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1. Introduction

The concept of Dirac structure, proposed by Dorfman [ 1] in the Hamiltonian framework of integrable evolution equations
and defined in [2] as a subbundle of the Whitney sum TN @y T*N of the tangent and the cotangent bundle (the extended
tangent or the Pontryagin bundle) satisfying certain conditions, was thought-out as a common generalization of Poisson and
presymplectic structures. It was designed also to deal with constrained systems, including constraints induced by degenerate
Lagrangians, as was investigated by Dirac [3], which is the reason for the name.

The need of extending the geometrical tools of the Lagrangian formalism from tangent bundles to Lie algebroids was
caused by the fact that reductions usually move us out of the environment of the tangent bundles [4] (think on the reduction
to so(3, R) for the rigid body). It is similar to the better-known situation of passing from the symplectic to the Poisson
structures by a reduction in the Hamiltonian formalism.

Note that the use of Lie algebroids and Lie groupoids for describing some systems of Analytical Mechanics was proposed
by Libermann [5] and Weinstein [6], and then developed by many authors, for instance [7-10], making use of Lie algebroids
in various aspects of Analytical Mechanics and Classical Field Theory.

* Research supported by the Polish Ministry of Science and Higher Education under the grant N N201 365636.
* Corresponding author. Fax: +48 22 6293997.
E-mail addresses: konieczn@fuw.edu.pl (K. Grabowska), jagrab@impan.gov.pl, jagrab@impan.pl (J. Grabowski).

0393-0440/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.geomphys.2011.06.018


http://dx.doi.org/10.1016/j.geomphys.2011.06.018
http://www.elsevier.com/locate/jgp
http://www.elsevier.com/locate/jgp
mailto:konieczn@fuw.edu.pl
mailto:jagrab@impan.gov.pl
mailto:jagrab@impan.pl
http://dx.doi.org/10.1016/j.geomphys.2011.06.018

2234 K. Grabowska, J. Grabowski / Journal of Geometry and Physics 61 (2011) 2233-2253

Since a Lie algebroid structure on a vector bundle 7 : E — M can be viewed as a linear Poisson structure /7 on the dual
bundle 7 : E* — M, a properly defined ‘linear’ Dirac structure should be viewed as a generalization of the concept of Lie
algebroid. Linear structures of different kinds on a vector bundle can be viewed, in turn, as associated with certain double
vector bundles. The double vector bundles, introduced in [11,12] (see also [ 13,14]) as manifolds with two ‘compatible’ vector
bundle structures, have been successfully applied in [15,16] to geometric formalisms of Analytical Mechanics, including
nonholonomic constraints [17,18]. To be more precise, note first that canonical examples of double vector bundles are: the
tangent bundle TE, and the cotangent bundle T*E of the vector bundle E. The double vector bundles
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are canonically isomorphic (cf. [13,19]). In particular, all arrows correspond to vector bundle structures and all pairs of
vertical and horizontal arrows are vector bundle morphisms. Double vector bundles have been recently characterized [14]
in a simple way as two vector bundle structures whose Euler vector fields commute.

In [16,15], a Lie algebroid (and its generalizations) on E has been viewed as a double vector bundle morphism

&:T'E — TE* (1.1)

covering the identity on E*. This is because the linearity of a bivector field (e.g. a Poisson tensor) I, on the dual bundle E*
can be geometrically expressed as respecting the double vector bundle structures by the induced vector bundle morphism

. : T'E* — TE*. (1.2)

We obtain ¢ as the composition of the canonical isomorphism of double vector bundles R,: T*E — T*E* with ﬁg, & =
Il, o R;.

An application of this approach to Analytical Mechanics, in which 7 : E — M plays the role of kinematic configurations,
is based on some ideas of Tulczyjew and Urbariski [20-22].

Note that we can represent the morphism (1.2) of double vector bundles by its graph D, in the Whitney sum bundle

TE* = TE* @p T'E”. (1.3)

The Pontryagin bundle 7 E* is canonically a double vector bundle: over E* and over TM @), E, and the fact that € is a morphism
means that D, is a double vector subbundle. Moreover, since D, is the graph of a Poisson tensor (in the case when E is
a standard Lie algebroid), the subbundle D, is a Dirac structure on E*. This immediately leads to a generalization of the
concept of Lie algebroid: we replace the graph D, with any Dirac structure D on E* which is linear, i.e., which is a double
vector subbundle of 7E*. We will call such an object a Dirac-Lie algebroid.

As was observed already in [23], the construction of phase dynamics associated with a given Lagrangian does not use
the fact that the bivector field I7, is Poisson (which, on the other hand, induces nice properties of the dynamics), so we will
use also almost Dirac structures, imposing no integrability assumptions. Thus, a Dirac algebroid on E will be a linear almost
Dirac structure on E*. We introduce also affine analogs of Dirac and Dirac-Lie algebroids.

The main applications we propose go back again to Analytical Mechanics. To some extent, our concepts are similar to
that of [24,25], where (almost) Dirac structures have been used in the description of ‘implicit’ Lagrangian systems. However,
we find our approach much more general (we work with arbitrary vector bundles) and much simpler. This is because we
obtain ‘implicit Lagrangian systems’ (in fact both: implicit phase dynamics and implicit Euler-Lagrange equations), as well
as implicit Hamilton equations, just composing relations, instead of working with the somehow artificial concept of partial
vector fields. This generality allows us to cover a large variety of Lagrangian and Hamiltonian systems, including reduced
systems, nonholonomic or vakonomic constraints, and time-dependent systems, with no regularity assumptions on the
Lagrangian or Hamiltonian.

The paper is organized as follows. In Section 2 we recall basic facts concerning the double vector bundle approach to Lie
algebroids and their generalizations. Dirac algebroids, Dirac-Lie algebroids, and their affine counterparts are introduced in
Section 3, together with the main examples. In Section 4 we investigate closer the structure of Dirac algebroids, finding a
short exact sequence of Lie algebroids associated with a Dirac-Lie algebroid and providing a local form of Dirac algebroids.
Section 5 is devoted to inducing new Dirac algebroids by means of nonholonomic constraints. In Section 6 we present
the general schemes, based on Dirac algebroids, for Lagrangian and Hamiltonian formalisms. We end up with a number
of examples in Section 7 and concluding remarks in Section 8.

2. Lie algebroids as double vector bundle morphisms

We start with recalling basic facts and introducing some notation.
Let M be a smooth manifold and let (x*), a = 1, ..., n, be a coordinate system in M. We denote with t;: TM — M
the tangent vector bundle and by 7ry: T*"M — M the cotangent vector bundle. We have the induced (adapted) coordinate
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systems, (x?, X?) in TM and (x%, p,) in T*M. More generally, let 7: E — M be a vector bundle and let 7: E* — M be the
dual bundle. Let (eq, ..., ey) be a basis of local sections of t: E — M and let (el, ..., el be the dual basis of local sections
of 7: E* — M. We have the induced coordinate systems: (x4, y'),y' = (el), in E, and (X%, &), & = ((e;), in E*, where the
linear functions ¢(e) are given by the canonical pairing ¢(e)(vy) = (e(x), vy). In this way we get local coordinates

%y, &Y) inTE, (&%, §) inTEY,
(Xaayiv pb;nj) inT*E’ (xavé:iv Db, (p)) in T"E*.
The cotangent bundles T*E and T*E* are examples of so-called double vector bundles. They are fibred over E and E*

and canonically isomorphic, with the isomorphism R.: T"E — T*E*, being simultaneously an anti-symplectomorphism
(cf. [13,16]). In local coordinates, R is given by

Re (X", Y, Py, 7)) = (X°, 71, —Pp, V). (2.1)

This means that we can identify coordinates 7; with &;, coordinates ¢ with y, and use the coordinates (x*, y', p, &) IinTE
and the coordinates (X%, &, pp, ¥) in T*E* in full agreement with (2.1). According to [14], the double vector bundle structure
is completely characterized by a pair of commuting Euler vector fields defining the two vector bundle structures (or by the
pair of the corresponding families of homotheties). In local coordinates the Euler vector fields on T*E* read

VEip = Podp, + Eds, Vg = Pudy, + Y0y (2.2)

Double vector (and vector-affine) bundles will play an important role in our concepts and we refer to [26,14,27,13,19] for
the general theory.

It is well known that Lie algebroid structures on a vector bundle E correspond to linear Poisson tensors on E*. A
2-contravariant tensor /7 on E* is called linear if the corresponding mapping /7: T*E* — TE* induced by the contraction,
I1(v) = i,[11, is a morphism of double vector bundles. One can equivalently say that the corresponding bracket of functions
is closed on (fiber-wise) linear functions. The commutative diagram

THE* — > TE* |,
T*E

describes a one-to-one correspondence between linear 2-contravariant tensors I7, on E* and morphisms ¢ (covering the
identity on E*) of the following double vector bundles (cf. [13,16]):

&

TE TE* (2.3)

Y Tpx X
™ E "/ ™
T
E « id E % ™
M “ M

In local coordinates, every such ¢ is of the form

e(X*. Y P &) = (. &, pL (Y, i)Y' & + 07 (0)pa) (2.4)

(summation convention assumed) and it corresponds to the linear tensor
I, = ¢ (&g ® 0 + o (X)g; ® By — 0 (X) e @ 0.

