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Abstract. Lie-Poisson systems on the dual spaces of unified products are studied. Having
been equipped with a twisted 2-cocycle term, the extending structure framework allows not only to
study the dynamics on 2-cocycle extensions, but also to (de)couple mutually interacting Lie-Poisson
systems. On the other hand, symmetric brackets; such as the double bracket, the Cartan-Killing
bracket, the Casimir dissipation bracket, and the Hamilton dissipation bracket are worked out in
detail. Accordingly, the collective motion of two mutually interacting irreversible dynamics, as well
as the mutually interacting metriplectic flows, are obtained. The theoretical results are illustrated
in three examples. As an infinite-dimensional physical model, decompositions of the BBGKY
hierarchy are presented. As for the finite-dimensional examples, the coupling of two Heisenberg
algebras, and the coupling of two copies of 3D dynamics are studied.
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1. Introduction

It is a well known fact that two mutually interacting dynamical/mechanical sys-
tems, when coupled, cannot preserve their individual motions in the collective sys-
tem. This is manifested in the equation of motion of the collective system as the
existence of additional terms, to those belonging to the individual subsystems. It
is the Hamiltonian realization of this collective motion, of two mutually interacting
physical systems, that we study in the present paper. In order to be able to present
the mutual interactions as Lie group / Lie algebra actions, we shall consider the
systems whose configuration spaces are Lie groups, [5, 7, 77, 85].

If the configuration space of a physical system admits a Lie group structure, then
the reduced Hamiltonian dynamics can be achieved on the dual space of the Lie
algebra [1, 4, 53, 62] since it carries a natural Poisson structure, called the Lie-
Poisson bracket. Many physical systems fit into this geometry; such as the rigid
body, fluid and plasma theories [40, 42, 76].

The early examples of coupled systems were motivated by coupling two different
characters of a physical system; such as the fluid motion under the EM field [60]
or the rigid body motion under the gravity [84]. Such systems have been first
studied, in literature, from the point of view of the semidirect product theory, which
has been successfully established both in Lagrangian dynamics, see for example
(13, 14, 15, 41, 59|, and Hamiltonian dynamics, see for example [64, 65], as well
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as [59, 91]. The semidirect product theory, later, upgraded in [90] to a theory
that accommodates 2-cocycle extensions, though, within the framework of Leibniz
algebras.

From the extension point of view, both semi-direct products and 2-cocycle extensions
fall into the category of extensions that allows only one way of interaction between
the individual spaces that give rise to the extension. Therefore, as far as the
(de)coupling of physical systems are concerned, such underlying algebraic structures
can support only the examples that involve two systems with only one effecting the
other.

On the other extreme, there are the double cross sum Lie algebras [47, 54, 55, 56,
57, 58, 86, 87, 88, 95], which are the extensions built on mutual interactions of
two Lie (sub)algebras. As a result, they provide the suitable ground to study the
dynamics of physical systems which are built on two mutually interacting subsystems
(24, 25, 26, 27].

The Hamiltonian (Lie-Poisson) theory over double cross sum Lie algebras has been
developed only recently in [24]. The theory, then, has immediately found applica-
tions in kinetic theory [23], and fluid theories [19]. Its Lagrangian counterpart, on
the other hand, has been developed for the first order Euler-Poincaré theories in [24],
and for the higher order theories in [22]. The applications to discrete Lagrangian
dynamics, in the realm of Lie groupoids and Lie algebroids, were considered only
recently in [27]. As for the infinite dimensional setting, it has been shown in [26]
that non-relativistic collisionless Vlasov’s plasma may be expressed as a non-trivial
double cross sum of two subdynamics, one of which being the compressible Euler
fluid, while the other is the kinetic moments of order > 2 of the plasma density
function.

Although the latter decomposition is in perfect harmony with the nature of physics,
it hints a direction for the further study; namely, to find a proper algebraic/geometric
framework in order to decompose the dynamics of Vlasov’s kinetic moments at any
order (see [30, 31] for the geometry of kinetic moments).

The graded character of the Lie algebra of kinetic moments allows only two Lie
subalgebra decompositions. The cut by the zeroth moment, and the cut by the
first moment yield the only two decompositions to realize (and hence study) the Lie
algebra of kinetic moments as a double cross sum.

The higher order cuts, on the other hand, attract deep attention. We refer the
reader to [19] for the 10-moment kinetic theory which paves the way towards the
whole Grad hierarchy [32] including the entropic moments [35], and, in addition, to
[52, 82, 83] for an incomplete literature list related to the kinetic moments.

However, any higher cut yields a Lie subalgebra with a complementary space, which
is merely a subspace. Such decompositions go beyond the double cross product/sum
constructions, and demand a more general class of extensions.

The two generalizations of the semi-direct products; namely, the 2-cocycle extensions
and the double cross products/sums, may be collected under the single roof of unified
products, which were studied extensively in [2] on the level of Lie algebras, and in
[3] on the level of Lie groups. By a slight abuse of language, a unified product of
Lie algebras, having equipped with a twisted 2-cocycle, becomes a double cross sum
in the triviality of the twisted cocycle, and a 2-cocycle extension in the case the
twisted cocycle is an ordinary Lie algebra cohomology cocycle.
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Although the formal algebraic treatment of such extending structures was achieved
in [2, 3], they are subsumed in the extensions of [89], at least, in case the total Lie
algebra consists of a number of direct sum copies of a fixed Lie algebra. It worths
to note that, the full generality of the type of extensions in [89] goes beyond the
present paper, and falls into those introduced very recently in [21].

