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ON PRODUCT LIE ALGEBROIDS, AND COLLECTIVE
MOTION

BEGUM ATESLI, OGUL ESEN, AND SERKAN SUTLU

Abstract. This work explores the geometrical/algebraic framework of
Lie algebroids, with a specific focus on the decoupling and coupling phe-
nomena within the bicocycle double cross product realization. The bic-
ocycle double cross product theory serves as the most general method
for (de)coupling an algebroid into the direct sum of two vector bun-
dles in the presence of mutual representations, along with two twisted
cocycle terms. Consequently, it encompasses unified product, double
cross product (matched pair), semi-direct product, and cocycle exten-
sion frameworks as particular instances. In addition to algebraic con-
structions, the research extends to both reversible and irreversible La-
grangian and Hamiltonian dynamics on (de)coupled Lie algebroids, as
well as Euler-Poincaré-(Herglotz) and Lie-Poisson-(Herglotz) dynamics
on (de)coupled Lie algebras, providing insights into potential physical
applications.

1. Introduction

The problem addressed in the present manuscript, which may be referred as the
“(de)coupling problem”, is to obtain the equations of motion that determine the
collective behavior of two systems in mutual action-reaction relationship. In case
two dynamical systems or two characters of a physical phenomenon (like Magne-
tohydrodynamics, where one considers both Maxwellian and fluid characters of a
continuum) are coupled, they intervene in each other’s independent behavior. As
such, the equations of coupled (matched) motion of these two systems/characters
cannot be achieved by simply juxtaposing the equations of motions of the individ-
ual systems/characters. On the contrary, as a result of the mutual interaction,
the equations that govern the collective motion are expected to contain terms
that cannot be retrieved by the equations of the individual systems/characters.

The (de)coupling process can be examined in two steps. One first needs to de-
termine the extensions of the configuration spaces in a pure algebraic/geometric
way. Then, the equations of motion can be coupled in accordance with the exten-
sions obtained in the first step. We shall hereby confine ourselves to Lie algebroids
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and the associated dynamical equations within this geometric framework [69, 71].
Our goal, accordingly, is to establish Lie algebroid extensions from a purely al-
gebraic perspective while at the same time maintaining a close relationship with
physical applications from both Lagrangian and Hamiltonian viewpoints.

There are several works in the present literature that have addressed the
(de)coupling problem in different levels. A quick inspection of the algebraic
or/and geometric foundations of certain physical systems (such as Maxwell-
Vlasov dynamics, magnetohydrodynamics, and compressible fluid dynamics) re-
veals that the underlying configuration spaces are semi-direct product Lie groups
[23,65,75,76]. In such physical systems, the reduced Lagrangian (Euler-Poincaré)
dynamics is available on the semi-direct product Lie algebra, whereas the reduced
Hamiltonian (Lie-Poisson) dynamics are on the dual space. The semi-direct prod-
uct theory is an example of a Lie group/algebra extension theory that allow only
a one-sided (not mutual) action.

There are generalizations of the semi-direct product theory. Double cross prod-
uct (matched pair) theory is one such extension, wherein the mutual interactions
(actions) of two Lie groups / algebras are allowed [72,73]. This theory has found
applications in physics either. Among examples are the matched pair Lagrangian
and Hamiltonian dynamics studied in [49, 50], the higher order Lagrangian dy-
namics in [44], and the dissipative systems in [47] and the discrete dynamics
in [51]. These results then soon applied to areas such as electromagnetic theory
[48], kinetic moments of plasma dynamics, and the algebraic relationship between
plasma and fluid [40,52], as well as the moments in chemical kinetics [7].

We shall further refer the interested reader to [79] for a detailed discussion on
double cross products (matched pairs) within the Lie algebroid framework.

A more general extension theory (than double cross products) is known as the
unified product theory [2-4,6]. From the point of view of coupling, and in the level
of Lie algebra(oids), unified products correspond to compose a Lie algebra(oid)
with a vector bundle in order to construct a Lie algebra(oid). This is achieved in
the presence of a twisted cocycle. As such, a unified product has also been called
a cocycle double cross product in [43]. From the decomposition perspective, a
unified product (a cocycle double cross product) may be interpreted as a recipe
to study the quotient space of an algebroid by a subalgebroid of it. In the Lie
algebra setting, we cite a recent work [86] where unified products are used to
study the dynamics on homogeneous spaces.

Unified products (cocycle double cross products), subsume two independent
avenues of extensions; the double cross products, and 2-cocycle extensions. They
thus offer much more flexibility in (de)coupling a geometric structure, or a phys-
ical phenomena, compared to what might be offered by double cross products or
2-cocycle extensions.

Despite this pliability, the absence of applications (of unified products to La-
grangian and Hamiltonian dynamics as well as any interconnection with physical
phenomena) in the literature stands as a strong motivation for us.

The cocycle double cross products have been upgraded recently in [43] to a
level that requires the use of two twisted cocycles. The new class of extension
was accordingly called bicocycle double cross product, which shall occasionally
be abbreviated as BDCP. In the level of Lie algebroids, a BDCP corresponds to
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couple two vector bundles to arrive at a Lie algebroid on the direct sum vector
bundle. The non-closure of the (induced) brackets on constitutive vector bundles
is accommodated by two (twisted) cocycles, as a manifestation of the name.

BDCPs, by their very nature, thus render the ultimate flexibility for (de)coup-
ling. However, the literature is void in applications, providing another motivation
of the present manuscript.

We shall continue with a brief summary of the families of extensions mentioned
above (explicit definitions will be given in the main body of the text). We shall
next spell out our objectives in detail.

The Hierarchy of Extensions. Let M be a Lie algebroid over a base manifold
M, along with two complementary vector subbundles A and B so that M is the
Whitney sum!, that is,

M=AxB
as vector bundles. The bracket operation [e, @]\ : T(M) x T(M) — T'(M) on
the space of sections of M, then, induces corresponding operations
I'A) xT'(A) - T'(M) (1.1)
on A and
I'(B) x T'(B) — T'(M) (1.2)
on B. It follows at once that neither (1.1) nor (1.2) are a priori closed (neither

they satisfy readily the Jacobi or Leibniz identities). Failure in closure of the
induced operations are compensated by two mappings

Y :T(B) xT'(B) = T'(A) (1.3)
and

¢:T(A) xI'(A) — I'(B), (1.4)
which are usually named (twisted) cocycles, in addition to

¢:T(A) xT'(A) - T'(A) (1.5)
on A and

6:I'(B) xI'(B) — I'(B) (1.6)
on B.

On the other hand, it follows from the direct (Whitney) sum decomposition
of M, the mixed bracket (within M, of an element in B and an element in .A)
yields mutual representations® of A and B on each other.

The bicocycle double cross product Lie algebroid M = A x B is then denoted
by A <y B, where the indices ¢ and ¢ highlight the (twisted) cocycles (1.3)
and (1.4), and the triangles > and < emphasize the mutual (weak) actions. While
we will study this more explicitly in the main body of the paper, to clarify the

1By a slight abuse of notation, we shall use x for the Whitney sum of vector bundles over
the same base.

2To be more precise, two mappings I'(B) x I'(A) — I'(A4) and I'(B) x I'(A4) — I'(B), which
are called weak actions. In order to represent the weak actions, we shall make use of the italic
versions of the notations we adopt for the regular actions.
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hierarchical structure that follows, let us write the bicocycle double cross product
Lie bracket:

IMNAxB) xT'(Ax B) — I'(Ax B),
(X1, Y1), (X, Vo)l = (60X, Xa) = p(Va, X1) + p(V1, Xo) + 0(Y2, V), (1.7)

0(Y1,Ys) — 0(X2, Y1) + 0(X1,Ya) + (X7, Xz))

in terms of the mappings in (1.3)-(1.6) as well as the weak action p of B on A,
and the weak action o of A on B.

In the case one of the (twisted) cocycles ¢ in (1.3) or ¢ in (1.4) is trivial (that is
identically zero), the Lie algebroid M becomes a unified product (cocycle double
cross product) of A and B, and is denoted by A > B if (1.3) is trivial, and
Aay Bif (1.4) is trivial.

Let us now consider the unified product (cocycle double cross product) M =
Ay, B. In this case the weak action o of A on B becomes an action.

If, further, the (twisted) cocycle % in (1.3) is trivial either, then M happens
to be a double cross product of A and B, and is denoted by M = A 1 B. In
this case, the mutual weak actions of A and B on each other are both genuine
actions, and A4 and B are both Lie subalgebroids of M.

If, on the other extreme, the action of A on B is trivial, along with the bracket
structure on the space I'(A) of sections of A, then the product Lie algebroid M
turns out to be a 2-cocycle extension of A by B. In this case we use the notation
M=A X B.

It follows from the assumptions of this case that B happens to be a Lie al-
gebroid, and the weak action of B on A is now a proper action. Further, the
mapping (1.3) turns out to be a 2-cocycle in the Lie algebroid cohomology of B,
with coefficients in the vector bundle A. However, B is not a Lie subalgebroid of
M, while A is (albeit a trivial one). Let us note also that if, further, the action of
B on A is assumed to be trivial, then A becomes central (as a Lie subalgebroid)
in M, and the 2-cocycle extension M = A x,, B becomes a central extension.

The common ground of the 2-cocycle extensions and double cross products is
given by semi-direct products. More precisely, if the cocycle (1.3) is assumed to
be trivial in the 2-cocycle extension M = A %, B, or if the action of A on B
is taken to be trivial in the double cross product M = A i B, then the object
to arrive is a semi-direct product built solely on the action of B on A, which is
denoted by M = A x B.

The whole hierarchy is illustrated in Diagram 1.8, within which we use the
abbreviation BDCP for “Bicocycle Double Cross Product”, the abbreviation UP
for “Unified Product” (cocycle double cross product), the abbreviation DCP for
“Double Cross Product” (matched pair), the abbreviation CE for “Cocycle Ex-
tention”, the abbreviation SDP for “Semi-Direct Product”, and the abbreviation
DP for “Direct Product”.
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A ¢, B,BDCP (1.8)
One cocycle, C:Oi
A D>y B, Up
One-sided action No cocycle, =0
Axy, B, CE A B,DCP

No cocycle,

$=0

One-sided actio

A x B, SDP
No actioni

A x B, DP

We shall now review the objectives of the manuscript, along the lines of the
product Lie algebroids summarized above.

Goal I: Bicocycle Double Cross Product Lie Algebroids. Various components of
the cross product hierarchy above have been developed for a plethora of algebraic
/ geometric objects (such as Lie groups, Lie algebras, Hopf algebras, etc.), but
not for Lie algebroids. More precisely, the very first objective of the present man-
uscript is to develop the theory of bicocycle double cross product Lie algebroids,
namely the top level in the hierarchy of product Lie algebroids.

