(IVlg)) = Lv).

We will now show that the Lie algebroid structures on 7 and 7 are also isomorphic.

Proposition 5. 8V is a Lie algebroid isomorphism (over BM). Sec’% (1), Sec(7), Sec" (%)
and Sec(7) are all isomorphic as Lie algebras.

Proof. We begin by checking the admissibility property, or T8M o p([v]lg) = 0o BY(Ivlg).
The left side is T(BM o ﬁM)(p(v)), the right side is T(%M o AM)(p(v)). The identity
Y oM = Ao aM s nothing but (34).

Suppose next that § € Sec(?) is BV-related to 5 € Sec(T), i.e. §([[m]N]H) =

A

Bimy, B(Imlg)). Then it is easy to see that 5" ¢ Sec! (%) will be # V-related to
50 ¢ Sec’% (7). Indeed,

8" (Imlw) = (Rp,)” GAImINID) = (R )" © Bl ) E(Lm16))
= (2 o (7)) GImle)) = (8" (m)]w, (39)

where we made use of (37). The converse is also true: if a H-invariant section of ¢ and a
G-invariant section of  are 7 V-related, then their projections on % and 7, respectively, will be
BV-related. With a similar reasoning as in the proof of proposition 4, we can conclude from the
fact that 7V is a Lie algebroid morphism that 8 must also be a Lie algebroid (iso)morphism.

Observe finally that relation (39) is independent of the choice of m and defines a Lie
algebra isomorphism (7 V)* between Sec’' (1) and Sec’"” (). Therefore, it is also clear that
Sec’% (1), Sec(7), Sec" (%) and Sec(%) are all isomorphic as Lie algebras. U
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A~ V%
Sec!-C (1) L» Sec!H (3)

(BN

Sec(t) —————  Sec(})

Theorem 2. The dynamics obtained by an iterative reduction (by N and then by H) is equivalent
with the one obtained from a reduction by G directly.

Proof. A similar reasoning as in the proof of the previous proposition shows that 8" is
admissible with respect to the anchors 2 and A. Thus, 7° Y LA T*W — T*W is a well-
defined isomorphism of vector bundles. The reduction of the dynamics by G gives rise to

a section I’ € Sec(it"), related to the original dynamics I' € Sec(u’) by means of (31).
Applying 7" " BW on both sides of this relation, and using (13) and relation (38), we find that

TR G o AWy w)) = T BT (w).

Using the relations between I' and [* on the one hand and between [" and I" on the other, it is
easy to see that also

TG o 2wy = F A" @Y w)),

and thus
T BY(T ([wlg) = T(6" (IWle)),

or, for the related vector fields X = XH(F) and )Q( = ()i)f‘ (f‘) on W and \fV respectively,
TAY (X (Iwlg)) = X (8" ([wlg)),

and thus X = BY(X). O

Remark that 77" Y is the restriction to T*W of 7#'8Y. So, for unconstrained systems,

i.e. the case where ;. = 7, the projection T + [ is really induced by a Lie algebroid
isomorphism 7#" V.

The results above can be applied, for example, to the Lagrange—d’Alembert equations
of a non-holonomic system that is invariant under the action of a Lie group G with a nested
normal subgroup structure

{eyCc---CNy;CN CG

(with N;;; C N; normal subgroups). We have already mentioned that, for each action
Y™, the tangent action ¥ 7 is a Lie algebroid action. Thus, for a G-invariant Lagrangian
L € C°(T M) and an appropriate constraint distribution W C T M, we can perform without
further assumptions a successive reduction process. All steps can be interpreted as reducing
a Lagrangian system on a subbundle of a Lie algebroid to a system on its quotient. The
diagram shows the situation for {¢} C N, C Ny C G, with Hy; = G/Ny, Hy, = G/N; and
Hy, = N;/N,. All vertical arrows are Lie algebra isomorphisms, all horizontal arrows are
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injections. At each stage in the reduction process, the dynamics is defined on a subbundle of
the Lie algebroid at the end of the line.