The morphism (2.3) of double vector bundles covering the identity on E* has been called an algebroid in [ 16]. We will consider
only skew algebroids, i.e., algebroids ¢ for which the tensor 77, is skew-symmetric, i.e., is a bivector field. If 7, is a Poisson
tensor, we deal with a Lie algebroid. The relation to the canonical definition of Lie algebroid is given by the following theorem
(cf. [15,16]).

Theorem 2.1. A skew algebroid structure (E, €) can be equivalently defined as a skew-symmetric bilinear bracket [-, -], on the
space Sec(E) of sections of 7: E — M, together with a vector bundle morphism p: E — TM (called the anchor), such that
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forf € (M), X,Y € Sec(E). The bracket and the anchor are related to the bracket {¢, ¥}z, = (I1., dp @ dy) in the algebra
of functions on E*, associated with the bivector field IT, by the formulae

L([Xv Y]&‘) = {L(X)7 L(Y)}ngv
(X)) = (X)), 7 f}n,,

where ((X) is the linear function on E* associated with the section X of E.
3. Dirac algebroids and affine Dirac algebroids

Let N be a smooth manifold. There is a natural symmetric pairing (-|-) on the vector bundle 7N = TN @y T*N (called
sometimes the Pontryagin bundle) given by

1
X1 +aq|Xy +ap) = 5(011()(2) + a2(X4)),

for all sections X;+c;, i = 1, 2,0f TN = TN @y T*N. Furthermore, the space Sec(7 N) of smooth sections of 7N is endowed
with the Courant-Dorfman bracket,
[X1 + a1, Xo + a2]l = [X1, Xo] + Lx, 02 — ix,dory, (3.1)

where [+, -] is the Lie bracket of vector fields, Ly is the Lie derivative along the vector field X, and ix is the contraction
(inner product) with X. An almost Dirac structure (or bundle) on the smooth manifold N is a subbundle D of 7N which is
maximally isotropic with respect to the symmetric pairing (-|-). If additionally the space of sections of D is closed under the
Courant-Dorfman bracket, we speak about a Dirac structure (or bundle) [2,1].

Standard examples of almost Dirac structures are the graphs

graph(IT) = {X, +ap € HpN:peN, X, = ﬁ(ap)},
graph(w) = {X, + ap € HN : p e N, ap = (Xp)},
of bivector fields IT or 2-forms w viewed as vector bundle morphisms,
T:T'N— TN, () =i,
@ : TN — T*N, o(Xy) = —ix,w(p).
These graphs are actually Dirac structures if and only if I7 is a Poisson tensor and w is a closed 2-form, respectively.

Remark 3.1. A vector subbundle of a vector bundle over N is often understood as a vector bundle over the whole base
manifold N. It is however clear by many reasons (see e.g. [ 14, Theorem 2.3]) that we must consider also vector subbundles
supported on submanifolds of N. Throughout this paper the term vector subbundle always means a subbundle of the original
vector bundle supported on a submanifold Ny C N. In this sense, our definitions of almost Dirac and Dirac structure are
slightly more general than those usually available in the literature. By ‘being closed’ with respect to the bracket we clearly
mean that the bracket of any two sections of 7N, extending sections of D, does not depend over Ny on the extensions
chosen and gives a section extending a section of D. This uniquely defines a bracket on sections of D which is known to be a
Lie algebroid bracket.

Since the projection pryy : 7N — TN is the left anchor for the Courant-Dorfman bracket, i.e.,

[X1 + a1, fXa + o) = FIXi + o1, Xo + 2]l + X1 () Xz + ), (32)
it is a straightforward observation that the bracket of extensions of sections of a subbundle D, supported on a submanifold
Ny of N, does not depend on the extensions if and only if

pry (D) C TNp. (3.3)

Indeed, if f is 0 on Ny, by (3.2) X; (f) must be 0 on Ny for any section X; 4+ oy which belongs to D along Ny. The condition (3.3)
we will call the first integrability condition for the Dirac-Lie algebroid. Under this condition the Courant-Dorfman bracket
restricts to

[+, - Np : Sec(D) x Sec(D) — Sec(TN). (3.4)
Then, the second integrability condition says that [[-, - ]| takes values in Sec(D):

[, - Tp : Sec(D) x Sec(D) — Sec(D) C Sec((TN)n,), (3.5)
which, according to (3.2) and (3.3), is sufficient to be checked on a generating set of sections of D:

[[ok, o1 1p € Sec(D) for {o;} C Sec(D) generating D. (3.6)

By definition, an almost Dirac structure is a Dirac structure if and only if it satisfies both the integrability conditions, (3.3)
and (3.6).

Remark 3.2. Suppose that an almost Dirac structure D satisfies the first integrability condition, i.e., the Courant-Dorfman
bracket [[-, - ]I, of sections of D supported on Ny is well defined. If we have chosen a subbundle K of 7N complementary to
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D over Ny, we can define the bracket
[-,- 1% : Sec(D) x Sec(D) — Sec(D) (3.7)

by projecting the value of [[-, - ]|, onto Sec(D) along K. Of course, if D is a Dirac structure, [[-, - ]]g does not depend on the
choice of K and is just the Lie algebroid bracket on sections of D.

In Geometric Mechanics there is often a need to use affine bundles and affine versions of algebroids [28-34] (affgebroids
in the terminology introduced in [29,30]). We will use the following concept.

Definition 3.1. Let A be an affine subbundle of a Lie algebroid E — M with the bracket [-, -] and the anchor p : E — TM,
supported on a submanifold S C M. Let V = v(A) be its model vector bundle viewed as a vector subbundle of E. We call A
an affine Lie subalgebroid in E, if the brackets of sections of A lie in Sec(v(A)), i.e., p(A) C TS (thus the bracket of sections of
Ais well defined over S) and [0, 0'] € Sec(V) forall o, o’ € Sec(A).

For a more extensive treatment of brackets on affine bundles we refer to [29,30] (see also [28,33,34]).
To consider also affine versions of (almost) Dirac structures, we propose the following (compare [29,30]).

Definition 3.2. An affine almost Dirac structure on a manifold N is an affine subbundle D of 7N, supported on a submanifold
Ny of N, whose model vector bundle v(D) C 7 N (canonically represented by a subbundle of 7"N) is an almost Dirac structure
on N. An affine almost Dirac structure is called an affine Dirac structure, if the Courant-Dorfman bracket of sections of D makes
sense (like the analogous concept for Dirac-Lie algebroids) and takes values in the set of sections of v(D), i.e., (3.3) is satisfied,
so that (3.4) is well defined and

[-, - Tp : Sec(D) x Sec(D) — Sec(v(D)) C Sec(7N). (3.8)
The following is straightforward.

Proposition 3.1. If D is an affine Dirac structure, then v(D) is a Dirac structure.

Now let F be a vector bundle over a manifold M. Since both, TF and T*F, are canonically double vector bundles, their
Whitney sum carries a structure of a canonical double vector bundle as well. From the general theory we easily derive the
following (cf. [13,14]).

Theorem 3.1. If F is a vector bundle over M, its Pontryagin bundle TF = TF @f T*F, canonically isomorphic to TF & T*F*,
is also canonically a double vector bundle structure with two compatible vector bundle structures: t; : TF — Fand 7, : TF

The core bundle of T°F, i.e., a vector bundle over M being the intersection of the kernels of the both projections, is in this case
canonically isomorphic to T*M @), F. Moreover, the fibration

(t1,72) : TF > F®&y TM @&y F*

is an affine bundle modeled on the pull-back core bundle, i.e., the core bundle T*M @y, F over M pulled-back to F &y TM &y F*
via the canonical projection F @y TM @&y F* — M.

Definition 3.3. We call a submanifold D of a double vector bundle its double vector subbundle, if D is a subbundle for each
of the two vector bundle structures.

Following the ideas of [ 14], one can easily prove that this means that the two Euler vector fields defining the double vector
bundle structure are tangent to D. One can also equivalently say that D is invariant with respect to both commuting families
of homotheties defined by the two vector bundle structures (cf. [14]).

Proposition 3.2. Let D be a double vector subbundle of a double vector bundle

K 2, K> (3.9)

ll’] lt{
’
©

Ki ——M

Then, D inherits a double vector bundle structure with projections onto vector bundles S; = t;(D), i = 1, 2, where S; is a vector
subbundle of K.

Proof. It is easy to see that the homothety h!, being the multiplication of vectors of the bundle 7; : K — K; byt € R,
coincides on K, with the homothety of the vector bundle K, — M. The submanifold D, being h}—invariant, has the base
S, C K, which is h[l -invariant, thus is a vector subbundle of K, — M [14, Theorem 2.3]. O
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Definition 3.4. A Dirac algebroid (resp., Dirac-Lie algebroid) structure on a vector bundle E is an almost Dirac (resp., Dirac)
subbundle D of 7E* being a double vector subbundle, i.e., D is not only a subbundle of 7; : TE* — E* but also a vector
subbundle of the vector bundle 7, : TE* — TM &y E.

Remark 3.3. The above definition gives an analog of linearity of a Poisson or a presymplectic structure.

We will consider also affine Dirac algebroids (Dirac affgebroids in short).

Definition 3.5. An affine Dirac algebroid on a vector bundle E is an affine subbundle D of 7E* whose model vector bundle
v(D) C TE* (represented by vertical vectors tangent to the fibers of D) is a Dirac algebroid. An affine Dirac algebroid is

called an affine Dirac-Lie algebroid, if D is an affine Dirac structure, i.e., if the Courant-Dorfman bracket of sections of D is a
section of v(D).