We then mean to use the (bicocycle double) cross product theory of Lie al-
gebroids in the investigation of dynamical systems. More precisely, the theory
we cultivate will allow us to decompose a system modelled by a Lie algebroid
into simpler parts. The individual dynamics that are governed by these simpler
components, then, unites to shed light to the dynamics of combined system.

It will thus be proper to include a brief outline of the dynamics on Lie alge-
broids.

Dynamics on Lie Algebroids. Given a Lie algebroid (A, 7, M, a4, [e, e]), the Hamil-
tonian dynamics exist on the dual bundle A%, [35,56]. Assume a local coordinate
system (z°) on M, along with (2%,4%) on A. In local (dual) coordinates (z’,yq)
on A*, given a Hamiltonian function H = H(z*, y, ), one has Hamilton’s equations

. OH

*Ozt’

d’ ; OH dya oH

— _ paacs v -
dt - (a.A)a 8ya’ dt ﬁagy’y 8y,8 (19)

— (a4)

where (a4)?, is the local realization of the anchor map while “61,8 denotes the
structure functions of the Lie algebroid.
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If the Lie algebroid is a tangent bundle, (1.9) corresponds to the classical
Hamilton’s equation on the cotangent bundle, arising from the existence of the
canonical symplectic structure.

If, on the other hand, the Lie algebroid is a Lie algebra g (the base manifold
being a singleton, the anchor map is trivial), (1.9) represents the Lie-Poisson
equations on the dual space g*. More precisely, assuming the local coordinates
(ya) on g*, and considering a Hamiltonian function h = h(y,), the Lie-Poisson
equations are given by

dya oh

I
af ’Yayﬁ

o (1.10)

see for instance [1,61,77]. Here, 5343 are now the structure constants of the Lie
algebra. The Lie-Poisson equations, describing the dynamics on g*, can also be
derived through the reduction by symmetry method.

The Lie algebroid framework encapsulates the Lagrangian dynamics as well.
In local coordinates (z%,y*) on a Lie algebroid A, the dynamics encoded by a
Lagrangian function L = L(z?,y®) is described by the Euler-Lagrange equations

dzt
dt

d 9L L, 50L
S (an)h — 1.1
di oy — agu a5 o (1.11)

(67

= (Cl_A)izy ’

see for instance [89].

The coordinate-independent realization of the above formulation was later es-
tablished in [78]. In the particular case where the Lie algebroid is a tangent bun-
dle, the equations (1.11) correspond to the classical Euler-Lagrange equations.
If, on the other extreme, the Lie algebroid is a Lie algebra g with coordinates
(y), (1.11) transforms into the Fuler-Poincaré equations

s (1.12)

for a Lagrangian function | = [(y®), [77]. In regular cases, the connection be-
tween Lagrangian and Hamiltonian dynamics is established through the Legendre
transformation.

The reversible nature of both (1.9) and (1.11) highlights the limitations in their
applicability to irreversible or/and dissipative processes. The literature points out
that the contact structures provide a suitable avenue for irreversible dynamics,
[18,20, 22,29, 30, 38,45,46]. This approach has recently amplified the attention
to the field of thermodynamics, [19,41,42,54,55,57,80, 85].

A generic way to arrive at a contact manifold is to extend a symplectic man-
ifold, say T*Q, by a copy of the real line. In Darboux’ coordinates (¢‘, p;, z) on
the product bundle T*Q x R, for a Hamiltonian function H = H(z*, p;, 2), the
contact Hamilton’s equations are

dx’ _OH dp;  OH OH dz  OH
@ oy dt - ar Pan @ Pigy (1.13)

Accordingly, a suitable geometric framework for contact Lagrangian dynamics
(that allows dissipation) may be established through the extension T'Q) x R of the
tangent bundle 7'Q) by the real line. In induced coordinates (z*, 2", z) on TQ X R,
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L = L(2%, 4, 2) being the Lagrangian function, the corresponding equations

d oL 0L OLOJL dz P .
@#ow 0w oros  a - M@ (1.14)

are known as Herglotz equations, or generalized Euler-Lagrange equations, [30].

The strategy of extending by the real line has recently been applied to Lie
algebroids (and their duals), in an attempt to extend the scope of the dynamics
on Lie algebroids to a theory that allows dissipation, [8,9,85]. The scheme is
named as the contactization (of Lie algebroids).

More explicitly, letting A be a Lie algebroid, and considering the extension A* x
R of the dual bundle with local coordinates (2%, yq, 2), the dissipative Hamilton’s
equations, generated by a Hamiltonian function H = H (2%, ya, 2), take the form

da' _ (a4)! oH

at A Oy’
dya ; OH oy OH OH
dz OH

a ya@ —H.

It is worth to note that the above set of equations seamlessly combines the struc-
ture of the Hamilton’s equations (1.9) on the dual bundle A* with the contact
Hamilton’s equations presented in (1.13). Indeed, if in particular the Lie alge-
broid A happens to be the tangent bundle T'Q, then the dissipative Hamilton’s
equations (1.15) naturally yield the contact Hamiltonian dynamics as expressed
in (1.13).

If, at the other extreme, the Lie algebroid A is a Lie algebra g, the resulting
equations are called the Lie-Poisson-Herglotz equations on the extended dual
space g* x R. In coordinates (ya,z) on g* x R, with a Hamiltonian function
h = h(ya, ), the Lie-Poisson-Herglotz equations take the form

dyaq oh oh  dz oh
- zgyvaiyﬁ_ya$7 at :ya@_h- (1.16)

From the Lagrangian point of view, let L = L(z%,y®, z) denotes a Lagrangian
function on the extended Lie algebroid A x R with local coordinates (z?,y?, z).
Then the dissipative Fuler-Lagrange equations encoded by this Lagrangian are

doLonosoL oLor

dt Oy~ Alagyi = Pap¥ oy Oz Oy’
= (i (117)
dz ;
E :L(J;Z’yaaz)'

Let us note once again that if, on the one extreme, the Lie algebroid A is the
tangent bundle T'Q), then the dissipative Euler-Lagrange equations (1.17) turn
into Herglotz equations (1.14) of contact Lagrangian dynamics on the extended
tangent bundle T'QQ x R. If, on the other extreme, the Lie algebroid A is in
particular a Lie algebra g, then (1.14) transform into the Euler-Poincaré-Herglotz
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equations the Euler-Poincaré-Herglotz equations:

d ol s 0L 0L Ol dz

T ®Y - -
DasY 55 T ozop

— = (", y" 1.1
i Dy [z y", 2) (1.18)

of a Lagrangian function [ = [(y®, z) on g x R with coordinates (y“, z).

In the context of the present work, the formulations (1.15) and (1.17) hold
particular importance due to their extension / product nature, in the level of Lie
algebroids. It will hence be well-suited for our second objective; namely to apply
the Lie algebroid cross product theory we develop to dynamics on Lie algebroids.

Goal II: Application. Bicocycle Double Cross Product Dynamics. The second ob-
jective of this work is to present a comprehensive framework for both Hamiltonian
and Lagrangian dynamics in view of the bicocycle double cross product Lie alge-
broids outlined above. More explicitly, we shall interpret a Lie algebroid (for the
Lagrangian dynamics) and its dual (for the Hamiltonian dynamics) as a bicocycle
double cross product in order to recast the equations of motion in terms of the
individual equations of motions of the (simpler) pieces of the decomposition. The
new formulation of the equations of motion involve possibly some terms that do
not arise from these individual equations of motions. They, instead, captures the
mutual interaction of the pieces which are subject to the decomposition. Such
a reformulation of the equations of motion will indeed involve more number of
terms than the original equations. However, the terms that arise from the cross
product structure will, in practice, be much easier to deal with.

As far as the Hamiltonian mechanics is concerned, this recipe will allow us
to decompose the Hamilton’s equations (1.9), and their dissipative counterparts
(1.15). For the Lagrangian mechanics, on the other hand, we shall thus obtain a
decomposition of the Euler-Lagrange equations (1.11), as well as the dissipative
Euler-Lagrange equations (1.17) for the dissipative scenario. Needless to say, par-
ticular instances of these equations (such as the Lie-Poisson-Herglotz equations
and Euler-Poincaré-Herglotz equations) will be regenerated at once.

Accordingly, this work may be considered as a sequel to [12,43,86] where the
bicocycle double cross products were treated in the level of Lie algebras.

Outline. This text consists of two main parts addressing the two main objectives
presented above.

Section 2 represents the algebraic foundations of the diagram (1.8) of the hier-
archy of product Lie algebroids. It is in this section that we shall accomplish to
obtain the compatibility conditions on two vector bundles whose product (Whit-
ney sum) is a Lie algebroid. The main theorems on bicocycle double cross prod-
ucts will be collected in Subsection 2.2. We next provide two examples. First, in
Subsection 2.3, we study the decomposition of twisted Poisson geometry in the
Dirac bundle setting. Then, in Subsection 2.4, we turn our attention to decom-
pose a Jacobi Lie algebroid into a Poisson Lie algebroid and a line bundle. This
has been achieved in the level of Lie algebras in [5].

We present the equations of motion, both in Lagrangian and Hamiltonian
frameworks and both for reversible and irreversible dynamics, in Section 3. More
explicitly, in Subsection 3.1 we recall the equations of motion for the reversible
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Lagrangian dynamics on a Lie algebroid, as well as those for the reversible Hamil-
tonian dynamics on the dual bundle. We then regenerate these equations in Sub-
section 3.2 in the presence of a bicocycle double cross product decomposition of a
Lie algebroid (for the Langangian perspective) and its dual (for the Hamiltonian
perspective). Subsection 3.3 is reserved for a brief summary of the contact dy-
namics as a dissipative generalization of the classical one in view of the real line
extension. Similarly, Subsection 3.4 is withheld to record a brief summary of the
dissipative dynamics in the level of Lie algebroids. Finally, in Section 3.5 we re-
produce the equations for dissipative dynamics in both the Hamiltonian and the
Lagrangian settings in view of a bicocycle double cross product decomposition of
the Lie algebroid on which the dissipative equations were given.

2. Product Lie Algebroids

2.1. Unified Product Lie Algebroids. For the sake of the completeness of
the exposition, and for future reference, let us first recall the terminology of Lie
algebroids, and then that of the unified product construction in the Lie algebroid
framework.