Sec(r) —— Sec!Ni(r)  ——  Sec!M(r) — Sec(t)

| |

Sech 2 (z/Ny)  ——  Sec"2(r/Ny) ——>  Sec(t/N2)

| |

Sec" oL (z/N) >~ L Sec(t/Ni) ~

Sec!Ho1((t/N2)/Hi) Sec((t/N2)/Hyz)

|

Sec(t/G) = Sec((t/N2)/Hoz) == Sec((t/N1)/Ho1) == Sec(((tr/N2)/H12)/Ho1)

7. Coordinate expressions and examples

Before we describe some examples in detail, it may be instructive to provide a local version
of what preceded. Assume that a local coordinate chart (U, (x?)) of M is given and that {e,}
and {f4} are bases of, respectively, Sec(tr) and Sec(u). Fibre coordinates on V and W, with
respect to these bases, will be denoted by v* and w# and i 4 for the components of the injection
i : W — V. The structure functions of the Lie algebroid structure on T are given by p! and
C¢,, say, and finally A', = i4pl.

Let L be a regular Lagrangian on V. The dynamics is represented by a section I' of the
prolongation bundle p*. Recall that projectable sections Z of the prolongation bundle p*
consist of a pair (r, X), with r € Sec(r) and X € X (W). A natural choice for a basis for
Sec(u?) is {X4, Va}, with

.9 d
Xa(w) = (fA (m), My — ) and Vaw) = <0(m), — ) , (40)

axt |, aw4 |,

where w € W and m = p(w). The solution I" of (21) is of the form
I =wAx, + A5 whyy, 41)
for certain coefficients f4 € C*®(W). According to definition 3, the Lagrangian equations
under consideration are then the differential equations for the integral curves of the
corresponding vector field

D 9
M = wirl — + fA— € X(W).
™) A f ™l (W)

In [12] (equation (4)), we have shown that these equations can be written in the form
i = pi (v,
Ve =4 (x)wh,

ia i aL — ia i% _ CC vb%
A\ \owe ) ) T ia\Pagsa =S¥ 5 )

(42)
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Let G now be a Lie group acting on the Lie algebroid t and assume that our Lagrangian is
G-reducible. Let X x G (X C R", n = dim M) be a local trivialization of the principal fibre
bundle 7¥ : M — M. If ¥* are coordinates on X, then 7 is locally x = (x*, g') > x*. In
this set of coordinates, ¥ is simply (&, (%, g)) — (X, hg).

In order to give an idea of how reduction works in coordinates, we choose a basis {e,} of
Sec(t) which is made up of invariant sections. In such a coordinate system ¥V : G x V — V
takes the form (%, vie, (X, g)) — v?e, (X, hg). Moreover, the invariant basis {e,} projects to
a basis of the quotient Lie algebroid T. It will also be convenient to denote this new basis by
{e.}. The only difference between e, as a section of T on the one hand and as a section of T
on the other is that, in the first case, it can be evaluated at a point of M, while, in the second, it
should be interpreted as acting on elements of M. Taking this identification into account, the
projection 7V is simply v?e, (¥, g) — V9e,(X).

Theorem 1 showed that the reduced system can be identified with a section T of the
prolongation bundle 7t*. A coordinate expression for this system, similar to (42), is (the
meaning of the notations being obvious)

T =g,

vE=T (T)wA,

wa(d (0L\) - (0L Fvbaz
f\ar\ave ) e p“a— @ ave |

Since the invariant sections form a Lie sub-algebra, it is clear that the structure functions
C:,(x, g) with respect to {e,} are invariant functions, and thus are independent of the

(43)

coordinates g/. From (7), we can moreover conclude that Cab(x) = Cab(x g) Likewise
(in the above identification), the quotient anchor map is p : vie,(X) +— /0a a*k (%), where

ﬁ’; ) = ,05 (x, g) is the first set of the components of p. If we further take {f4} to be a
G-invariant basis of Sec(u) (and if we identify agam these sections with their pI‘O]eCtIOIlS on
Sec(u)) then, due to (23), the induced injection i : W — Vis simply wAf, > i Aw €4, where

A(x) = i5(x, g). To ease the notations, we will from now on remove all the bars from the
structure functions on 7 and i, in accordance with earlier made identifications. Finally, the
invariance of the Lagrangian can be expressed as L(xk, (hg)', v = Lk, (@), v),Yh € G,

which means that 2 o2 IL — (), In particular, in the first term of the right-hand side of the last of

oL

equations (42) only derivatives of the form = L will remain. From all this, it is obvious that

(42) projects on (43).