According to Proposition 3.1, if D is an affine Dirac-Lie algebroid, then v(D) is a Dirac-Lie algebroid.
Remark 3.4. We can consider other affine types of Dirac structures as well, defined on affine or special affine bundles, by

considering vector-affine bundles of different types (see e.g. [27]), but we skip these considerations here in order not to
multiply technical difficulties.

In view of Proposition 3.2, a Dirac algebroid D C 7 E* projects onto two vector subbundles: Php = 7;(D) C E* and
Velp = 75(D) C TM @y E, both based on a submanifold Mp of M, giving rise to a single projection,
™ = (z7, 1)) : D — Php @, Velp C E* &y (TM &y E), (3.10)

which, according to Theorem 3.1, is an affine bundle modeled on the core Cp of D pulled-back to Php @y, Velp, i.e., on
(Php @, Velp) X, Cp. Note that the core Cp is a subbundle (supported on Mp) of T*M @y E*—the core of the double
vector bundle TE.

We will call the first component in Php @y, Velp the phase bundle and the second—the anchor relation (or the velocity
bundle) of the Dirac algebroid D. The anchor relation is just a linear relation between vectors of E (‘quasi-velocities’) and
vectors tangent to M (‘actual velocities’) and gives rise to the anchor map

pp: TM &y E D Velp — TMp (311)

being the projection onto the first summand.
To express linearity of an almost Dirac (or Dirac) subbundle of 7E* in a more explicit way, consider adapted coordinates
(x°, &, x°, &, pc, ¥*) on TE*. The two commuting Euler vector fields are:

Vi = padhy + &, + '8y + X0,
corresponding to the vector bundle structure over E* with coordinates (x, £), and
V2 = Pady, + &ids; + £,
corresponding to vector bundle structure over TM @y, E with coordinates (x, X, y). The corresponding homotheties read
hi (6, €. X, &, pe, y) = (&, &, €50, 885, tpe, 1), (3.12)

h?(xaa %‘is )‘cb, Sjv De, yk) = (xas 551'7 kbv Séjv SPc, yk)s (313)
and a linear almost Dirac subbundle in 7'E* (Dirac algebroid) should be invariant with respect to both sets of homotheties.

Note that the canonical symmetric pairing is represented by the quadratic function Q (x, &, °, &, be, Y = pai® + y§
which vanishes on Dirac algebroids.

Example 3.1. The graph of any linear bivector field
1
= ECI-,;(X)Ekagi A g + pf (X)dg A Dy,

where cf = —cf, is a Dirac algebroid:
graph(IT) = {(x", &, X, &, pc. ) : & = pp(x)y*, & = cf(0y'& — pf (0)pa).

It is clear that Q vanishes on graph(I7). This graph is a double vector subbundle, since the constraint functions

R —pyt, & — Y&+ ol (X)pa (3.14)

are homogeneous with respect to the Euler vector fields Vq, V,. The phase bundle here is E* and the anchor relation
is actually the graph of the vector bundle morphism p : E — TM (the anchor map) given in local coordinates by
(x4, ¥ = (x°, ,of’ (x)y"). This means that skew-algebroids are particular examples of Dirac algebroids. We will call the
Dirac algebroids of this form, associated with a bivector field I7, IT-graph Dirac algebroids on E and denote it by D7. The
Dirac algebroid D7 is a Dirac-Lie algebroid if and only if IT is a Poisson tensor, i.e., if and only if we deal with a Lie algebroid.
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Example 3.2. The graph of any linear 2-form

Tk a b i b
w= Ecab(x)g-‘kdx A dX” + pp(x)d&; A dx°,

k _ ko . 2 1.
where ¢;; = —c;,, is a Dirac algebroid:

graph(w) = {(x, &, &, §, pe, ) 1 ' = (0K, pa = ¢y (&X" — py(0Ei).
It is clear that Q vanishes on graph(w). This graph is a double vector subbundle, since the constraint functions

Vo= L%, pa— b (0EX + pl(0E (3.15)

are homogeneous with respect to the Euler vector fields V1, V,. The phase bundle here is E* and the anchor relation is in
fact the graph of the vector bundle morphism p : TM — E given in local coordinates by p(x%, X*) = (x%, pj (x)X"). We will
call the Dirac algebroids of this form, associated with a 2-form w, w-graph Dirac algebroids and denote it by D,,. The Dirac
algebroid D,, is a Dirac-Lie algebroid (presymplectic Dirac-Lie algebroid) if and only if w is closed.

Example 3.3. The canonical Dirac-Lie algebroid Dy, = Dp,, = D,,,, corresponding to the canonical Lie algebroid E = TM,
belongs to the both above types. It is associated with the canonical symplectic form wy, on E* = T*M and, simultaneously,
to the canonical Poisson tensor [Ty = a),\j,1 on T*M. In our local coordinates, the equations defining Dy, are

x4 =y, & = —Dp.

Example 3.4. Suppose we have a Dirac (Dirac-Lie) algebroid D on E — M. Let us consider the extension Ey = E X R as a
vector bundle over My = M x R in the obvious way. Then, Ej = E* x R, TE; = TE* x TR, and T*Ej = T*E* x T*R. The
subbundle Dy = D x Ag in TE; = TE* x TR, where Ay is the affine subbundle in 7R defined by the constraint X, = 1 in
the natural coordinates (xq, Xg, pg) on TR, is an affine Dirac (Dirac-Lie) algebroid on Ey.

4. The structure of a Dirac algebroid

Let us start this paragraph recalling that any section ¢ : N — F of a vector bundle F — N (actually, of any fibration) is
uniquely determined by its image o (N)—a submanifold of F. We will denote this submanifold by [o].

Definition 4.1. Let K be a double vector bundle (3.9). We say that a section & : K; — K projects on the sectiono : M — Ky,
if T, projects [o] onto [o']. We will write ™ = o and call such & projectable.
We say that a section & : K; — K is suitable, if ['] is a vector subbundle of the vector bundle 7, : K — K;.

It is easy to see the following
Theorem 4.1. Any suitable section & is projectable and [™2] is the image under t, of the zero-section Ok, of t;. Moreover, the

set of suitable sections, Suit(K), is canonically a C*(M)-module and the module morphism [1,] : ¢ — & 2 is an epimorphism
onto Sec(K>).

Suitable sections which project on the zero-section of the bundle K, we will call 0-suitable. So the set Suity(K) of 0-suitable
sections is the kernel of the map [7,] : Suit(K) — Sec(K;). A standard argument shows that that the C°°(M)-modules
Suit(K) and Suity (K) are the modules of sections of certain vector bundles over M, Suit(K) and Suity(K), respectively, but
we will not go into details here.

All this can be applied to the situation of the Pontryagin bundle over the vector bundle E*,

TE —— > TM @y E (4.1)
" oM
and easily explained in our standard local coordinates (x, &;, X, éj, Pe, ¥). The image of a section & of 7; consists of points
(', &, (%, §), §(x, ), pe(x, §), Y (x. §)) € TE".
This section is projectable if and only if the coefficients X” and y* depend on x only,
=%,  Y=yw,
thus & projects onto the section
o) = (XX, ¥ ®)
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of TM @y E. Since being a vector subbundle means exactly being a submanifold invariant with respect to homotheties [14],
o is suitable if the submanifold

[G] = {(x, & X (x, &), §(x, &), pc(x, ), y*(x, £)) € TE*}
is invariant with respect to homotheties (3.13), i.e.,

:g”(x, s€) = xf’(x, £), Y& st) =y"x8),

Ei(x,s6) = sEj(x, &), pc(x,SE) = spc(x, &).

As smooth homogeneous functions are linear, we get finally that X” and y* do not depend on £ (& is projectable) and that éj
and p, linearly depend on &,

(. &) =EWE&,  pc(x &) = pLE. (42)
Recall that the section & is X + «, where the vector field on E* reads

X =%(x, &)0p + &(x, £)d;
and the 1-form « is

@ = pe(x, £)dX + Y (x, £)dé.
Since linearity is measured by homogeneity with respect to the Euler vector field in the bundle, this implies immediately
the following.
Theorem 4.2. Let V be the Euler vector field in the vector bundle E*. A section X + « of 71 : TE* — E* is suitable if and only if
LyX =0and Lya = «.

Such vector fields and 1-forms are sometimes called, with some abuse of terminology, linear. Hence, X + « is suitable if
and only if X and « are linear. This allows one to identify the bundle Suit(7 E*) with Der(E) @y (Der(E)* ®y E) with Der(E)
being the bundle of quasi-derivations (or derivative endomorphisms or quasi-derivations) in E (see [35]). We will not go into
details here.

A fundamental observation is now the following.

Theorem 4.3. If 0;, i = 1,2, are suitable sections of TE*, then [[51, 521 and d (G1|5,) are suitable. Moreover, if &, is
additionally 0-suitable, then [[o7, 0> ] and

[6, 011 — 2d(51153)

are O-suitable.
In particular, suitable sections of TE* are closed with respect to the Courant-Dorfman bracket and 0-suitable sections form a
left-ideal inside.