Lie Algebroids. Given a manifold M, a Lie algebroid A over the base M is a
vector bundle 7 : A +— M, equipped with a map

ag: A— TM (2.1)

of vector bundles, called the anchor map, and a skew-symmetric bilinear bracket
[e,®] 4 on the space I'(\A) of sections of A so that

(1) aa([X1, Xo]a) = [04(X1), aa(X2)]
(i) [Xi, fXola= f[X1, Xa]la+ La,xy) () X2 (2.2)
(iid) O [Xy, [X2, X3]la]lu =0,
for any X1, X9, X3 € I'(A), and any f € C>*°(M) [71,79,81]. The second equality
is called the Leibniz identity, while the last one (O refers to the cyclic sum of the

relevant elements) is named as the Jacobi identity. Accordingly, a Lie algebroid
is denoted by a quintuple

(A> T, M7 aq, [.7 .]A)a

or in short by A, which may be presented by a commutative diagram

oA TM
M

where 73 stands for the tangent bundle projection.

In finite dimensions, let (z°) be a local coordinate system on M. A local
coordinate system on A may hence be denoted by (z?,y%). Letting, further,
(eq) be a (projective) basis for the space I'(A) of sections, we obtain the matrix

A
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representations of the anchor map a4, and the structure functions for the Lie
algebroid A as

.0
a-A(eOé) = (aA)/éM@’ [eom eﬂ]A - ﬁzéﬁe’ﬂ (23)

respectively.

Representations of Lie Algebroids. The representation of a Lie algebroid given
by (A, 7,M,ay,[e,e]) on a vector bundle (B, k, M) is defined to be a map

o:T(A) xT'(B) — I'(B), (X,Y)—o(X,)Y)
subject to
o(fX,Y) = fo(X,Y),
o(X, fY) = fo(X,Y) + Lo, x) ()Y,
o([X1,X2]4,Y) =0(X1,0(X2,Y)) — 0(X2,0(X1,Y))
for any X, X7, Xo € I'(A), any Y € I'(B), and any f € C>(M).

Unified Products of Lie Algebroids. Let (A, 7, M, a4, [e,e]4) be a Lie algebroid,
and let (B,x, M) be an arbitrary vector bundle together with a vector bundle
map ag : B— TM.

In an attempt to define a Lie algebroid structure on the Whitney (direct) sum
vector bundle A x B over the base manifold M, equipped with the anchor

Upq,, = A X B — TM, (X,Y) = as(X) +ap(Y), (2.4)
let us assume the existence of two sets of skew-symmetric bilinear maps
Y :T(B) xI'(B) — I'(A), 0:T(B) xI'(B) — I'(B) (2.5)
and
p:T'(B) xI'(A) — T'(A), o:T(A) xT'(B) — T'(B). (2.6)

Then, a natural bracket operation on the space of sections of the product bundle
A x B may be given by

I'AxB)xI'(Ax B) — T'(AxB),
(X1, Y1), (X2, Y2) |, = ([X17X2]A — p(Y2, X1) + p(Y1, Xo) + (Y1, Y2), (2.7)
0(Y1,Ya) — 0(Xa, Y1) + U(Xl,Y2)>.

The bracket (2.7) is automatically skew-symmetric (as a result of the skew-
symmetry of the mappings). As for the Jacobi and Leibniz identities, on the
other hand, the mappings of (2.5) and (2.6) are subject to a number of condi-
tions. In fact, assuming for the sake of simplicity the latter mapping of (2.6) is a
genuine Lie algebroid action®, a direct computation reveals that in order for (2.7)

3This would otherwise be dictated as another identity among the others that are listed.
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to satisfy the Jacobi identity
[p(Y3, Xa), Xﬂ — [p(Y3, X1), X2]4
( (X27YE’>) ) p(Yéa[XlaXQ] ) (G-(X1>Y3)¢X2)?

P(Yé’P(YQ,Xﬁ) p(0(Yz2,Y3), X1) — p(Ya, p(V3, X1)) (2.8)
= —(0(X1,Y2),Y3) — [¢(Y2,Y3), X1]a + ¢¥(0(X1,Y3),Y2), '
—o(p(Ya, X1),Y3) — 0(X1,0(Y2,Y3)) + o(p(Y3, X1), Y2)
= —0( (Xl,Yé) ) 9(0’(X1,Y3) Yg)
and
O Y(0(Y1,Ya),Y3)— O p(Ys, (Y1, Yz)) =0, (2.9)

O 0(0(Y1,Ya), YV3)+ O a((Y1,Ya), ¥3) =0

are to be satisfied for any X1, X2, X3 € I'(A) and any Y7, Y5, Y3 € I'(BB). Similarly,
the Leibniz identity is satisfied if

¢(Y1» fY2) = f¢(Y1, Y2)a
G(Yla fYé) = fe(Yla Yv2) + £aB(Y1)(f)Yéa

oY, X) = Fo(Y,X), 210
p(Y> fX) = fp(Y7X) + EaB(Y)(f)X'
Finally,
[aB(Y)v a.A(X)] = a.A(IO(YvX)) - aB(U(X7Y>)’ (2'11)

[a5(Y1), a5(Y2)] = aa(¥ (Y1, Y2)) + ap(0(Y1, Y2))

are the compatibility conditions for the anchor map (2.4).

If the conditions in (2.8)-(2.11) are satisfied, then the product bundle A <y,
B := Ax B is a Lie algebroid, called the unified product of A and B. In accordance
with the terminology of [43], we shall also call this product Lie algebroid the
cocycle double cross product of A and B. These observations are summarized in
the following theorem.

Theorem 2.1. Let (A, 7, M, a4, [e,e]4) be a Lie algebroid, and (B, k, M) a vector
bundle. Equipped with the maps (2.5) and (2.6), the product bundle

(Ap<y Bi= A X B, T, M, a5, [0, 0], ) (2.12)

is a Lie algebroid along with the Lie bracket (2.7) and the anchor map (2.4) if
and only if the conditions (2.8)-(2.11) are satisfied.

On the contrary, if a Lie algebroid is a product of a Lie subalgebroid of it and a
complementary subbundle, then its structure is determined as a unified product.

Theorem 2.2. Let (M,v, M, a, e, e|\) be a Lie algebroid and

o[98l = [o, oL, (2.13)

be a Lie subalgebroid so that M = A x B as vector bundles, for some complemen-
tary vector bundle

<A,T=U‘A,M,GAZCI

(B,k =v

5 M). (2.14)
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Then M is a unified product Lie algebroid that is, M = A<y, B. In this case,
the mappings in (2.5) and (2.6) may be obtained from

Y1, Yo]m = (Y1, Y2) + 6(Y1, Y2), Y, X[pm=p(Y, X) —0(X,Y), (2.15)
and they satisfy (2.9)-(2.11).

Let us conclude with the presentation in matrix components. To this end, let
(2%) denote a local coordinate system on M, along with (2%, y%) on A, and let (e,)
be the (projective) basis of I'(A). Let, similarly, (e,) represents a projective basis
of I'(B), and let (x%, y*) stand for a system of local coordinates on B. Accordingly,
by a slight abuse of notation, the projective basis for I'(A by, B) = I'(A) x I'(B)
may be denoted by (eq,eq), while a set of local coordinates on which may be
represented by (z¢, y®, y?).

Accordingly, the anchor map may be represented by

; 0
ooy (60) = (@) oy (ea) = (a)i (2.16)
while the representations in (2.6) may be expressed as
pleaseq) =R es, o(easeq) = =68 ey, (2.17)
respectively. Finally, setting
P(eq,en) = Porea, O(eq,ep) = fgbed, (2.18)

for the mappings in (2.5), the structure of the (unified) product Lie algebroid
may be presented as
s, €4l = 5 €
[eb, €alsa, = Phaca + Tralas (2.19)
[eas €alay, = %G’Baeg + &P e,

where the former bracket uses the structure functions of the Lie algebroid A,
which were given above in (2.3).

Unified Product Lie Algebras. We find it instructive to record the particular case
of the base manifold M to be a single point. Along the lines of the above con-
structions, this particular choice corresponds to build a Lie algebra out of a Lie
subalgebra and a complementary vector space, which has been studied in [3].
We shall summarize the construction below as a corollary to Theorem 2.1 and
Theorem 2.2 above.

Corollary 2.1. Let (g,[e,e]y) be a Lie algebra, and let b be a vector space,
equipped with two sets of mappings

Yv:hxh—g, f:hxh—h (2.20)
and
p:hxg—g, o:gxh—b. (2.21)
Then gy, b :=g @ b is a Lie algebra through
(X1, Y1), (X2, Vo), i= (X1, Xala = (Y2, X1) + p(¥1, X2) + (Y1, Vo),

0(V1,Y2) — 0(X2, V1) + (X1, 72) )
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for any X1,Xs € g and any Y1,Ys € b if and only if (assuming the latter map
in (2.21) is a Lie algebra action) the conditions listed in (2.8) and (2.9) are
satisfied. Conversely, if (¢, ]e, e¢) is a Lie algebra and g C ¢ is a Lie subalgebra
so that € =2 g ® b as vector spaces, for some complementary vector space ), then
t is a unified product of g and . The structure maps (2.20) and (2.21), in this
case, may be obtained by

[}/1,}/2]{ = ¢(Y1,Y2) =+ Q(Yl,Yg), [Y, X]E = p(}/’ X) — O‘(X, Y)

2.2. Bicocycle Double Cross Product Lie Algebroids. In the previous
subsection, we presented the algebraic background of decomposing a Lie algebroid
into a Lie subalgebroid and a vector bundle. In the present subsection, we shall
upgrade that construction to the most general (and hence the most flexible) way
of decomposing a Lie algebroid. Namely, we shall address algebraic foundations
of decomposing a Lie algebroid into two vector bundles admitting all possible
interactions.

Let (A,7,M) and (B,k,M) be two vector bundles along with the anchors
ag: A~ TM and ap : B — TM, respectively. To the sets (2.5) and (2.6) of
skew-symmetric mappings we shall now adjoin another set

¢:T(A) xT(A) — T(4),  ¢:T(A) x T'(A) — I'(B) (2.22)

of (also skew-symmetric) mappings. In this case, a skew-symmetric bilinear op-
eration on the space of sections of the product bundle A x B, may be formulated
by

MNAxB)xT'(Ax B) —T'(AxB),
[(X1,Y2), (X, Vo)l goay = (6(X1, X2) = p(¥2, X1) + p(V1, X2) + (Y3, Y2),

01, Y2) — 0(Xa, V1) + 0(X1, Vo) + (X1, X3)).
(2.23)
We wish to emphasize the mapping ¢ in the first entry of the bracket and the

mapping ¢ in the second entry. The product bundle may further be furnished
with the bundle map

Apay = A X B — TM, (X,Y) =~ as(X)+ag(y) (2.24)

<

which shall serve as the anchor.
Tedious, though straightforward, calculations reveal at once that (2.23) satisfies
the Jacobi identity if (and only if)

p(Y3, (X1, X2)) — ¥(¢(X1, X2),Y3) + ¢(p(Y3, X2), X1)
= p(o(Xa,Y3), X1) + ¢(p(Y3, X1), X2) — p(0(X1,Y3), X2),
o(p(X1, X2),Y3) + 0(¢(X1, X2),Y3) — ((p(Y¥3, X2), X1)
= 0(X1,0(X2,Y3)) — ((p(Y3, X1), X2) — 0(Xa,0(X1,Y3)),
p(Y3, p(Ya, X1)) + ¢(0(X1,Y2),Y3) + ¢(¥(Yo, Y3), X1),
= —p(0(Y2,Y3), X1) + p(Y2, p(Y3, X1)) + (0 (X1, Y3), Y2),
1)
(

(2.25)

o(p(Ye, X1),Y3) — 0(0(X1,Y2),Y3) — ((¢(Y2,Y3), X
= —0(X1,0(Y2,Y3)) + a(p(Y3, X1),Y2) — 0(0(X1,Y3),Y2)

I
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and
P(H(X1, X2), X3)+ O p(¢(X1, X2), X3) =0,

O ((¢(X1, Xz), X3)— O 0(X3, (X1, X3)) =0, (2.26)
1/}<0(1/17Y2) ) ( (YleQ)) =0, '
O 0(0(Y1,Y2),Ys)+ O o (¢ (YhY2) Y3) =0
are satisfied.