We can define also a basis {X'4, V4} for Sec(ir"), similar to the basis (40) of Sec(u*).
However, by the conventions we adopted for denoting coordinates, bases and structure
functions, these sections can formally be identified with the sections {X4, V4} and we will
again make no notationial distinction. With this identification in mind, the reduced dynamics

T € Sec (ﬁx) looks formally the same as expression (41) for I' € Sec(u*). The corresponding
vector field is, however,

I — 0 a -
VT =whik— + fA— e xW).
) ot e €YW)
Next, we discuss some examples where an iterative reduction process applies.

7.1. The non-holonomically constrained particle

In this example M = R and V = TM (with its standard Lie algebroid structure). The
system has a Lagrangian L(x, y, z, %, ¥, 2) = 3(1? + 2 +2?) and is subjected to a constraint,
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characterized by a distribution W C T M with equation Z = yx (see also [1]). The injection
i is then given by (x, y, z, %, y) — (x, y,z, X, y, yx), or, for the corresponding basis {f, f,}
of Sec(u),i(f)) = X| = % + yaa—z andi(f)) = X, = 3 . The basis (40) is here given by the
sections X, = (fi, X1), X = (f, X2), Vi = (0, ) and V= (0, 2 35 ). An easy calculation
(based on, e.g., the coordinate expressions (42)) shows that the dynamics I' € Sec(u”) of this
example is given by

=X +3X — Vi, 44)

Y
1+ y2
or by the corresponding vector field

9 9 d
MIM)y=xt—+y—+yx— —

y ad
— e X(W
ox Ty YN T T (W).

ax
Consider now, first, the action of G = R? on M = R?, given by

YV ((rs); (6, Y, 2k, 9, 2) > (Y, 24, &, P, 2).
Then, clearly the restriction of ¥V to W is a constrained Lie algebroid action for this system.
The projections on the quotient manifolds are in this case ™ : (x,v,2) = y, 7’
v, 2,%,9,2) — (0, %, 9,2 and TV : (x,y,2,%,3) — (v, )'c y) while the quotient
injection i is (y, , y) — (v, %, ¥, yx). The bases {f;, f,} and {Bx’ 3y 2 } for 1 and T consist
clearly only of invariant sections. As has been said above, the reduced dynamics " € §ec(u )
looks formally the same as expression (44) for I' € Sec(u”). The vector field X“(F) is,
however,

a y 0 _
y— — ty— € X(W). 45
Yoy T TV ox € X(W) (45)

Instead of making a reduction by the whole G = R? we can work also in two
stages: one can first look at the restriction of the action vV to its (normal) subgroup
N = R = R x {0}. Then, denoting the reduction process now by ", the reduced injection
isi:(y,z,%,3) — (y,2,%, ¥, yX) and, again, [ € Sec(u’\) will take the same form as I'
(leavmg aside the fact that I acts on elements (y,z,%,9) € W). The vector field of interest is
now

an oA .0 .0 y a

A (1")=ya+y)ca—Z = 2xya—e)((W)
For the above system, the Lagrangian is L(z, y, %, y, ) = 3 L (2 + 3% +2?), while the constraint
is still z — yx = 0. Since both are invariant under the R-action

vV (0, %, 3, 2) e (v, s, 1 P, 2),

. . R ;)ﬁ . . 2
a second reduction can be performed to obtain I' € Sec(it ). Since, again, I' takes the
same form as I' and thus also as I" (under appropriate identifications), it becomes clear that
reduction by two stages for this non-holonomically constrained particle is equivalent with

direct reduction. Likewise, iﬂ (f‘ ) e X (W) can formally be identified with expression (45)
for 2" (T).
7.2. The falling rolling disk

In this example we consider a homogeneous disk rolling over a horizontal plane. The
constraint is that the disk rolls without slipping. We will use the same notations as in
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[1, p 21]: (x, y) denote the coordinates of the contact point in the plane on which the disk
rolls, and 6, ¢ and ¢ are the angle between the plane and the vertical axis, the ‘heading
angle’ of the disk, and the ‘self-rotation’ angle of the disk, respectively. In this example,
M = SEQ2) x SO(2) x SO(2),V = TM and the Lagrangian is

_m Lot 2 2 :.2 AN2
L—E[(C—Rqﬁsme) + 1% sin” 0 + (ncos @ + RH)?]

1 . : : .
+§“(92+¢2 cos?8) + I (¢ sin@ + y)2] — mgR cos f (46)
with ¢ = Xcos¢ + ysing and n = —x sin¢g + y cos¢ and I and J are inertia constants. The
constraints are given by the equations
X =—1YRcosd,
1/-/ . ¢ (47
y=—YRsing.