Proof. If X; and o; are linear, i = 1, 2, then of course [X;, X;] and £x, oy — ix, o1, as well as d (ix1 oy + ixzocl), are linear. To
find the projection [[o7, 6> ™ in coordinates, let us write

F1(x, &) = XXy + [ 0& 0 + Y (0dEi + g (g dx,
&%, £) = X (03 + ) (08, + 7 (0d& + (05 dx.

Then, direct calculations of the Courant-Dorfman bracket show that [, 0, ]|? is represented by the tensor

axb axb

b . .
.0 2c OXP B0V Y i b
<xc" 5 ") ) + (xbi —RY gy +x"g;,> (x)d&. (43)
Ifiandyare 0, we get 0.If x and y are 0, we get
i ozb g ~ i~ ot
0 +x gp)(0)d& = 2(d(G1]52))™. O

Itis clear that having a double vector subbundle D, e.g. Dirac algebroid, we can consider suitable sections of D in the same
manner. As the scalar products (c1|55) vanish for sections of a Dirac algebroid, out of Theorem 4.3 we can easily derive the
following. Let us fix a Dirac algebroid with an anchor relation Velp inducing an anchor map pp : Velp — TMp.

Theorem 4.4. If D is a Dirac algebroid satisfying the first-integrability condition, then the Courant-Dorfman bracket induces on
the module of suitable sections of D a skew-symmetric bracket

[, - Tp : Suit(D) x Suit(D) — Suit((TE*)pnp)
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such that
51,52 Ip = flI51, 52 Ip +op(3,2) ()52

forall f € C*°(Mp). Moreover, if one of the sections is 0-suitable, the resulted bracket is 0-suitable.

In the case when D is a Dirac-Lie algebroid, the Courant-Dorfman bracket is a Lie algebra bracket on Suit(7E*) for
which Suity (7 E*) is a Lie ideal and turns the bundles Suit(D) and Suito(D) into Lie algebroids. Moreover, in this situation, as
Suit(D)/ Suitg(D) =~ Sec(Velp), we get a Lie algebroid bracket on the anchor bundle Velp that gives rise to a canonical short exact
sequence of Lie algebroids associated with the Dirac-Lie algebroid D.

0 — Suitg(D) —> Suit(D) — Velp —> 0.

In the case of a Lie algebroid E associated with a linear Poisson structure /7 on E* the Lie bracket of sections of E can be
recognized inside the Lie algebroid on sections of D7 as the bracket of sections I7(«) + «, associated with ‘linear 1-forms’
@, in coordinates o = y'(x)d&;. The above theorem provides a generalization of this fact and, for each Dirac-Lie algebroid,
describes the induced Lie algebroid structure on its velocity bundle.

The next theorem characterizes the core bundle of a Dirac algebroid in terms of its anchor relation.

Theorem 4.5. The core bundle Cp C T*M @y E* of a Dirac algebroid D C T E* is the annihilator subbundle VeIO C T"M &dy E*
of the anchor relation Velp C TM @y E.

Proof. To an element d € D that projects onto (71, 72)(d) = (uy, vx) We can add any element u, of the x-fiber of the core
not changing the projections, so, due to isotropy, (vy, ux) = 0 for all v, € (Velp)x and Cp C Velg. The equality follows from
the conditions on the rank. In coordinates, d is represented by

d = X3 + fidg, + y'd& + godx”
and
Uy = g‘ia& + padx®.
Since (d|d) = 0 and (d + uy|d) = 0, we have (15 (d), u,) = 0, i.e.
X'pa+y&=0. O
In order to describe the local form of a Dirac algebroid D, note first that, since an arbitrary Dirac algebroid D C TE* is

the restriction to the phase bundle Php C E* of a Dirac algebroid supported on the whole bundle E*, we can assume at the
beginning for simplicity that Php = E*. As the Pontryagin bundle 7 E* is, as the bundle over the projection

(7.'1, 7.'2) . 'TE* — (TM @M E) @M E*
an affine bundle modeled on the pull-back bundle of the core bundle T*M &), E* (Theorem 3.1), we can write
E* >~ (E* @&y TM @ E) X (T*M @y EF). (4.4)

Note that the product x; in the above expression is not canonical, but it can be used to express the fact that we can add
elements of T;M @ E; to elements of E; ® T,M @ E, and to serve for introducing local coordinates Instead of the coordinates
we have already used it will be more convenient to introduce affine coordinates (x*, n', 7)) in M @ E, and dual affine
coordinates (x%, &, ;1) in T;M @ E;, so that (n',7) represent linear coordinates in fibers of the anchor relation VeID and its

(non-canonical) complementary subbundle V, T,M & E, = Velp @y V, respectively, and the coordinates (¢;, ;“]) are linear
coordinates in the annihilators T;M @ E; = VO @y, Vel?, respectively. Note that VO represents the dual bundle Velj.
The points of D then satisfy 77 = 0. Since we can add elements of the core G, = Vel?, coordinates ¢; are arbitrary.

Therefore, there are sections &; of D associated with the canonical local basis o; of sections of Velp, r)"/ (oi(x)) = (Sf/, which
read

ai(xa5 Ej) = (Xaa S]v Ui/ = 855 05 ;i’ = Cl'ii/(x)%-j’ 0)

Due to isotropy, we have skew- symmetry c’ x) = —c’ .(x). Now, we can add linear constraint Php in E* by introducing
affine coordinates, say (x, X, &, S) such that Php is expressed byXx =0, S = 0. In this way we get the following

Theorem 4.6 (Locai form of a Dirac Algebroid). In the introduced local affine coordinates the Dirac algebroid D consists of points
(XX, §, 8, 0,7, ¢, ) for which

=0, £=0, 7=0 &G=dn%. (45)

Moreover, ¢, (x) = —cl.(x).

Tk
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Let us note that the above constraints can be viewed as a common generalization of (3.14) and (3.15). The functions cfk
play the role of structure functions and 7 = 0 defines the anchor relation. We can write (», %) as linear functions of variables
(x,y) and (¢, ;) as linear functions of (p, E) (with coefficients being functions of x) to derive constraints

T %y) =0,  &(xp,&) + ch®n*x, X, )& = 0. (4.6)

Example 4.1. For the I7-graph Dirac algebroid as described in Example 3.1 we have
n=y. W =%-p0y  G=§+00p  T=p
and the Eq. (4.6) read

=0y =0, &+ p(®Ipa+ Xy =0,
exactly as in (3.14).

5. Induced Dirac algebroids

In this section we will show how appropriate linear (or affine) ‘nonholonomic constraints’ in the velocity bundle Velp give
rise to new (induced) Dirac algebroids. These constructions may be viewed as a generalization of the similar construction
for the canonical Lie algebroid E = TM in [24].

Consider a Dirac algebroid D C 7E* and let V be a vector subbundle of the velocity bundle Velp C TM @y E supported
onS C Mp C M.LetV = () '(V) be the restriction of the vector bundle 7 : D — Vel to the submanifold V in the base,
and let V° C T*M & E* be the annihilator of V. Of course, V° is supported on S as well and V° > vel? = Gp. Since T"M @ E*
is the core of 7 E*, we may add vectors from V° to vectors of the vector bundle 7; : 7E* — E* not changing any of two
projections. In this sense, DV = V 4 V% is again a double vector subbundle of 7E* which is no longer D, but still projects on
V via 15, and on Php via t;.

Theorem 5.1. The double vector subbundle DV in TE* is a Dirac algebroid on E.

Proof. The subbundle D isisotropic by definition, since Vis isotropic as a subbundle of D, and V' is isotropic and orthogonal
to V. The rank of this bundle is maximal, since first we lose rank by dim(Velp/V) and then we gain dim(VO/VeIg) =
dim(Velp/V). O

Definition 5.1. We will call the Dirac algebroid D" the Dirac algebroid induced from D by the subbundle V C Velp.

Quite similarly, we can induce affine Dirac algebroids using an affine subbundle A of Velp based on a submanifold
S C M.LetV = v(A) be its model vector bundle viewed as a vector subbundle of Velp. Let us put A= (r2 )~1(A), and
let VO C T*M @ E* be the annihilator of V. The vector subbundle A of 70 : D — Velp is simultaneously an affine subbundle
of rf : D — Php, thus vector-affine subbundle. Similarly as above, D* = A+ VOis again a vector-affine subbundle of 7E*
which still projects on A via 7,, and on Php via 71. Analogously to Theorem 5.1 one can prove the following.

Theorem 5.2. The vector-affine subbundle D in 7E* is an affine Dirac algebroid on E.

Definition 5.2. We will call the affine Dirac algebroid D? the affine Dirac algebroid induced from D by the affine subbundle
AC VeID.

Example 5.1. Consider a Dirac algebroid D7 on a vector bundle T : E — M, associated with a linear bivector field IT on
E*. Since the anchor relation Velp,, is in this case the graph of the anchor map p : E — TM, subbundles V of Velp, may be
identified with subbundles Vo of E, V = {p(v) + v; v € Vp}. .

It is convenient to see all this in local coordinates (x?, &, x°, &, pe, ¥ in TE*. We may choose local coordinates in
x?) = (x*, %" in M, so that S is given locally by ¥ = 0. Let us also use lmear coordinates (y') in the fibers of E,
so that y = (y') = 0, y) and the subbundle V; is defined by the constraint y) = 0. On TE* we have then local
coordmates % 51, De, V', y) where we have also decompositions (&) = (&, ék) and (E,) (&, &) associated with
the decomposition (y') = (¥, y'). The double subbundle V is defined by the constraints (cf. Example 3.1)

V= {0 &, 8,6, p,y) ¥ =0,y =0,2 = pP 0y, & = I, (0y'E — pL(X)pa).