Similarly, the Leibniz identity is satisfied if (and only if)
(X1, fX2) = fo(X1, X2) + L, (x,)(f) X2,
(X1, fX2) = f((X1, Xa),
p(fY, X) = fp(Y, X),
U(vaY):fU(X>Y)+£aA(X)(f)Y7 (227)

IO(Y7 fX) = f,O(Y,X) =+ ‘CaB(Y)(f)Xv
o(fX.Y) = fo(X,Y),

YY1, fY2) = fy(Y1,Ya),
0(Y1, fY2) = fO(Y1,Y2) + Layvy) (f)Ya.

Finally (2.24) satisfies the anchor map property if

[04(X1), a4(X2)] = aa(p(X1, X2)) + a5(¢(X1, X2)),
[aB(Y)’ CLA(X)] = aA(ﬂ(YvX)) - aB(U(Xv Y))v (2-28)
[as(Y1), ap(Y2)] = aa(¥(Y1,Y2)) + as(0(Y1, Y2)).

In accordance with the structure of the previous subsection, let us record these
results in the form of a theorem.

Theorem 2.3. Given two vector bundles (A, 7, M) and (B,x, M), equipped with
(skew-symmetric bilinear) mappings (2.5), (2.6), and (2.22), the product bundle
A x B has the structure of a Lie algebroid through the Lie bracket (2.23) and
the anchor map (2.24) if and only if the conditions listed in (2.25)-(2.28) are all
satisfied.

Following the terminology of [43], in order to highlight the twisted cocycles we
shall denote the product Lie algebroid as A ¢y B := A x B, and call it the
bicocycle double cross product of A and B.

This theorem generalizes the unified product Lie algebroid structure to the
sum of two vector bundles. More concretely, as a particular instance, if ¢ in
(2.22) is identically zero, then one arrives at Theorem 2.1 where unified product
Lie algebroid structure is exhibited.

In contrast to the complexity of the conditions (2.25)-(2.28), the bicocycle
double cross product construction offers utmost flexibility when it comes to de-
compose a Lie algebroid. More precisely, we have the following.

Theorem 2.4. Given a Lie algebroid (M,v, M,[e,e|rq,a), let M = A X B, as
vector bundles, for two complementary vector bundles

(.A,TZU‘A,M), (B, k = v| g M). (2.29)
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Then M is the bicocycle double cross product of A and B, and the structure maps
are obtained by

[X1, Xo]m = ¢(Xq, Xo) + (X1, Xa),
Y1, Yo = (Y1, Ya) + 0(Y1,Y2), (2.30)
Y, X|pm =p(Y, X) —o(X,Y).
Let us conclude, as usual, with the coordinates in the finite dimensional setting.
To this end, let (z') be a local coordinate system on M, and let (e,) and (e,) be

projective bases of I'(A) and I'(B) respectively. In addition to (2.17) and (2.18),
we now have

(,25(60[, 6[3) = f)zéﬁe’yu C(eom 6,8) = 335%7 (231)
where ﬁg,y now fail to be proper structure functions due to the existence of the
twisted cocycle terms 336‘ Accordingly the Lie bracket is determined by
€5, €4] o0, = N5r€a + 35, €a,
[eba ed]CMw = spl?deoc + Sgdea7 (232)
[eq; ea]&% = 9C{aﬁaeﬁ + Ggaeba

while the anchor map is computed to be

Ay (€a) = (aA)a@7 0.pay (€a) = (aB)aaa:i' (2.33)

Bicocycle Double Cross Product Lie Algebras. In the particular case of M being
a Lie algebroid over a point, the space I'(M) of sections of M happens to be a
Lie algebra. Then, [43, Prop. 2.1] and [43, Prop. 2.2] follow from Theorem 2.3
and Theorem 2.4 respectively.

Corollary 2.2. Let (g,h) be a pair of vector spaces equipped with mappings (2.5),
(2.6) and (2.22) (considering g = I'(A) and b = I'(B)). Then, the direct sum
vector space g ¢ >y b = g @b is a Lie algebra by the bracket (2.23) if and
only if the conditions (2.26) and (2.25) are satisfied. Conversely, if a Lie algebra
(€, [o, ®]¢) can be realized as a direct sum € = gdbh of complementary vector spaces
g and b, then € = g >y, b as Lie algebras.

2.3. Twisted Poisson Algebroids and Dirac Structures. A manifold P
is called an almost Poisson manifold if the space C*°(P) of smooth functions is
equipped with a bilinear, skew-symmetric bracket {e, } which satisfy the Leibniz
identity
{Fl,FgFg} = {Fl,FQ}Fg—i-FQ{Fl,Fg}, (234)
for any F, Fy, F5 € C*°(P). Accordingly, the bracket {e, e} may be represented
by a bivector field A as
A(dFy,dFy) = {F, F»}, (2.35)
where dF1,dF; denote the de-Rham exterior derivatives. An almost Poisson
manifold can thus be represented by a pair (P, A) of a manifold and a bivector
field.
For a Hamiltonian function H defined on an almost Poisson manifold P, the
Hamilton’s equation is defined as

du
i {u,H}, (2.36)
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where u is in P. Accordingly, the Hamiltonian vector field X4 for a Hamilton
function H is defined to be

Xy(F)={F,H}. (2.37)
If there exists a non-constant function C such that for all F*:
{F,C} =0 (2.38)

then the almost Poisson framework is called degenerate. Such a function C' is
called a Casimir function. It should be noted that a Casimir function cannot
cause any dynamics since the Hamiltonian vector field is identically zero for a
Casimir function.

On an almost Poisson manifold (P, {e,e}) the mapping

J: A3C®(P) — C®(P), (F1, Fy, F3) — O {Fy,{F,, F3}}. (2.39)

is called the Jacobiator. If the Jacobiator vanishes, then the bracket on the almost
Poisson manifold P satisfies the Jacobi identity. In this case the almost Poisson
manifold (P, {e,e}) is called a Poisson manifold.

From the point of view of bivector fields, the almost Poisson manifold (P, A)
to be a Poisson manifold corresponds to

[A,A] =0, (2.40)

the bracket on the left hand side being the Schouten-Nijenhuis bracket.
In this case, the characteristic distribution of the Poisson manifold P, that is
the image space of all Hamiltonian vector fields, is integrable. Namely,

X{Fl,F2} + [XFUXFz] =0. (241)

This implies also that the manifold P is foliated by symplectic leaves. This is a
consequence of the non-degeneracy of the Poisson framework on each leaf.

Consider an almost Poisson manifold (P, A). The musical mapping A* induced
by the bivector field A is defined to be

AP THP) — X(P),  (B,A%a)) = Ala, B), (2.42)

where the pairing on the left-hand side is the one between the space I'! (P) of one-
form sections and the space X(P) of vector fields. Then sections of the cotangent
bundle 7p : T*P +— P admit a skew-symmetric bilinear operation

[a, B] = Lps(a) (B) — Lar(py (@) — d(A(ev, B)). (2.43)
A direct observation reads that this bracket enables us to determine an almost
Lie algebroid (T*P,7p, P, A, [e,e]) where the musical mapping A% is the anchor
map. We denote this algebroid by the following commutative diagram:

TP Af TP
P

If A is a Poisson bivector field that satisfies the Jacobi identity (2.40) then the
Jacobiator for the bracket (2.43) vanishes identically either. Accordingly, the
bracket (2.43) satisfies the Jacobi identity, and the quintuple

(T*P,7p, P, A", [e, o]) (2.45)

(2.44)
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turns out to be a genuine Lie algebroid.

Dirac Bundle Realization. An almost Dirac structure* on a manifold M is a
subbundle D of the Whitney sum T7*M x T'M such that D is a maximal isotropic
subbundle of T*M x T M with respect to the pairing [21,27,91-93]

(T*M X TM) D (T*M X TM) — R, (’Ul,ul) . (’UQ,UQ) = ul(vg) + UQ(Ul).
(2.46)
Therefore we denote a Dirac structure by

DCT*MxTM, D=D" (2.47)

Define a bundle structure 7 : D — M by projecting a pair (v, u) to the base point
in M. If pro(D) has a constant rank, then we say that D is a regular almost Dirac
structure, and pra(D) defines a regular foliation.

An almost Dirac structure is called a Dirac structure if the space I'(D) of
sections for the fibration D — M is closed with respect to the (skew-symmetric)
Courant bracket

[e,0] : (D) (D) — I'(D),

1 (2.48)
[(@1, 1), (a2, U2)l] = (Lvy a2 = Luyon + 5d(a1(Uz) — az(Uh)), [Us, Ua]).-

A Dirac structure D on a manifold M carries a Lie algebroid structure with the
anchor map pro : D +— TM (projection to the second factor in D). The Lie
algebroid D is determined by

D 2 TM (2.49)
\ A
M
and we shall denote it by
D = (D, 7, M,pra,|e,0]). (2.50)

Let us now examine the Lie algebroid D from the point of view of the unified
products. We remark that the Dirac bundle D decomposes into the direct sum
of two of its subbundles. The decomposition may simply be given by

(pri,pr2) o A: D — D" x DT, (2.51)

where A is the diagonal map that takes an element in D to a two copies of it
in D x D, while DT and DT stands for the tangent and the cotangent bundle
parts of D respectively. It is immediate to observe that there is no cocycle term
(¢ = 0) reading that both DT and D" are Lie subalgebroids of D. So that we
are in the realm of double cross product Lie algebroid category. In particular,
the mutual actions are computed through

V0] = (Lva - %da(U),O) (2.52)

A1t is common, in the literature, to represent the Dirac structure as a subbundle of TM xT* M.
In the present manuscript, however, we shall reverse the order of the bundles, and determine
the Dirac structure as a subbundle of Whitney sum T*M x T M.
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which gives that
1
p(U,a) = Lya — idoz(U), o(a,U) = 0. (2.53)
Evidently this reads a semi-direct product Lie algebroid decomposition
D =DT" x DT (2.54)

as a particular instance of double cross product Lie algebroid structure where the
action term ¢ is identically zero.