The falling rolling disk is invariant under the action of the group G = SE(2) x SO(2)
on M

vl i (a, by, B) X (x,y, 0, ¥,0) > (xcosa — ysina +a, xsina
+ycosa+b,¢+a,y+p,0)

and its induced tangent action

Yo (a,boa, B) X (x,y, ¢, 9,0,%, 3, ¢, 9,0)

— (wg(x, v, ¢, ¥, 0), X cosa — ysina, x sina + y cosa, ¢, ¥, 9).
¥ is by construction a Lie algebroid action for the Lie algebroid TM and it restricts to a
constrained Lie algebroid action on the subbundle W. The basis {fy, f¢, f3} of Sec(u) with

0 0
i(fo) = 39’ ifg) =—, i(fz3) = — — Rcosd)— — Rsmd)—y

d¢ 1#

is invariant under the restricted action ¥ . Fibre coordinates on W will be denoted by
(6, ¢, w?). The natural basis {ﬁ’ %, %, % a?p} on V = TM is, however, not invariant under
1//G. An invariant basis {e,} on TM is, e.g.,

a . 0 . a d d d ]

{e; = COS¢£ + s1n¢5, e, = —mnq&a +cos¢®, € = @’ ey = %’ ey = w} ,
and we will from now on use induced coordinates (x,y,6,¢,v¥;¢,n,6,¢,4) on TM,
where ¢ and n are as above. In the new coordinates the constraints can be written as
¢ = —Ry and = 0. This means that the only non-vanishing components of the injection are
ig =1, i(f =1, i;// = land i3§ = —R. The change of basis has the side effect that the structure
functions of the Lie algebroid need to be recalculated. Of course, p is still the identity, but,
where in the standard basis the structure functions C;, of the standard Lie algebroid all vanish,
there arise non-vanishing brackets for the new basis sections. In particular, [e;, e4] = —e,
and [e,, e4] = e,, so the non-vanishing structure functions are C?¢ = —1 and C§¢ =1. An
explicit expression for the Lagrangian equations now follows easily from (42). To proceed
further, it suffices to know that the section I" is of the form

T =0X+ X, + WX+ £V + fOVs + £V,

and that the associated vector field is

L 2wl 9 09 | r¢ 3
)J(F)_Hae ¢8¢ (31ﬂ Rcos¢> Rsin¢— )+f +f ¢+f8w3
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Let us look at the reduced system now: 6 can be regarded as the only coordinate on M,
while, as before, we denote coordinates on V as @,¢,n, 0, ¢ 1&). The reduced Lagrangian
looks exactly like (46), only now it should be interpreted as a function in the variables of V
alone. Also the constraints remain simply ¢ = —Ry and n = 0. We have seen above that,
within the earlier discussed identifications, all reduced sections have the same form as I". The
G-reduced vector field is here
i T A A S
A(F)_980+f 89+f 3¢5+' PR (48)

An iterative reduction process now becomes available. In fact, we have a nested
subgroup structure R?> c SE (2) € SEQ2) x SO(2), so we can perform reduction in three
steps: the corresponding groups for the diagram at the end of the previous section are
Hy, = S0O(Q2), Hp = SO(2) x SO(2) and Hi; = SO(2). We will limit ourselves, however, to
a reduction in two steps. The first step will be reduction by the group Ny = SE(2), whose
restricted action on M is

wl{,”] t(a,b,a) X (x,y,¢,¥,0) — (xcosa — ysina +a, x sina
+ycosa+b,p+a,y,0).

The earlier discussed bases are also invariant under the tangent lift of v ]1\‘,4] , but the coordinates
on M are now (6, ¢). The Lagrangian L looks formally the same as expression (47) again, but
it is to be interpreted as a function of the variables (6, ¢, ¢, n, 0, ¢, V). A similar observation
is valid for the reduced constraint. The vector field of interest after the reduction by N is

cn oA .0 d g 0 a 5 0

)J‘(F)_8£+¢%+f £+f¢£+f Pt
The symmetry group H; = G/ N, for the second stage is SO(2). Since both the Lagrangian

L and the reduced constraint are still independent of the coordinate ¢, i.e., invariant under the
action

Vi o B X (¥,0) = (¥ +8,06),
a second reduction can be performed. The coordinate of 1\51 is again 6 and also the

corresponding vector field )iﬂ (f‘) can be identified with expression (48) for XH(F).
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