The pomts (x“, pp, S,) of T*M @y E* belong to VC if and only if ¥* = 0 and Db, bx)yt +§Ly = Oforall (y*), thus %1 = —p, bx)py
and S, are arbitrary. As the first condition agrees with the original constraints, we get the final constraints defining DV

=0 X=pWy, & =d ®yE—pi®p., Y =0, (5.1)

as adding V° makes & arbitrary.
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Let us assume now that /T is a Poisson tensor, i.e., D7 is a Dirac-Lie algebroid. The first integrability condition for D}’7 is
now prop« C TES, ie, X* = pP(x*, 0)y* = 0 for all y*, thus
pE(x*,0) = 0. (5.2)

To check the second integrability condition, let us note first that DY is locally generated by the sections 0y and Ry, =
I1(d§,) + d&,. Since, by the assumption that I7 is Poisson,

[Re,, Re, I = Rrqaz, ag, )
Ith components of d(I7(d&,, d&))) must vanish along El’g, ie.,

cl/(x*,0) = 0. (5.3)

The vector fields d;, commute, so it remains to check whether [[9g,, R¢, || are sections of D}; over E. But

[0s,, Re 1 = [0, TT(dE)] (5.4)
and, according to (5.2),

T(dg)(x*, 0, &) = ¢, (", )& 3y + 1 (X, 0, &),
for some functions f "' Hence
85, Re, 1(x*, 0, &) = B, (F')(x*, 0, £)dg, .

so that the expression in (5.4) is spanned over E; by d¢,. Thus we get that D% is a Dirac-Lie algebroid if and only if (5.2) and
(5.3) are satisfied. This, in turn, means that Vj is a Lie subalgebroid in the Lie algebroid on E associated with I7, so V is a Lie
subalgebroid of the Lie algebroid Velp—the graph of the anchor map.

Theorem 5.3. If Dy is a IT-graph Dirac-Lie algebroid, then DY, is a Dirac-Lie algebroid if and only if V is a Lie subalgebroid of
VeID.

Example 5.2. A particular case of the above example is the canonical Dirac-Lie algebroid Dy,. In this case we recover the
induced Dirac structure considered in [24], i.e., the set
Dy = {(X + @) € TT'M @ren T'T*M; X € (Trm) ™' (Vo), YW € (Tm) ™' (Vo) : (@, X) = om(X, W)},

where wy, is the canonical symplectic form on T*M. Let us show that this indeed is the case.
According to our definition the canonical Dirac-Lie algebroid Dy on the cotangent bundle is given by the canonical
Poisson structure ITy or the canonical symplectic structure wy, on T*M, i.e.,

Dy = graph(/1y) = graph(wpy).

The velocity bundle Velp,, C TM @y TM is in this case the graph of the identity map on TM, the phase bundle Php,, is the
whole cotangent bundle T*M and the core Cp,, C T*"M @y T*M is the graph of the minus identity map on T*M.

Any subbundle V of the velocity bundle is given by a subbundle V, of the tangent bundle TM and is of the form
V = {v+ v; v € Vp}. Then we get

V=@M (V) = X+ auX) € TTM : Ty (X) € Vo).
The annihilator V° consists of all pairs of covectors (¢, 1) at the same point in M such that ¢ 4+ ¥ € (V,)°. Since the
induced Dirac structure is Dy, = V + V°, we have that
Dy = {(X + ) + (@mX) + ¥); Tam(X) € Vo, ¢ + ¢ € (Vo)°).

The “+4” sign in brackets in the above formula stands for adding an element of a core to an element of the double vector
bundle. To compare D,\‘C, with the Dirac structure considered in [24] let us observe, that the projection of D,VV, on TT*M gives
the whole (Tm);) ~! (V). Adding elements of a core of a double vector bundle does not change projections, therefore adding ¢
to X produces another element Y of (Try) ™! (Vp). Since @y is a double vector bundle isomorphism, it respects the structure
of the double vector bundle. In particular, it maps the core of TT*M to the core of T*T*M. Both cores are isomorphic to T*M,
and wy, restricted to the core is the identity map. We have

om(Y) + ¢ = onX +¢) + ¥ = onX) + (¢ + V),
SO
Dy, = {X + (@mX) + ¥); Tam(X) € Vo, ¥ € (Vp)°}.
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Evaluating @y (X) 4+ ¥ onany W e (Tmy)~'(Vg), we get that
(omX) + ¥, W) = (ou(X), W) + (¥, Tay(W)) = (on(X), W) = ou (X, W),

thus D,‘(,, C Dy. For dimensional reasons the inclusion is in fact equality.
6. Lagrangian and Hamiltonian formalisms based on Dirac algebroids

6.1. Implicit differential equations
Let us start with an explanation what we will understand as implicit dynamics on a manifold N.

Definition 6.1. An ordinary first-order (implicit) differential equation (implicit dynamics) on a manifold N will be understood
as a subset D of the tangent bundle TN. We say that a smooth curve y : R — N (or a smooth path y : [to, t;] — N) satisfies
the equation P (or is a solution of D), if its tangent prolongation y : R — TN (resp., ¥ : [to, t1] — TN) takes values in D.
We call a curve (or a path) ¥ in TN admissible, if it is the tangent prolongation of its projection Yy on N.

According to the above definition, solutions of an implicit dynamics £ on a manifold N are projections Yy of admissible
curves Y lying in D. Note, however, that different implicit differential equations may have the same set of solutions. First of
all, if D is supported on a subset Ny, Ty (D) = Ng, only vectors from D N TNy do matter, if solutions are concerned. Hence,
D’ = D N TNy has the same solution as D, and D C TNy is the first integrability condition. Of course, replacing £ with O’
may turn out to be an infinite procedure, but we will not discuss the integrability problems in this paper.

All this can be generalized to ordinary implicit differential equations of arbitrary order. In this case we consider £ as
a subset of higher jet bundles, the n-th tangent bundle T"N in case of an equation of order n, and consider y as a solution
when its n-th jet prolongation takes values in D. If we call the n-th jet prolongations admissible in T"N, then solutions of D
are exactly projections Yy to N of admissible curves (or paths) ¥ in T"N lying in D.

Remark 6.1. The implicit differential equations described above are called by some authors differential relations. Let us
explain that we use the most general definition, not requiring from £ any differentiability properties, since in real life
the dynamics £ we encounter are often not submanifolds. This generality is also very convenient, as it allows us to skip
technical difficulties in the corresponding Lagrangian and Hamiltonian formalisms. Of course, what is an encumbrance in
defining implicit dynamics can be very useful in solving the equations, but in our opinion, solving could be considered case
by case, while geometric formalisms of generating dynamics should be as general as possible. Note also that for any subset
N of amanifold N the tangent prolongations TNy, T>Ny, etc., make precisely sense as subsets of TN, T2N, etc. They are simply
understood as families of the corresponding jets of appropriately smooth curves in N which take values in Ny.

Admissibility of a path in TN has a natural generalization for paths y in an algebroid E. This concept plays a fundamental
role in the ‘integration’ of Lie algebroids to Lie groupoids [36] and appears as natural consequence of the algebroid version
of the Euler-Lagrange equations [23,17]. We propose the following extension of this concept to Dirac algebroids, which
reduces to the standard definition for /7-graph Dirac algebroids and Lie algebroids.

Note first that given a smooth curve or path y with values in E we have a unique ‘tangent prolongation’ of y to a curve
(or path)y : R — TM @y E (resp., ¥ : [to, t1] — TM @y, E), defined in an obvious way by

7O =ym® &y, (6.1)
where y), is the projectionof y to M, yyy = T 0 .

Definition 6.2. Let D be a Dirac algebroidon 7z : E — M and let Velp C TM @y E be its anchor relation. We say that a curve
y : R — E (orapathy : [ty, t;] — E)is D-admissible, if its tangent prolongation ¥ takes values in Velp,

Vit eR[P() = yult) + y(t) € Velp C TM @y E].

Remark 6.2. It is easy to see that in the case of a I7-graph Dirac algebroid, when Velp is the graph of the anchor map
p : E — TM, acurve y in E is D-admissible if and only if p(y (t)) = yu(t) that coincides with the concept of admissibility
for Lie algebroids. In particular, for the canonical Lie algebroid E = TM and the corresponding canonical Dirac algebroid
Dy, a curve y in TM is Dy-admissible if and only if it is admissible, i.e., it is the tangent prolongation of its projection y) on
M,y () = yu(0).

6.2. Phase dynamics, Hamilton, and Euler-Lagrange equations

Our experience in working with (constrained) systems on skew-algebroids [23,17] suggests the following approach. Let
us fix a Dirac algebroid D on a vector bundle E,

D C -|—*E>,< @E* TE* ~ T*E @E* TE*
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In generalized Lagrangian and Hamiltonian formalisms we will view D as a differential relation
ep : T'E —> TE*

or
Bp : T'E* — TE*,

respectively. We use the symbol ‘—>’ to stress that we deal with relations having domains in T*E or T*E* (not necessarily
the whole T*E or T*E*) and with ranges being subsets of TE*. Note that ep = fp o R, and Bp is a relation over the identity
on the support of D in E*—the phase bundle Php. The bundle E plays the role of the bundle of generalized velocities (quasi-
velocities), and its dual, E*, the role of the phase space.