The Tuwisted Category. There is an interesting subcategory of almost Poisson
manifolds. In this case, the Jacobi identity (2.40) is still not satisfied, but it is
equal to the pull-back of a closed three-form [64,84]. Let us depict this geometry
in more detail. It is possible to generalize the musical mapping A% in (2.42) to the
space I'*(P) of k-forms on P as well. We use the same notation for this mapping
hoping no confusion may arise. We define

A*:TRH(P) — xF(P),

(ar A= Ao, AB(w)) = (=1)F(w, A¥(ay) A - A A¥(ag)), (2:55)

where the notation A* on the right-hand side of the equality is the musical map-
ping (2.42) between the first-order tensor fields. By loosening the Jacobi identity
(2.40) as

S8, 4] = A¥(p) (2:56)

for a closed three-form ¢, one defines twisted Poisson structure. Here, A® notation
refers to the mapping in (2.55) for £ = 3. We denote a twisted Poisson manifold
by a three-tuple (P, A, ). In terms of the functions, the condition (2.56) is

O {F1 {Fy, Fs}} = p(N(dFy), N (dFy), A*(dF)), (2.57)
where A is the musical mapping in (2.42). Finally, we note that
X{F1,F2} + [XFl’XFz] = *Aﬁ((p(XFlaXsz .)) (2'58)

Recall the bracket (2.43) defined on the space of one-form sections over an
almost Poisson manifold. Evidently, this bracket does not satisfy the Jacobi
identity for the case of twisted Poisson manifolds. On the other hand, we can
introduce another bracket

[, Bl = [ev, Bl + taz(aynnz(s) (#); (2.59)

which satisfies the Jacobi identity. Further, the quintuple (T*P,7p, P, AL 1)
is a Lie algebroid.

Consider an almost Dirac structure D on a manifold M and, ¢-twisted skew-
symmetric Courant bracket [26, 84]

[(al’ Ul)a (012, U2)]s0 = [(alv Ul)? (aQa UQ)] + SO(Ula Us, .)

1 (2.60)
= (£U10é2 — £U2041 + id(al(Ug) — 042(U1)) + (p(Ul, Us, 0), [Ul, UQ])

An almost Dirac structure D of T*M x TM is a ¢-twisted Dirac structure if it
satisfies the integrability condition with respect to the p-twisted skew-symmetric
Courant bracket [, ],. As in the ordinary case, a twisted Dirac structure D on
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M induces a Lie algebroid on D given by the anchor map pro|p and the bracket
[e,e],. Therefore pro(D) is an integrable distribution on M. If D is a regular
almost Dirac structure such that pro(D) C T'M is an integrable distribution on
M, then, there exists an exact three-form ¢ with respect to which D is a ¢-twisted
Dirac structure [14]. We denote this Lie algebroid by

Dy, = (D,7,M,pry,[e,e],). (2.61)

In this uniform product analysis, a more complicated decomposition of the
Dirac bundle is encountered. Once again, referring to (2.51), we write D =
DT x DT Notice that DT" is remaining to be a Lie subalgebroid while DT is
not. Let us examine the interaction between these subbundles step by step. The
mutual actions of the bundles are exactly the same with those given in (2.53). If
we take the bracket

(0.01), (0,U2)], = (10(Ur, Un, o), U1, U] (2.62)
of two tangent elements, the mappings in (2.5) are interpreted as
H(Ula U2) = [U17 UQ] € F(DT)7 1/1(U17 UQ) = SO(Ula U27 .) € F(‘DT*)7 (263)

that is, ¢(Uy,Us,e) serves as the twisted cocycle term. So we decompose this
Dirac bundle as

D = D" », DT (2.64)

since one of the actions is trivial.

2.4. Decomposition of Jacobi Lie Algebroid. A manifold M equipped with
a vector field £ and a bivector field A is a Jacobi manifold if

IAA] =28 AN, [E,A] =0, (2.65)

where [e, o] is the Schouten-Nijenhuis bracket, see, for example, [67,68,74,88]. We
denote a Jacobi manifold by a triple (M, A, E). Starting with a Jacobi manifold,
one may define an antisymmetric bilinear bracket

{F1, Fo} = A(dF1, dFy) + FLE(Fy) — FRE(F) (2.66)

satisfying the Jacobi identity. Furthermore, it fulfills the so-called weak Leibniz
identity

supp({ F1, F»}) C supp(F1) N supp(Fy). (2.67)

This observation reads that the algebra is a local Lie algebra in the sense of
Kirillov [63]. The inverse of this assertion is also true, that is, a local Lie alge-
bra determines a Jacobi structure. Important examples of Jacobi structures in-
clude locally conformally symplectic structures [15,16,39,87], locally conformally
cosymplectic structures [11,24], contact manifolds [10], and cocontact manifolds
[13,28,53,82].

Consider a Jacobi manifold determined by the triplet (M, A, £). We determine
a homomorphism from the space of one-forms to the space of vector fields. It is
determined by

A THM) — X(M), (A*(n),v) = A(p,v) (2.68)
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for all g and v in T'Y(M). For a smooth real-valued Hamiltonian function #, the
Hamiltonian vector field X4 is defined by

Xy = AN (dH) + HE. (2.69)

Note that, for the constant function H = 1 the Hamiltonian vector field is &.
The mapping taking a Hamiltonian function H to the Hamiltonian vector field
X4 is a Lie algebra homomorphism satisfying

[XF1>XF2] = X{Fl,FQ}- (2.70)

The cotangent bundle of a Poisson manifold admits a Lie algebroid structure
[17,25]. For a Jacobi manifold (M, A, £), the picture is as follows. Consider the
extended cotangent bundle R xT™* M as the total space of the first jet prolongation
of the fibration M +— R [83]. The space of sections of pys : R x T*M — M is
the product space of real valued functions and one-forms F(M) x T''(M). So it
consists of pairs (F, u) where F' be a real valued function and p is a one-form. A
bracket on F(M) x T'1(M) is defined to be

(), (o)} = (A ) + A () (F) = M) () + FLE(F) — Pl (Fy),

[’Au(#)y - ‘CA”(V)/“L —d(A(p,v)) + Filsy — FoLep — te(pp A y)),
(2.71)

where A? is the musical mapping induced by the bivector field A. Equipped with
this bracket, the quintuple (R x T*M, pas, M, E + A, {e, 8} ;) happens to be a Lie
algebroid, [62]. Here, the anchor map is given by

E+ A F(M)xTH M) — (M),  (F,p) — A¥u) + FE. (2.72)

We refer the reader to [34,36,37] for further analysis on this Lie algebroid. If £
is identically zero, then one can consider the cotangent bundle 7*M as the total
space and the bracket (2.71) reduces to the one on the algebra of one-forms on
the Poisson manifold (hence the Poisson Lie algebroid structure).

In view of Theorem 2.4 we shall now examine this Lie algebroid from the point
of view of the unified products. More precisely, we show that the Jacobi Lie
algebroid fits into the unified product framework.

To this end, we first determine the bracket on the function space by computing
the bracket of two functions as

{F1, o}y = (FRE(F) — FRE(F1),0). (2.73)

This reads the space F(M) of functions as a Lie subalgebroid of the Jacobi
algebroid. Furthermore, referring to the previous calculation, we see the Lie
bracket on the induced Lie subalgebroid as

(F1, FaYron) = FLE(F2) — BE(FY). (2.74)

On the other hand, for the space of one-form sections, the situation is different.
This space is not closed under the induced Lie bracket:

{10} = (A1), Lasgor = Lazopp = dA@v) = e Av)),  (2.75)
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since there appears a term in the first slot manifesting the existence of twisted
cocycle term. Accordingly, taking (2.15) into account, we write

01, v) = Lasyv — Lasyp — d(A(p,v)) = re(p Av),
Y, v) = My, p).

Notice that we have that the bivector field turns out to be the twisted cocycle
term. Further, we compute the mutual actions using the bracket of cross terms
as

(2.76)

[ Fhy = (M) (F), ~FLep), (2.77)
which gives the following mappings:
p(p, F) = AHu)(F),  o(F,p) = FLep. (2.78)

Therefore we conclude that the Jacobi Lie algebroid is a unified product of the
Poisson Lie algebroid with the algebra of functions.

3. Dynamics on Product Lie Algebroids

3.1. Reversible Dynamics on Lie Algebroids. Let (A, 7, M, a4, e, e]|4) de-
note a Lie algebroid. We express its dual bundle as (A*, 7, M), where 7 stands
for the projection dual to 7. The fibers of A* over each point m in the base M,
denoted as A%, = 7~ !(m), are the linear algebraic dual vector spaces of the fibers
of A corresponding to A, = 7-1(m), see [69,70,90].

The space of functions on the dual space A* is spanned by two classes of
functions. The first class consists of constant functions on fibers, i.e., functions
on the base M. The second class consists of the linear functions on fibers, i.e.,
the sections of the projection 7. Let us analyze the first class. Given a function
f on M, we can define a function fon A* as follows:

FrA"—R, flu) = for(u). (3.1)
The second class will be obtained from the sections of the Lie algebroid A. To
this end, let us take a section X. The linear function X on A*, for every u in

A* is defined as:
X A" —R, X =(uXor(u). (3.2)

For these functions, a Poisson bracket on A* is defined as:

(Fgta =0, (X a=Loorfs AKX, Xoda = [X1, Xo) . (33)

Here, the value of the second bracket on the right-hand side is the directional
derivative of the function f in the direction of the vector field a4(X).

In finite dimensions, let (z¢) be a local coordinate system on M and (z%,y%)
be a local coordinate system on .A. In parallel, choose the basis set (ey) for the
section space I'(A). Let us choose the dual basis () for the section space of
A*. Assuming (z%), (2%,9y%), and (z°,ys) local coordinates on M, A, and A*
respectively, the Poisson brackets in (3.3) take the form [78,89,90]:

{xi’ xj}A* =0, {xiv ya}A* = (a.A)?x? {yav yﬁ}A* = 5733534% (3'4)
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where (a4)%, represents the components of the anchor map in the chosen bases,
and ﬁ;ﬁ are the structure functions determined in equation (2.3). In light of
these local representations, the Poisson bivector corresponding to the Poisson
bracket is computed to be

1 0 0 0 0

Ape = =57 gy A2 7 .
A QﬁaﬂyVaya N ayﬁ + (a.A)ozaxl A 83/(1 (3 5)

For a Hamiltonian function H defined on the total space of the dual bundle
A* the Hamilton’s equation is

% = Xulu) = {uH}a- (3.