A Lagrangian function L : E — R and a Hamiltonian H : E* — R give rise to maps associated with their derivatives,
dL : E — T*E and dH : E* — T*E*, respectively. The Lagrangian produces the phase dynamics ep[dL] as the image of E
under the composition of relations A}, = ¢p o dL:

ep[dL] = AL(E) C TE*. (6.2)

The relation Ag we call the Tulczyjew differential of L. Similarly, when using the composition of relations q)g = fBp odH,

that projects onto the relation x,’} = Tpx O qbg being the identity on a subset of E*, the Hamiltonian dynamics generated by
the Hamiltonian H is defined by

BoldH] = @f (E*) C TE*. (6.3)

The phase dynamics ep[dL] associated with the Lagrangian L has a Hamiltonian description, if there is a Hamiltonian H with
the same dynamics, ep[dL] = Bp[dH].
Of course, the actual phase spaces associated with L and H are projections of the phase dynamics on E*, PhLD = tex(ep[dL])
and Ph! = ¢+ (Bp[dH]).
Since, as easily seen, the projection of the relation A%, = gp odLtoE @y E* is actually a function,
)\.é = Tg* O AL = T*T o dL\VeIE’

called the Legendre map associated with the Lagrangian L. The domain of the Legendre map will be denoted VeILD and called
the Euler-Lagrange domain. It is easy to see that PhLD is the image of the Legendre map

Ah = Tgx 0 At E D Vel — Phl, C E¥,
and the Legendre map is the restriction of the vertical derivative d'L : E — E* to
Vel = {v € prg(Velp) : d"L(v) € Php}. (6.4)

In local coordinates,
. oL
d'L(x,y) = X oY) ).
y

If D is a IT-graph Dirac algebroid, then Velt = E.

The diagram for the corresponding Tulczyjew triple containing: T*E (the Lagrangian side), the canonically isomorphic (via
R.)double vector bundle T*E* (the Hamiltonian side), and TE* (the phase dynamics side) is the following (here, the arrows
denote relations):

Rr
8
T*E ® TE* D THE* . (6.5)
7 ~..
Ay T ol
dL TE e Tg* Tl dH TTgx
L H
E= " E* i ~E*

The Euler-Lagrange equation associated with L will be viewed as an implicit dynamics on E. It will make sense for curves
in E taking values in the Euler-Lagrange domain VeILD CE.

Definition 6.3. We say thatacurvey : R — Velf) satisfies (or is a solution of ) the Euler-Lagrange equation, if y is Ag-related
toan admissilale curve ¥ in TE* (i.e, ¥ is the tangent prolongation of its projection y« onto E*). In particular, y is A} -related
to the curve g+ which satisfies the phase equation.
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To describe the Euler-Lagrange equation explicitly, consider the tangent prolongation of the relation A%,
TA = Tep o TdL : TE —> TTE*.

In TTE* we can distinguish holonomic vectors, i.e., vectors X,, € T, TE* such that v equals the tangent projection of X,, onto
TE*,ie. v = Tte+(X,). The set of holonomic vectors can be seen as the second tangent bundle T2E*. We define the (implicit)
Euler-Lagrange dynamics as the subset of TE defined by the inverse image

& = (TAp)~'(T°E") C TE.

Theorem 6.1. Ifa curve y : R — E satisfies the Euler-Lagrange equation, then its tangent prolongation takes values in 83. In
particular, y is D-admissible.

Proof. Let  be an admissible curve, J = ¥, contained in ep[dL] and Apb-related to y. Then, its tangent prolongation y is
TA%,—related to the tangent prolongation y of y. But ¥ is the 2-tangent prolongation of ¥+, thus lies in T2E*. O

Note that the converse is ‘almost true’. Indeed, if y lies in T(A%,)*1 (T2E*), we only need to know that we can pick up a
curve in T2E* being TAf)—related to y. This can be assured, for instance, by some smooth transversality assumptions. As we
do not want to consider these questions here, let us only mention that the converse of Theorem 6.2 is always true in the
case when ALD is a map, for instance for I7-graph Dirac algebroids.

Remark 6.3. Let us observe that in our setting the Euler-Lagrange equation is a first-order equation on E, in full agreement
with the fact that the Hamilton equation is first-order as well. In the standard setting, the Euler-Lagrange equation is
viewed as second-order, but for curves in the base M. This can be explained as follows. The solutions of the Euler-Lagrange
equations are always D-admissible. In the case of the canonical algebroid E = TM the admissible curves in TM are exactly the
tangent prolongations of curves in the base M, thus we may view the corresponding Euler-Lagrange equations as first-order
equations on tangent prolongations, so second-order equations for curves on the base.

6.3. Hyperregular Lagrangians

Let us assume that we have a hyperregular Lagrangian L : E — R, i.e,, such a Lagrangian that its vertical derivative
£ = d'L : E — E*is a diffeomorphism. For instance, L can be of mechanical type, being the sum of a ‘kinetic energy’
(associated with a ‘metric’ on the vector bundle E) and a potential (a basic function). It is well known [23] that in this case
the Hamiltonian H : E* — R defined by

H=(Ve(l) = L)o g™, (6.6)

where Vi is the Euler vector field on the vector bundle E, defines the same Lagrangian submanifold in T*"E* as Lin T*E, when
we identify canonically both bundles:

dH(E*) = R, (dL(E)).

In local coordinates, & = aa—yLi(x, y) and

Hx, £) = & y'(x, &) — L(x, y(x, §)).

It is then easy to see that the Legendre map A,LJ is a diffeomorphism of VeILD on PhLD, and that the phase dynamics associated
with L and H coincide.

Theorem 6.2. If L is a hyperregular Lagrangian, then, for any Dirac algebroid D, the phase dynamics ep[dL] coincides with the
phase dynamics Bp[dH] for the Hamiltonian H defined by (6.6). In this sense, for hyperregular Lagrangians, the Lagrangian and
Hamiltonian formalisms are equivalent.

6.4. Constraints

Nonholonomic linear (or affine) constraints in our Dirac algebroid setting are understood as represented by vector (affine)
subbundles V of the velocity bundle Velp. This could look strange at the first sight, but it becomes quite natural, if we recall
that the solution of the Euler-Lagrange equations are admissible curves y in the bundle E of quasi-velocities. Since there
is a canonical tangent prolongation p of y, with ¥ lying in Velp, the constraint V gives us equations for y with p in V. The
general principle is the following.

Definition 6.4 (Nonholonomic Constraints). The phase dynamics and the Euler-Lagrange equations for a constrained
Lagrangian system on a Dirac algebroid D over a vector bundle 7 : E — M, and associated with the LagrangianL : E — R
and the linear (affine) constraint bundle V' C Velp, is the dynamics associated with the same Lagrangian but on the induced
Dirac algebroid DY over E.
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Another type of constraint we can consider in our setting are vakonomic constraints represented by a submanifold (not
necessary an affine subbundle) C of E (cf. [37]). Let us recall that with any submanifold C of E and any functionL : C - R
we can associate a Lagrangian submanifold [dL:] of T*E defined by

[dilc] = {n € T;‘E :yeCandVv € T,C (n,v) = (dL(y), v)}. (6.7)

We can view [dLc] as a relation [dL¢] : E — T*E. Now we can define the constrained phase dynamics and the Euler-
Lagrange equations completely analogously to unconstrained ones, but replacing the relation dL(E) with [dLc].

Definition 6.5 (Vakonomic Constraints). The phase dynamics for a constrained Lagrangian system on a Dirac algebroid D
over a vector bundle t : E — M, associated with the Lagrangian L : E — R and a vakonomic constraints represented by a
submanifold C of E, is the dynamics represented by the subset ep([dL¢]) of TE*. We say that a curve y : R — [dL¢] satisfies
the vakonomically constrained Euler-Lagrange equation, if y is ep-related to an admissible curve in TE*.

Remark 6.4. Note first that, by definition, the phase dynamics for vakonomic constraints depends on the restriction of the
Lagrangian L to C only. Second, we recover the old dynamics in the unconstrained case, as dL(E) = [dLg]. This can look
strange at first sight that we define a solution of the Euler-Lagrange equations as curves in [dL¢] and not in Velp C E, but
when the constraints are absent there is no real difference between Velp and [dLy,, ], since the projection 7 establishes
a diffeomorphism. In the presence of a constraint we no longer have this diffeomorphism. Of course, we could say that a
curve in Velp satisfies the constrained Euler-Lagrange equation, if it is a projection of an appropriate curve in [dLc¢], but our
approach seems to be more natural. It could happen that one curve is the projection of different curves in [dL¢] that is a
geometric interpretation of the presence of ‘Lagrange multipliers’.

7. Examples

Example 7.1 (Mechanics on a General Dirac Algebroid). The very general scheme of the phase or the Euler-Lagrange dynamics
on a Dirac algebroid D C 7 E* can be described in local coordinates as follows. Let us choose the standard adapted
coordinates (slightly reordered) (x, &, x, y, p, £) in 7E*. Starting with a Lagrangian L : E — R we can define the associated
subset [dL] in 7E* as consisting of points with coordinates for which £ = (%(x, y) and p = —2(x, y). Next, we intersect
[dL] with D getting the (implicit) Euler-Lagrange equations defined by the following relations (in coordinates of (4.6)):

oL .
(x, @(X, y)) € Php, 7(x,%,y) =0, (7.1)

( X >3<%< )))M()k( 1)k %, y) =0 (7.2)
gi| X, ™ x,y,dt oy X,y xCOnN (X, X,y oy x,y) =0. .