Accordingly, in finite dimensions, the Hamiltonian vector field X3 is computed
to be

(3.7)

OH O OH COH 0
X = (a4)! ( ; )

gl

— +(a ) —.
Oy O ﬁa5y78y5 + A)O‘8xz Mo,
The integral curves of the section given by this vector field satisfy Hamilton’s

equations in coordinates:

da' ; OH dya oy OH ; OH
dt - (aA>a8ya’ dt = S;Jaﬁy’yayﬁ (a.A>a8x7;'

(3.8)

Lagrangian Dynamics on Lie Algebroids. Let L = L(x' y*) be a Lagrangian
function on the Lie algebroid A. Referring the reader to [78,89] for a coordinate-
free study of the Lagrangian dynamics on Lie algebroids without referencing the
Poisson structure on the dual bundle, we shall hereby consider the Legendre
transformation (fiber derivative) as a map from the Lie algebroid to the dual
bundle as

oL
o
for a more accessible way. Assuming that the Lagrangian is regular (that is
non-degenerate) we argue that the Legendre transformation is a (at least local)
diffeomorphism. Using the Legendre transformation, we pull the Poisson struc-
ture on the dual bundle A* to the Lie algebroid, which yields a Poisson structure,
denoted by {e, e} 4, on the Lie algebroid. Define the energy function determined
by L as

FL:A— A, (a,4%) = (2,40 = (3.9)

L .
Ep: A— R, Ep(zt,y®) = (gy @ — L(z',y%). (3.10)
On the space A, the dynamics is computed to be
dx’ dy© o

Explicitly, the Euler-Lagrange equations on the Lie algebroid may be presented
as follows, [89]:

d OL oL oL dx’ ,
- 7= _ ﬁ _ i,
dt Oy° ( )aa i +‘$7)aﬁ Ay ~ dt (aA)ay . (312)
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The Lie Algebra Framework. In this paragraph, we shall examine the dynamical
equations in the level of Lie algebras. To this end we let M = {e}, and accordingly
the achor map to be trivial. Then we arrive at a Lie algebra g as the space of
sections. The dual space of this space is g*. The Poisson bracket in (3.3) reduces
to so-called Lie-Poisson bracket. For two functions f = f(u) and h = h(u) defined
on the dual space g*, the Lie-Poisson bracket is defined to be

) = (152, = G ads gy g, (313)

where the pairing is the natural one between g* and g whereas the bracket inside
pairing is the Lie algebra bracket on g. Here, ad refers to the adjoint action of
the Lie algebra on itself. We remark that ¢ f/du is the Fréchet derivative for the
infinite dimensional case and partial derivative for the finite dimensional case. We
also assume the reflexivity condition. In this reduced picture, the Hamiltonian
vector field on g* generated by a Hamiltonian function A is then computed to be

Xn(u) = —adg, /5,u, (3.14)

where ad* is the linear algebraic dual of the adjoint action ad. In the Lie-Poisson
picture, the dynamics of an observable f, governed by a Hamiltonian function h,
is computed to be

f = (.3 w) = ~(ad3y 5,0, 20, (3.15)

This bracket is exactly the one in (3.3) where the Lie algebroid is chosen to be a
Lie algebra. Then we have the Lie-Poisson equation on g* given by

du "

For finite dimensions, in coordinates (y,) on g*, the Lie-Poisson bracket is com-
puted to be

{yayyﬁ}g* = f)zéﬁy'ya (317)

where in this case, 56:; 3 refers to the structure constants of the Lie algebra. Re-
ferring to the local Hamiltonian dynamics (3.8) on the Lie algebroid setting, we
write the Lie-Poisson equations on the dual of a Lie algebroid as

Ay, ~ oh
—— =— —_— 3.18
ar f)oé,gy'y dys ( )
From the Lagrangian dynamics point of view, we choose a Lagrangian function
Il = I(X) on g. This reduces the Euler-Lagrange equations (3.12) on the Lie
algebroid setting to the Euler-Poincaré equation

d 9l ol

—— =ady—. 3.19

dtox ~ "Xox (3.19)
on the Lie algebra. In finite dimensions, we choose (y*) as coordinates on g, to

obtain

d ol g Ol

K/

e (3.20)
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2. Reversible Dynamics on BDCP Lie Algebroids. This section is re-
served for both the Lagrangian dynamics on bicocycle double cross product Lie
algebroids, and the Hamiltonian dynamics on the dual space. This will give us
both the collective motion of the dynamical systems as well as the decomposi-
tion. We start with the bicocycle double cross product Poisson structure and the
bicocycle double cross product Hamiltonian dynamics.

BDCP Poisson Bracket. We first recall the space of functions defined in (3.1) and
(3.2) and carry them to the dual space (A* >4y B*, T 5q,, M) of the unified prod-
uct Lie algebroid structure (A¢ b<y B, Tesq,, s M, 0y, [@, 0] 5, ). The total space
is topologically equivalent to A* x B* but we denote it by (.Az Dy B, Tenay, s M) in
order to highlight its product character. The space of functions on the dual space
.AZ >, B* is spanned by three classes of functions. The first class of functions
are R R

[ A" oy BY — R, flu) = fomup, (u). (3.21)
These functions are constants on the fibers. The second and third classes of
functions come from the section of the individual spaces. Considering the sections
X inT'(A) and Y in I'(B), we determine the linear independent sections of A¢ >4y,
B. We denote these sections as X and Y respectively, in order not to cause any
notational inflation. That is, we take X = (X,0) and Y = (0,Y). They, then,
give rise to functions on the total space as

Z:A xy BF— R, Z(w) = (W, Z 0 T, (w)), (3.22)

where Z is either X or Y. These functions are linear on the fibers. Therefore,
in the light of the Poisson bracket in (3.3), we present the Poisson bracket on
the dual space A* (>, B* of the bicocycle double cross product Lie algebroid
A >y B as

{9} azea, - =0,
{f. X}AZD%B* = L’a;b?c)f,

{F,Y} 400,80 = [’a;p;)fa
(X1, X} azoa, 5 = 0(X1, X2) + (X7, Xa)
{V1, Yo} azpa, 5 = $(Y1,Ya) + 6(Y1, Ya)

{V, X} agpa, = oV, X) = 0(X,Y),

(3.23)

where one can consider the bracket on the fourth line as the result of the bracket
of two elements X; and X taking values both in A and B, whereas the terms
on the right side of the fifth line as the result of the bracket of two elements Yl
and Y, taking values both in A and B. The sixth line is the manifestation of the
(weak) representations.

The Local Picture. Let us now, for a brief moment, turn our attention to the
general case of the dual space A* (>, B* of the bicocycle double cross product
Lie algebroid A <y, B. We shall then examine the Poisson structure listed
above. Let (z%), (2%,94%), and (2,7,) represents local coordinates on the base
manifold M, on the Lie algebroid A, and the dual space A* respectively. On the
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vector bundle B we choose the local coordinates (z°,y%), and on the dual space
B* we take (z°,1,). As a result, on the space A ¢y, B we have the induced local
coordinates (z,y®,y%), and on the dual bundle A* ¢y, B* we have (2%, Yor, Ya )-
In this case, referring to the local characterizations (2.32), the bicocycle double
cross product Poisson bracket (3.3) takes the form:

{xi7xj}¢42><1¢6* = 07
{xiaya}AzNwB* = (a.A)Z;)H
{ﬁi,ya}AZD%B* = (aB)fza

(3.24)
{Ya, yﬂ}AZNd,B* = ﬁlgy'y + SZﬁyaa

{Yar Yot Azoa, B+ = Bopyy + Thyd,
{ya yatazsa, B = Rogyy + &4 5Ya-

See that 567 is standing for the ¢ mapping, 3¢5 is for the  mapping, B, is due

to 7, and ‘Zgb represents 6.

Let us examine the Poisson bracket on the particular instances of the bicocycle
double cross product construction. In case the ( term is zero, we arrive at the
unified product Poisson structure which we denote by {e, e} 4+ B+ 1f both ¢
and i are zero, then we arrive at the double cross product Poisson structure
{o, 0} gepqp<. If (, 0 and p are all zero, then we have cocycle extension Poisson
bracket {e, o} 4+, »B+- The case of the dual space of the double cross product Lie
algebra has been studied in [49,52].

Hamiltonian Dynamics on the Dual of BDCP Lie Algebroids. Given a Hamilton-
ian function H = H (2", Yo, ya) on the dual bundle A* >y, B*, let us recall the
Hamiltonian equation

du
o = H s (3.25)

where the Poisson bracket on the right hand side is the one defined in (3.23).
In local coordinates (z°, ya,¥a) on A* ¢y B* and in view of the local Poisson
brackets in (3.24), we compute the Hamiltonian vector field as

on COHN 0
XH - ((QB)aaya + (aA)aaya> 85[72
OH OH OH OH S OH\ O
d d _mY 4
<3aﬁyd ay + ﬁaﬁy’)/a 6bozyd 83/1; 9-{bozy'y ayb + (aA)a 8$Z) 83/(1
OH aH OH OH COHN 0
d 2 Y ?
(6 ,Byda Vs + ‘Iabyd + maby’ya + maﬁy’y 3y5 + (a.A)a 813l>
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In accordance with this, what we call the bicocycle double cross product Hamilton’s
equations are computed to be

W (i P (),
dt P9y, “Oya’
dya OH OH OH OH OH
“dt (aA>a8 i ﬁlﬂy’Ya + 6Zayda 5a6yd yﬁ + ZayVTyb ’
rep. of A on B cocycle term ¢ rep. of B on A
dya ; aH d 8H d aH 87‘[ (97-[
= (ap)t 2 iy, ey, O g i
dt (G’B)a axz abyd ayb aﬂyd 8yﬁ aby"f 8y agy'y 81/5
rep. of A on B cocycle term ¥ rep. of B on A
(3.27)

The (Dual) Lie Algebra Framework. Having formulated them for bicocycle double
cross product Lie algebroids, we can now present the ingredients of the Poisson
and the Hamiltonian dynamics for bicocycle double cross product Lie algebras
without much difficulty. In order to achieve this we assume the base manifold
to be a singleton, and the anchor maps to be trivial. In this case, one has
two vector spaces g and § and their bicocycle double cross product Lie algebra
g ¢ >y b equipped with the Lie bracket [e,] . Correspondingly, the dual
space g* ¢y, h* is endowed with the bicocycle double cross product Lie-Poisson
bracket, which in local coordinates is given by

{yas Ystazoashs = Dop¥y + 3asYas

{Ya> yb}gZ'X‘wh* = %Zbyv + Tﬁbyd, (3.28)
d

{Ya, yﬁ}ggmwb* = 9%35?/7 + Gupa;

where the coefficients are those that determine the representations / twisted cocy-
cles just as in the Lie algebroid setting. Given Hamiltonian function h = h(ya, ya)
on the dual space, the bicocycle double cross product Lie-Poisson equations are
then computed to be

dyo ., Oh oh ., Oh .  Oh
o = ag¥ Dys + S yi— o — dopYdn— Dys + Ry ¥y o

rep. of gon b cocycle term ¢  Tep. of hon g

dya . d (9h d ah ~ ah ~ ah
ar ~ ey, ~ Sevip,, = Fubig,, = R,

(3.29)

rep. of gon h  cocycle term ¥ rep. of h on g

Lagrangian Dynamics on the BDCP Lie Algebroids. Let us fix a local coordinate
system on the Lie algebroid A, >, B as (z°,5%) := (z*,y* y*). Similar to
the Euler-Lagrange equations on a Lie algebroid, the Euler-Lagrange equations
generated by a Lagrangian function L on the product Lie algebroid A (>, B (in
local coordinates) are two sets of equations. The first set of equations can be
directly interpreted as:

dzt
dt

= (aa)hy* + (ag)Ly™. (3.30)
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The second set of equations can be expressed as:

d oL oL oL LOL . 40
@oyp = bgg IR g — R — Sy g g

rep. of B on A rep. of Aon B
oL
+ 357y a a’
\ﬁ,_z
cocycle term ¢
d oL L 0L oL oL
dt@b (aB)baZ+‘zbdyaa+6b7yaa+g{?”/yaa

(3.31)

rep. of Aon B rep. of B on A

+ Ppay o

cocycle term

The Lie Algebra Framework. Let us examine the Euler-Poincaré dynamics on the
bicocycle double cross product Lie algebra g <, h. To this end, we set the terms
responsible for the anchor maps in (3.31) to be trivial. Then, given a Lagrangian
function I = I(y*, y®), in local coordinates (y*,y®), the bicocycle double cross
product Euler-Poincaré equations take the form

ol , Ol 4 0l ol
qiogp Y g~ Ry g — Sy G a + 3 50

rep. of h on g rep. of gonbh  cocycle term ¢

L al L ol )

— Ry — .
y 8ya b’y a a + a o + "Bbdy aya

(3.32)

g v~

rep. of gon h  rep. of hong cocycle term 1

3.3. Irreversible Dynamics via Real Line Extension. Hamiltonian dynam-
ics is defined on Poisson (more specifically symplectic) manifolds that offer a re-
versible motion, where the Hamiltonian function is preserved. A generalization
of the classical Hamiltonian dynamics that allows the irreversible dynamics is
achieved on contact manifolds. In the present subsection, we shall recall this
formalism.

Contact Manifolds. Let N be an odd-dimensional manifold, say, of dimension
(2n+1). A contact structure on N is a maximally non-integrable smooth distribu-
tion of codimension one, defined locally by a one-form 7 with the non-integrability
condition

dn™ An # 0. (3.33)

Such a one-form 7 is called a (local) contact form [10,66]. We consider the
existence of a global contact one-form and denote a contact manifold by (N,n).
Given a contact one-form 7, the vector field R satisfying

RN =1, trdn =0 (3.34)
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is unique, and is called the Reeb vector field. For a contact manifold (IV,n), there
is a musical isomorphism

b: X(N) — THN), & tedn + (0, E)n. (3.35)

We denote the inverse of (3.35) by f. Referring to this, we define a bivector field
A on N as

Ala, B) = dn(fe, 15). (3.36)
The pair (A, R) gives a Jacobi structure [68,74], since they satisfy (2.65). This
realization allows us to define a Jacobi (contact) bracket

{F,H}® = A(dF,dH) + FR(H) — HR(F). (3.37)

We do note that the above bracket satisfies the Jacobi identity, but not the
Leibniz identity.

Dissipation on Extended Manifolds. Let (N, n) be a a contact manifold. We define
the contact Hamiltonian vector field &y as [18,20,31,33,45]

te,, dn = dH — R(H)n, e, = —H. (3.38)

The relationship between the Hamiltonian vector field and the contact bracket is
given by the equation

En(F) = {F,H} — FR(H). (3.39)

Given Hamiltonian function H, the contact Hamiltonian vector field is a strict
contact vector field if and only if R(H) = 0. Accordingly, one has strict contact
Hamiltonian vector field as

te; dn = dH, e, = —H. (3.40)

In order to observe the dissipative behaviour of this dynamics we exhibit two
calculations:

Lo =-RHH,  LgmA(dn)")=—(n+1)R(H)nA(dn)", (3.41)

where the former one is showing that the Hamiltonian function is not preserved
under the Hamiltonian function, whereas the latter gives the dissipation of the
volume form n A (dn)" (given for (2n + 1)-dimenisonal contact manifold). Ac-

cordingly, the divergence of the contact Hamiltonian vector field is computed to
be

div(&y) = —(n+ 1)R(H). (3.42)

Let now @ be a manifold, and let T*Q be its cotangent bundle equipped with
the canonical symplectic two-form §2¢ defined to be the exterior derivative of the
canonical one-form 6 with the negative sign. In Darboux coordinates (2%, p;) on

the cotangent bundle T*(Q), the canonical one-form and the canonical symplectic
two-form can thus be presented as

O¢q = pida’, Qg = —dOg = dz' A dp; (3.43)

respectively. A generic example of a contact manifold is the extended symplectic
manifold N = T%@Q x R. It is to write the contact one-form referring to the
canonical one-form ©¢ and the differential one-form dz defined on R. More
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precisely, by the abuse of the notation (we denote pullbacks and pushforwards of
the tensor fields by the same notation not to cause notation inflation), we have

n=dz— 0gq. (3.44)

This construction will be our main interest in the sequel, as it involves the addition
of the dissipative terms to the dynamics on Lie algebroids.
In the Darboux coordinates (x*, p;, z) on N, the contact one-form and the Reeb
field are computed to be
n = dz — pda’ R = 2 (3.45)
’ 0z
Furthermore, in the Darboux coordinates, the bivector Apr«gxr is computed to

be

0 0 0 0
Ap~ = —AN—+pi— . A4
TR Gy 4 Op; +p 0z " opi (3.46)

Here, the first term is due to the canonical Poisson bivector field Ar«g on T*Q
obtained from the symplectic two-form {1g. By defining the Liouville vector field

A2, i, 2) = Pig, (3.47)
on the extended cotangent bundle, we can write the contact bivector field as
AT*QXR = AT*Q + R ANA*. (348)
In the local picture, the contact bracket (3.37) is written as
OF OH OF OH OF\ OH OH\ OF
FHY = 2R (pp, )22 (H—p 2. (349
(£} drt Op;  Op; Ox' + ( P 8pi> 0z < p 8p¢> 0z (3:49)

Hence, the contact Hamiltonian vector field for a given Hamiltonian function
H = H(z', p;, z) becomes

OH 0 OH OH 0 OH 9
= g oat <axi * azpi) op T (p"api - ’H> 5 (350)
We thus obtain the contact Hamilton’s equations for H as

dzt  OH dp; OH oH dz oH
_ dpi O OH - dz O g 51
dt  Op;’ dt ar o ar P op; 7 (3:51)

Dissipative Lagrangian Dynamics. In order to facilitate dissipation within the
Lagrangian dynamics, on the tangent bundle T'Q), we extend the tangent bun-
dle by the real line. We thus arrive at the extended tangent bundle T'Q) x R,
equipped with the induced coordinates (¢, 4%, z). Hence, the dissipative dynam-
ics is generated by a Lagrangian function L = L(z*, %, z) on TQ x R. Here, we
assume (2%, 3, 2) as the coordinates on the extended tangent bundle. To derive
the dynamical equations governed by such a Lagrangian function, the application
of the Herglotz principle is necessary. This principle is defined by an action func-
tional, as described in [30,58-60], where we refer the reader to [32] for a more
comprehensive account involving singular Lagrangians. In the present work, we
shall stick to the regular Lagrangians.
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For a regular Lagrangian function L, the fiber derivative determines a diffeo-
morphism from the extended tangent bundle T'Q) x R to the extended cotangent
bundle T*Q x R as

o - OL
FL:TQ xR — T"Q xR, (z*, 2" 2) — (2, $,z) (3.52)
fs
We pull the contact one-form 7 on T*Q x R and write it as n’. This reads a
contact manifold (TQ x R,n”). The energy function is then defined to be

.; OL
Tt ——

oz
via which we determine the contact motion on the extended tangent bundle T'Q) x

R. On the dual picture, the energy function corresponds to the Hamiltonian
function

Br(zt, it 2) = — L(z*,d", 2), (3.53)

H(x, s, 2) = @tp; — L(a?, i, 2). (3.54)

Hence, the contact dynamics (3.40) given in coordinate-free manner, assuming
H := Er and n := 5’ as the contact Hamiltonian function and the contact
one-form, respectively, we arrive at the Herglotz equations (also known as the
generalized Euler-Lagrange equations)

doL oL ILIL
dt 0zt Oxt  Oit 9z’

Removing the explicit dependence of z reduces it to the classical Euler-Lagrange
equations.

(3.55)

3.4. Irreversible Dynamics on Lie Algebroids. Along the lines of [8,9,85],
let (A, 7, M, ay,[e,e]4) be a Lie algebroid and (A*, w, M) is its dual vector bundle
equipped with the associated Poisson structure A4+« defined globally in (3.3),
which is locally given by (3.5). Since the dissipative dynamics is formulated by
the canonical Poisson structure of the real line R extension, we extend the Poisson
manifold A* by R to define the contactization of the Poisson structure A 4~. We
thus arrive at a Jacobi manifold structure on A* x R. Accordingly, setting the
local coordinates (z%,9a,2) on the extended bundle A* x R, and referring to
(3.48), we define the bivector field

1 0 0 0 0 0 0
A * :A * A*:f v — - I D o~ e a— .
A*xR A+ +RA 2530‘5%8% A Dys + I A R + 9, A R (3.56)

where the Reeb field and the Liouville vector field are given by

0 0
R=—+— A*: aq
Y e

o7 (3.57)

respectively. It then follows that the pair (A g+xr, R) determines a Jacobi struc-
ture. As such, we can define a Jacobi bracket on A* x R as

{F,HY = Agexr(dF,dH) + FR(H) — HR(F). (3.58)
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Assuming the local coordinates (z°,¥q, z) on the extended space, the local real-
ization of this bracket is computed as
{xivxj}A*xR =0,
{vai}A*xR =0,
{2, Yatarxr = Ya, (3.59)
{2, yatarxr = (a04)4,
{Yar Ys}asxr = 9,597

where (a4)%, is the anchor map, whereas E)l 5 are the structure functions of the
Lie algebroid.