Similarly, starting with a Hamiltonian H : E* — R and defining the subset [dH] by putting the constraints y = ‘;—? (x, &) and
p= % (x, £), we get after intersecting with D the following (implicit) phase dynamics

~( . OH
(x,6) ePhp, 7 (x, X, g("’ E)) =0, (7.3)
9H . 4 . OH
;i (X, a(x» E)v é?) + dk(x)nk <X7 X, g(’“ é)) S] =0. (74)

For the canonical Dirac algebroid Dy, we have in adapted coordinates % = X% — y%, ¢, = éa + pa, and Cl-’]‘» = 0, so we get the
standard Euler-Lagrange

dx“ . d /oL oL

Frinte E(a?) (x,y)zﬁ(x,y)
and Hamilton

dg, 9H dx*  9H

E=—ﬁ(&5)a E=87§b(x’§)

equations. Changing the symbols y, & for velocities and momenta into the standard ones, x, p, we end up with the traditional
Euler-Lagrange and Hamilton equations.

Example 7.2 (Pontryagin Maximum Principle for General Dirac Algebroids). Starting with a general Dirac algebroid as above,
let us impose a vakonomic constraint C C E parametrizedbyf : MxU — C,with U being a manifold of ‘control parameters’.
In local coordinates (x, y) in E and u in U, the parametrization yields y = f (x, u). Note that, classically, forE = TM andy = %,
the constraint C represents the differential equation x = f (x, u).
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A Lagrangian L : C — R may be seen now as a functionL : M x U — R, and [dL¢] consists of points (x,y, p, £) € T'E
(we skip the indices) such that

aL of of dL
= , , = — — -, - = . 75
y=Ffxu p=- =& 5 = 3u (7.5)
The above identities define a subset [dL¢] in 7E* which, similarly as above, leads to implicit Euler-Lagrange equations
(x,€) € Php, (%, %, f(x,u)) =0, (7.6)
of oL . : .
Gl% 6 — =) & ) +Gon (&, f(x, w)E =0, (7.7)
ox  0x
constrained additionally by
. of oL _0 (7.8)
ou  u '
Let us note that Egs. (7.6) and (7.7) are the same as the Hamilton Eqs. (7.3) and (7.4) with the Hamiltonian
H(x,u, &) =§ - f(x,u) — L(x, u) (7.9)

depending on the parameter u. Moreover, the Eq. (7.8) reads % (x, u, &) = 0 that is an infinitesimal form of the Pontryagin
Maximum Principle (PMP): our solutions choose control parameters which are critical for the Hamiltonian. The whole
picture is an obvious generalization of (PMP), this time for Dirac algebroids, of course in its smooth and infinitesimal version.

Example 7.3 (Mechanics on Skew Algebroids). Consider the Dirac algebroid D7 associated with a linear bivector field /7 on E¥,
as described in Example 3.1. Since in this case Dy is the graph of the map /7, the relation ¢p,, is a map. Hence, ALDn = gpyodL

is also a map ALD[7 : E — TE* which in local coordinates reads

AL &y =« %u ), pE(R)YY, ck(x) iﬁ(x )+ “(x)ﬂ(x ) (7.10)
by X5 Y) = oy 2 ¥), P (XY, ¢ yayk 2wt ROl .

The Legendre relation ALDH is also a map which reads

)\L (xa i a %
D »Y) - X ’ ayi(x».]/) . (7'11)

Let y (t) = (x(t), y(t)) be a smooth curve in E. Since y = ALDn o y is the only curve in TE* which is A,L)n -related to y, the
latter satisfies the Euler-Lagrange equation if and only if ¥ is admissible, i.e., y = Z In local coordinates,

T = opr's (2L 0 y) = oy TE ) + 00 () (7.12)
— X =p @y, ——= )&y =c®y—&, ) —(x,y), .
dt POV qe gy ) 00 = GOV e D 05 Y
in full agreement with the Euler-Lagrange equation for Lie (and general skew) algebroids as described in [23,17,8,9,6]. Note
that we do not assume any regularity of the Lagrangian. -

As for the Hamilton equations, let us note that also in this case the relation fp,, is a map, fp, = I1,

O, &, pp.y) = (X, &, pp (XY, ¢ (Y& — pf (X)Pa). (7.13)
The corresponding phase dynamics are explicit and associated with the Hamiltonian vector field
‘ oH 0, OH b, OH
X (%, 8) = (08— (%, §) — I - (X, €) | 3 + pP () (X, )dg, (7.14)
8&- ax¢ 851
ie,
§ = (cteos s o) — P00 1 (x, 6) ¢ = ot 2 (x, £)
i=|c®E—K, &) — pi'(x) — (x, X =pX)—(x,&).
RN T % AT

In the particular case of the canonical Lie algebroid E = TM, we can take for coordinates y in the fiber the coordinates
x% induced from the base. As now cj. = 0 (coordinate vector fields commute) and p§ = §; (the anchor map is the identity),
we get the traditional Euler-Lagrange equations

& . d <8L

de - de \owe

AL
) (Xa X) - ﬁ(xa X)7
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as a particular case. Also the Hamilton equations become completely traditional in coordinates & replaced by the
corresponding momenta:
oH b

= X, D), X = X, D).
Da 9 p s p

Example 7.4 (Mechanics on Presymplectic Manifolds). Consider the Dirac algebroid D, associated with a linear 2-form w on
E*, as described in Example 3.2. Since in this case D,, is the graph of the map @ : TE* — T*E* ~ T*E, the implicit phase
dynamics associated with a Lagrangian and a Hamiltonian are inverse images of the images of dL and dH, respectively. In
coordinates,

. . S oH
poldH] = {(Xa, £,%,§)  py(0x* = E(X £), chy&X — py(0& = ﬁ(x, E)}

and
a Wb £ oL i ()50 ik ob i g oL
epldl] = {(x", &, %, &) : Ty | & = a—y,.(x,y),pG(X)x =Y, X — p ()& = ﬁ(x,y) .

The implicit Euler-Lagrange equations (Euler-Lagrange relations) take the form

x4

Of course, for the canonical symplectic structure wy = dp, A dx® on E* = T*M we get the classical dynamics as above.
But also in the case of a regular presymplectic form of rank r,

w = dea A dx?,

a<r

Poodxe i iood (aL e odx? 9L oL
PaX) G- =Y. ) oy (*x.y) = cg X)E(X)a—w(x,y)——(x,y). (7.15)

we get the equations for the presymplectic reduction by the characteristic distribution to the reduced symplectic form: the
coordinates x? and x® with a > r are simply forgotten,

d /oL x. %) 8L( ), _
— = )&% =——((xx a<r.
dt \ 9x® axa

Example 7.5 (Non-Autonomous Systems). Consider the affine Dirac algebroid Dy on E; = E x R described in Example 3.4,
for the I7-graph Dirac algebroid D = Dj7 on E, as in Example 7.3. In coordinates,

Do = {(x°, ¥, &,%°, 2, &, po, pe, ¥) : 8 =1, & = p (0, & = cj (0y'& — o (X)Pa).

For a Lagrangian L : E x R — R we get the Tulczyjew differential AL : Ey — > TE; of L which is the map which in
coordinates reads

ADO(x x4y = (K0 X, &, &0, &P, éj)
such that

oL . . .
§f=a—yi(x0,><”,y'), =1, ®=pwy EJ—,,(X)y (x X y)+p,(><) (x XLy,

Identifying x° with the time parameter t, we get the corresponding Euler—Lagrange equations in the form

et (L) = dw L) + W,

- = X s — e s = C;; (X X X X

d P (X)y ar \ay 4y Ij y Y Pj » Y

This is exactly the Euler-Lagrange equation on a skew algebroid for time-dependent Lagrangians. Such equations have been
obtained also as the Euler-Lagrange equations for affgebroids [30,31,33,34,28]. For the canonical Lie algebroid E = TM, we

get
dx* d [0 oL .
E—X s a(*(t, ,X)) Xa(t,x,x)~

Example 7.6 (Nonholonomic Constraints). Consider once more the Dirac algebroid D7 associated with a linear bivector field
IT on E*, as described in Example 3.1. Consider also a nonholonomic constraint defined by a vector subbundle V of E supported
on a submanifold S C M. Using coordinates (x*) = (x*, x) in M, so that S is given locally by x¥* = 0, and linear coordinates
(¥") in the fibers of E, so that y = (y') = (¥*, ¥') and the subbundle V is defined by the constraint y' = 0, on 7E* we have
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then local coordinates (x°, %, é,, pe, ¥, ¥, with decompositions (&) = (&, &) and (él) = (é)\, éL) associated with the
decomposition (y') = (y*, y'). The Dirac algebroid induced from D; by the nonholonomic constraint V in local coordinates
reads
Dfy = {(, &, 8, &, pe, ¥ 1 6 = 0, X = pP )y, & = ¢ 0y — p{ e, ¥' =0}
The Tulczyjew differential Aé v associated with a Lagrangian L : E — R is defined on V and associates with every
I
(x*,0,¥',0) € V the set

b . oL
Apy (%, 0,y',0) = {(x“,o, §,%,8) € TE 1 &° = p)(0)y', & = oy 0.0,

s i oov 2 0 0) 4 000 2 (. 0. v 0 7.16
& = (y ayf(x’ Y0+ (052 (. 0.y, 0) (7.16)

Note that the coordinates éA of points from A,LJV (x*,0,y",0) are arbitrary. Curves Albv -related to a curve y(t) =
1 17

(x¥(t), 0,y'(t), 0) in V have thus arbitrary coordinates é,, but the remaining coordinates, if the curve is admissible, satisfy
the nonholonomically constrained Euler-Lagrange equations (cf. [17,18,38]):

! dx asa '
X=0 y=0 g = el 0y (7.17)
d oL ) oL IL
dt (ayk x%,0,¥, 0)) =c (x*, 0)y P (**,0,y",0) + p%(x*, 0) o (x*,0,', 0).

Note that a minimal integrability requirement is the first integrability condition for DY,, saying that p*(x*, 0) = 0.

The constraint V is generalized holonomic if, independently on the Lagrangian, the above equations depend on the
restriction of L to V only. Hence, ¢! (x*,0) = 0 and p?(x*,0) = 0, so that V is generalized holonomic if and only if V
is a subalgebroid of E. In the classical situation of a canonical Lie algebroid TM, the constraint V is generalized holonomic if
and only if V is involutive, for instance V = TM, for a submanifold My in M. This is the traditional understanding of being

holonomic.

Example 7.7 (Affine Constraints). We can perform a similar procedure with an affine nonholonomic constraint instead of
the linear one. Let us distinguish one variable y° from y' = (3°,y') such that the affine constraint A C E is defined

by x* = 0, y° = 1, yi = 0. The model vector bundle V = v(A) is as above and, as easily checked, the constrained
Euler-Lagrange equations are

d a
¥Y=0, =1y =o dit =PI, 0) + pA(X®, 0)y,
d oL o ' j J (v L oL " ' ag,a oL o L
ar \ gy (*x*,0,¥,0) ) = (¢, (x) + ¢ (x ’O)y)aTzf(x ,0,¥,0) + pl(x ,O)Q(x ,0,¥4,0), (7.18)

exactly asin [17].

Example 7.8 (Rolling Disc). To show how our method of Dirac algebroid works for an explicit constrained system, let us
reconsider the case of a vertical rolling disc on a plane studied in [24]. The position configuration space is the Lie group
N = R? x S! x S! with coordinates (x', X2, 6, ¢). The Lagrangian on TN in the adapted coordinates (x!, x?, 8, ¢, !, ¥*, ¢, )
reads

1 a2 . 1 . . 1 . 1 .
Lo 2, 9,0,81, 3, 9,0) = =m((&)* + ()) + 19" + Sp0%. (7.19)
The kinematic constraint due to the rolling contact without slipping on the plane is
X' =Rbcosp, % =ROsing.

Since the Lagrangian and the constraints are invariant with respect to translation with respect to x', X2, 6, we have an
obvious Lie algebroid reduction to E = TN/(R? x S7) = TR x R which is a vector bundle of rank 4 over S with coordinates

((/)’ (.p’ ).C]’ ).(2’ é)’

associated with the basis of (global) sections (fy = 0y, f2, f3, fa), where f,, fs, f4 come from the reductions of 9y, 9,1, 9,2,
respectively. The anchor p : E — TS! is the projection onto TS, and all the basic sections commute. We will also denote
the reduced Lagrangian L, as it takes values exactly like in (7.19).

The constraint subbundle V of E is spanned by the sections e; = f; and e; = f, + Rcos ¢ - f3 + Rsin ¢ - f4, so we can use
the basis e = fi, e, e3 = f3, e4 = f4, and the corresponding coordinates (¢, y) on E. The basis (eq, e, e3, e4) induces the
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coordinate system (¢, &) in E* and adapted coordinates (¢, &, ¢, £) in TE* and (¢, &, p,y) in T"E*. The constraint is now
described by the equations y*> = y* = 0, but we get non-trivial commutation relations

[e1, e2] =Rcosg - e4 — Rsing - e3.
In other words, the corresponding Poisson tensor /T on E* in the adapted coordinates reads
IT =R(cos@ - &4 —sing - £3)0g, A Og, + 0g; A Dy ,
and the Dirac structure induced by the constraints is
D}y = {(¢.6.¢.£.p.y): ¥’ =y* =0, =)',
&1 = Ry*&3sing — Ry*8acosp — p, & = —Ry'&3sing + Ry'&a cos ). (7.20)
Hence, the nonholonomically constrained Euler-Lagrange Eq. (7.17) takes the form
d(p
y=y'=o, =y (7.21)
d (oL 0,0) | = Rsin 28L( 1 y%,0,0) — Rcos 2aL( 1.¥%,0,0)
—\ 7 me-y —@,y,y,0,0)— Yz ey,y, 0,
dt \ oy’ @,y ¥ </)yay3§0yy ¢y8y4<ﬂyy
oL
+ 7((9’3’1’3’2, Oa 0)7
dp
Ay 320,00 ) = —Rsing -y 25 (g, 31, 2.0,0) + Reosg -y (g, 4,12, 0, 0)
dt ayz 9 9 9 9 ay3 b b b 9 ay4 9 9 9 9 .
Since
X' =y  + Ry cosp, ¥ =y'+RPsing, ¢=y', H=y

the Lagrangian in coordinates (¢, y) reads
1 1 1 .
L.y ¥y’ .y = Em((f)z +0H) + 5]10/1)2 + i(mRz +12)(¥*)? + mRy*(y* cos ¢ + y* sin )
and, as shown in the straightforward calculations, the Euler-Lagrange Eq. (7.21) takes the form

4 d¢ dyz dy]
3 1 2
== = O, - = . ”lR + - = O, - = 0 ;.22

Going back to the original coordinates, we finally get
X' =ROcosp, X*=ROsing, $=0 6=0, (7.23)

with obvious explicit solutions.
If the phase dynamics is concerned, in view of (7.16), we get that EpY. [dL] = Aév (V) is parametrized by (¢, ¥, y?) as
I

follows:
epy [AL] = {(9, 51, 2,53, &0, 9. 61, £2. 63, 60) 1 61 = Juy's &2 = (R + )2,
£ = mRy’ cos ¢, & = mRy’sing, ¢ =y', & =0, & = 0}.

Here ég and 5'4 are arbitrary, but the integrability condition allows us to describe them as well. Let us note that the phase
space th, C E* is defined by the equations

&3 =pcose - &, &4 =pusing - &, (7.24)

. Hence, the first integrability condition gives

where u = mR2

§3=—ubsing - ¢ = —751552 sing, 4= p&cosg-p = T&& Cos @.
1 1
The dynamics are Hamiltonian, since the Hamiltonian

H(g. &) = —— (62 + —— (& — REs cos g — REg sing)? + —— (&) + (£4)?)
3 2]1 1 2]2 2 3 4 2m 3 4
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defined on E* induces the dynamics /BD\I/7 [dH] = epy. [dL]. The equality can be checked by straightforward calculations. Let
us only note that, since
; OH

Rg : +<R2 ) +1>5+R25 ,
y = — = ——§&sing —cos’p + — —&;sing cos g,
083 L b2 m)> Tt

4 OH Rs , +R2$ , +(R2_2 +1>S
Vi=—=—=&sing + —&cospsing —sin“ ¢ + — ,
084 R 7 b2 m) >

imposing the conditions y*> = 0, y* = 0 of the Dirac structure, we recover the Hamiltonian constraints (7.24).

8. Concluding remarks

We have introduced the concepts of Dirac and Dirac-Lie algebroid as a natural common generalization of a skew (resp.,
Lie) algebroid and a linear presymplectic structure. Aside from its interesting geometrical structure, Dirac algebroids, as
well as their affine counterparts-affine Dirac algebroids, provide a powerful geometrical tool for description of mechanical
systems by means of generalized Lagrangian and Hamiltonian formalisms.

The kinematic configurations (quasi-velocities) form in this framework a subset of a vector bundle 7 : E — M and are
related to the actual velocities from TM by the so-called anchor relation, while the phase space is a subset of the dual bundle,
E*. The phase dynamics induced by a Lagrangian or a Hamiltonian is an implicit dynamics in the phase space described by
a subset of the tangent bundle TE*, and the associated Euler-Lagrange equations are defined by an implicit dynamics in E.

We proposed a well-described procedure of inducing a new Dirac algebroid out of a given one by imposing certain
linear constraints in the anchor relation (velocity bundle), that on the Lagrangian formalism level corresponds to imposing
nonholonomic constraints. Since imposing constraints we end up in a Dirac algebroid again, our approach does not really
distinguish between constrained and unconstrained systems, as well as between regular and singular Lagrangians. Since the
use of algebroids already includes reductions to the picture, our approach covers all main examples of mechanical systems:
regular or singular, constrained or not, autonomous or non-autonomous etc.

The Dirac algebroid, especially the Dirac-Lie algebroids, possess a rich and intriguing geometrical structure whose
investigations have been started in the present paper. We are strongly convinced that these objects, as well as their possible
generalization, will allow us to find a proper intrinsic framework also for field theories and other areas of mathematical
physics.
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