Hamiltonian Dynamics on Extended Lie Algebroids. Given a Hamiltonian func-
tion H = H(2", ya, z) on the extended dual space A* x R, the Hamiltonian vector
field is defined to be

&y(F) = {F,HY — FR(H). (3.60)

So, in the local coordinates (2, %4, z) on A* x R, the Hamiltonian vector field is
computed to be

g PO o oy 0 (N
(3.61)

Consequently, the dissipative Hamiltonian dynamics on the extended dual space
A* X R, of the Lie algebroid A, is given by

da’ _ (aq) oH
a A Oy’
dya, . OH v  OH OH
—= = — P —— — — = Yo\ .62
dz OH
a ya@ - H

A particular choice is A = T'M, and the anchor map to be the identity. In this
case, A* = T*M, the Hamiltonian vector field reduces to the contact Hamilton-
ian vector field (3.50), and the dynamical equations turn out to be the contact
Hamilton’s equations (3.51).

On the other extreme, if we choose the base manifold M = {e} as a singleton,
then the Lie algebroid A becomes a Lie algebra g, which will be investigated in
greater detail below.

Lagrangian Dynamics on Extended Lie Algebroids. We shall now obtain the La-
grangian picture of the real line extension that controls the dissipative terms.
Although, in general, it is possible to formulate the theory for any (even sin-
gular) Lagrangian function, we shall hereby confine ourselves with the regular
Lagrangians.

Let, now, L = L(z',y®, z) be Lagrangian function on the extended Lie alge-
broid AxR with (local) coordinates (z?,y%, z). We then define the fiber derivative
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(or the Legendre transformation)

FL: AxR— A* xR, (2", 4% 2)— (x"',g;;,z, (3.63)
which is at least a local diffeomorphism as a result of the regularity of the La-
grangian function. This, then, allows us to pull the Jacobi structure (A g4+xgr, R)
back to the extended Lie algebroid. We denote the Jacobi structure on A x R
by the pair (Agxgr,R). This pair determines a Jacobi bracket {e, e} 4xr on the
extended space. Defining the energy function

L ,
Br(z',y, 2) = QT—L(x’,ya,z) (3.64)

as the Hamiltonian function, we can determine the equations of motion as in the
form of Herglotz equations

d OL ; OL BaL OL OL
at oy (ﬂA)aaxi = 9opY By + 9z 0y’
dzt 4
_ 00 (3.65)
dt (a.A)ay y
dz i o
E - L(LL“ Y 72)'

Note that in the case of the Lie algebroid A = T'M, the equations (3.65) are just
Herglotz equations (3.65) to the classical form in (3.55).

Lie Algebra Framework. In the case of the base manifold is a point, the extended
dual space happens to be g* x R. Then assuming the coordinates (yq,z), the
Jacobi bracket may be presented as

{27 ya}g*XR = Yo,

(3.66)
{yaa yﬁ}g* xR = 5zﬁy’y-

Hence, given a Hamiltonian function h = h(ys, 2) on g* x R, the Lie-Poisson-
Herglotz equations are obtained as

dya oh oh

dt y)aB 78 yaga

Iy o (3.67)
a = ya@ — h.

As for a Lagrangian function | = [(y®, z) on g x R, the equations (3.65) reduces
to the Euler-Poincaré-Herglotz equations

d ol e 5(‘% _ oo
datoye oY Gy T bz oy (3.68)
dz

=1(y*, 2).

dt
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3.5. Irreversible Dynamics on Bicocycle Double Cross Product Lie Al-
gebroids. The present subsection is reserved for the (de)coupling of the dynam-
ical systems equipped with irreversible characters, considered in the previous
subsection.

To this end, we first recall bicocycle double cross product Lie algebroid A ¢y,
B of Subsection 2.2, with coordinates (z¢,y®,y%). In accordance with this, we
shall assume the coordinates (2%, ¥, %) on the dual bundle A* ¢>y B*, on which
the Poisson structure was given in Subsection 3.2. The bicocycle double cross
product Poisson bracket, then, was given in (3.23) in a coordinate-free way, and
in (3.24) using coordinates.

We then extend the bicocycle double cross product Lie algebroid with the real
line to arrive at the extended product space A (>, B x R with local coordinates
(2%, y*, 5%, 2). The dual of this bundle is A* ¢y, B* x R with local coordinates

(2%, Yo, Ya, 2)-

Dissipative Hamiltonian Dynamics on the Dual BDCP Lie Algebroids. We ex-
tend the Poisson brackets in (3.24) following the approach defined in Subsection
3.4. More precisely, we merge (3.24) with the Jacobi brackets in (3.59), where
the extension with the action is examined. This itinerary map leads us to the
following set of Jacobi brackets

{, JUj}AgmwB*xR =0,
{2, 2"} azay 5o xR = 0,
{z, ya}AZ[x]wB*xR = Yo
{z, ya}AmeB*xR = Ya,
{2, Yo} azsa, 752 = ()3, (3.69)
{2, Yo} Az, 50 xr = (aB)g,
{Wa, yﬂ}Azmwlﬁ*xR = ﬁlgyv + 325%,
{va> Ypy azpa, 8o xR = By + Thya,
{Ya, yatazsa, B xr = Roguy + &45a

which we call the dissipative bicocycle double cross product Jacobi structure.
Accordingly, for a Hamiltonian function H = H(z', ya, ya, z) defined on the

extended bundle A* >qy B* x R, the Hamilton’s equations which we call the

dissipative bicocycle double cross product Hamilton’s equations, is the following
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set of equations:

@i 2 2

dt T Oya “Oya’

Wa _ O e OH o OH o OH g OH OH
dt - <(a )aa ) +3aﬁyaa +'6aﬁy’78y mbay’}/@yb 6bayda + Ya 02>?
dya

_ i OH | oy aH OH oM OH oM
E - <(a8)aaxi + %aﬁy’y@ + 6aﬁyb + ;’Baby'Ya Sabyd@ + Yo7 Ep >

e o
dt ya@ya Yo e '

(3.70)

BDCP Lie-Poisson-Herglotz Equations. Let us reconsider the dissipative dynam-
ics on Lie algebra setting, by assuming the base manifold to be a point, in which
case the anchor map turns out to be trivial. Accordingly, the extended dual of the
bicocycle double cross product space g (> b becomes g* >y, h* X R. Endowing
the dual space with the coordinates (yq, Yq, 2), the Jacobi bracket in (3.69) takes
the particular form

{Zaya}gzlxlwh*xR = Ya,

{Zaya}gZ[xlwh*XR = Ya,
{Ya, Ystazoashr xr = D597 + 308Yas (3.71)
{ym yb}ngx]wb*xR = ‘szyy + ‘Zibyd,
{Ya, yB}ngxw,h*XR = %Zﬁyv + ng’yd'

Consequently, given a Hamiltonian function h = h(ya, Ya, 2) defined on g* (>,
h* xR, the bicocycle double cross product Lie-Poisson-Herglotz equations are given

by

Do o, Oh Oh oh oh ok

— = — (Baﬁya@ + ﬁlﬁ?h@ — %Zay»y o0 Gbayda + Yo 82)

@Yo Oh oh oh oh  oh

c% - (mvﬂywa + Gaﬁyb(,) + ‘Babyfy o + ‘Idbyda + Yo—=— 9, ), (3.72)
dz _  0h N ah L

dt Y. 0Yq Yag,~ Yo )

Lagrangian Dynamics on BDCP Lie Algebroids. We shall now study the irre-
versible Lagrangian dynamics on the extended space A (>, B x R, equipped
with the local coordinates (z%,y%,y?, z) where z denotes the coordinate on R.
Accordingly, given a Lagrangian function L = L(z%, y®, 3%, 2), we have two sets
of equations as we have in reversible Lagrangian motion. The first set of equations
is the one that determines the dynamics of the base space given by

dzt
dt

= (aa)hy* + (ag)Ly™. (3.73)
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As it can be easily observed, this equation is the same with the reversible case.
The second set of equations

d oL oL oL 4 OL L OL
qioy7 A bz T 96y o NdVga — Siyga
\ﬁ,_/ \ﬁ,_/
rep. of B on A  right rep. of A on B
oL OL OL
a .y " I
T35 g T 38 e
——— ——
cocycle term ¢  dissipative term (3 74)
d OL . 0L 0L oL oL '
dtab (G’B)ba 1+Tdyaa+6ayaa+mgyy’y@
rep. of Aon B rep. of Bon A
oL OL OL
a, d¥H Dt
%/—/ ~——

cocycle term 1)  dissipative term

governs the dynamics on the fiber.

Lie Algebra Framework. As a particular instance of the irreversible collective
motion on the Lie algebroid setting, we shall now record the irreversible motion
on the Lie algebra level. To this end, we consider the extension g (>, h xR of the
bicocycle double cross product Lie algebra g (<, h. The irreversible Lagrangian
dynamics obtained on the extended space is now given by the bicocycle double
cross product Euler-Poincaré-Herglotz equations. Given a Lagrangian function
I=1(y*, y* z) on g >y b x R, we have

ol ol ol ol
@oy7 = B g~ Ry g —layp et 35 g

rep. of h on g  rep. of gonb  cocycle term (

o ol
oyP oz
——
dissipative term
d ol 0! ol a 0 az
A R o
T A e U v o T FPoay
rep. ofg onh rep. of hong cocycl;fcerm P
o
oyt 0z

dissipative term

(3.75)

4. Conclusion

The manuscript provides a comprehensive account of the (de)coupling phenom-
enon of Lie algebroids, and the dynamics on this geometry in the most general
way through the bicocycle double cross product construction. This framework
subsumes unified products, double cross products (matched pairs), cocycle exten-
sions, and semi-direct product theories. The (de)coupling problem is addressed
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at the pure algebraic level in Section 2, along with an analysis from a dynamical
point of view in Section 3.

More precisely, in Theorem 2.3 we have presented the compatibility conditions
to couple two vector bundles under mutual interactions via twisted cocycles. Then
in Theorem 2.4 we showed that the bicocycle double cross product construction
provides the most tangible decomposition. Accordingly, the dynamics (dissipative
or not) encoded by a vector bundle can be decomposed in simpler units for a
better analysis.

The bicocycle double cross product Hamiltonian dynamics in the Lie alge-
broid framework is written in (3.27), while the bicocycle double cross product
Lie-Poisson dynamics is in (3.29). The Lagrangian dynamics for bicocycle double
cross products is given in (3.30) and (3.31), whereas the bicocycle double cross
product Euler-Poincaré equation is given by (3.32). The Herglotz type general-
izations of all these dynamical models are listed in Subsection 3.5.

As a future work, we wish to address the (de)coupling problem on Filippov
3-Lie algebroids, in an attempt to study collective Nambu motion.
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