The first goal of the present work

The main objective of the present paper is to develop Hamiltonian (Lie-Poisson)
dynamics on wunified products. This is the task we achieve in Section 4. The rich
geometry offered by such extending structures allows us to couple a Lie-Poisson
bracket with external variables interacting in all possible ways. From the decom-
position point of view, this corresponds to the decomposition of Lie-Poisson dy-
namics to one of its Lie-Poisson subdynamics, and a complementary subsystem,
which is not necessarily Lie-Poisson. The Hamiltonian dynamics on double cross
products/sums, however, accommodates only Lie-Poisson subsystems. So, the Lie-
Poisson bracket and the Lie-Poisson equations presented here are applicable to any
Lie-Poisson model.

In association with this task, we shall address all possible decompositions of (3
particles) BBGKY (Bogoliubov-Born-Green-Kirkwood-Yvon) hierarchy [39]. It was
proved in [61] that BBGKY hierarchy can be recast as a Lie-Poisson equation for
n > 3 particles. Focusing on the case n = 3, which is missing in [61], we shall present
two decompositions of the BBGKY dynamics; the double cross sum decomposition,
and the unified product decomposition. This way, we shall be able to compare the
two approaches, which, together, determine the relationship between the moments
of the 3-particle plasma density function.

The second goal of the present work

Along the lines of the above paragraphs we have noted that the Lie-Poisson theory
on 2-cocycle extensions may accommodate interesting examples, see for instance[90],
and that double cross product/sum decomposition is an efficient strategy to analyze
a system through simpler subsystems. Motivated by these facts, we shall apply the
double cross product/sum strategy to Lie-Poisson theory on 2-cocycle extensions.
More precisely, we shall derive in Proposition 6.1 the conditions for the double
cross sum decomposition of a 2-cocycle extension into two 2-cocycle extensions
with compatible cocycles. We shall, furthermore, present explicitly the Lie-Poisson
dynamics on the coupled system. The geometric framework, and the dynamical
equations, will be illustrated in Subsection 8.2 through two copies of the Heisenberg
algebra.

Coupling of dissipative systems

If a dynamical system is in the Hamiltonian form, then as a result of the skew-
symmetry of the Poisson bracket, the Hamiltonian function is a conserved quantity
[62]. This geometric fact corresponds to the conservation of energy when applied to
some physical problems. The time-reversal character of the Hamiltonian dynamics
depends basically on this observation. Those systems violating the time-reversal
property, therefore, could not be put into the Hamiltonian formulation. Neverthe-
less, one may achieve to add a (Rayleigh type) dissipative term to the Lie-Poisson
dynamics by means of a linear operator from the dual space to the Lie algebra [8].



330 ESEN, OzcAN, SUTLU

This naive strategy works very well for many physical problems. A more geometric
approach is to add an additional feature to the manifold. There are methods, in the
literature, to achieve this.

Coupling of reversible and irreversible dynamics

In the early '80s, extensions of the Poisson geometry were introduced independently
in order to add dissipative terms into Hamiltonian formulations (see Subsection 2.2).
Following the first initiation [46], a coupling of a dissipative and a Hamiltonian dy-
namics was introduced in [45, 72] which is called metriplectic in [74]. Addressing the
same problem, a similar construction was presented in [33], while investigating geo-
metrical framework of Boltzmann equation. Later, this structure is called GENERIC
(General Equation for Non-Equilibrium Reversible Irreversible Coupling) in [36].
In metriplectic systems, the geometry is determined by two compatible brackets;
namely, a Poisson bracket and a (possibly semi-Riemannian) symmetric bracket. In
GENERIC, a dissipation potential is employed in order to arrive at the irreversible
part of the dynamics. Accordingly, the Legendre transformation of dissipation po-
tential determines the time irreversible part of the dynamics, [81, 34, 79]. If the
dissipation potential is quadratic, then one arrives at a bracket for the irreversible
motion.

One of the problems in this coupling is to determine a proper symmetric bracket,
or a dissipation potential compatible with the Poisson geometry (see Subsection
2.3). In the present work, we shall refer to geometric ways to obtain symmetric
brackets; such as the double bracket in [10, 11, 12] (the same formalism was published
independently in [93]), Cartan-Killing bracket [75], and Casimir dissipation bracket
[29]. We are interested in these geometries since, in the Lie-Poisson framework, they
may be defined by the Lie algebra bracket directly in an algorithmic way. In the
present work, we shall study extensions/couplings of the symmetric brackets as well
as the dissipative systems. The latter will be the third goal here.

The third goal of the present work

In order to present a complete picture, we shall study in Section 7 the couplings
of the dissipative terms which are added to the Lie-Poisson dynamics. In other
words, our third goal is to couple two metriplectic systems under mutual actions.
First, we aim to provide a way to couple two mutually interacting systems involving
Rayleigh type dissipative terms. We shall then present couplings of Double brackets,
Cartan-Killing brackets, and Casimir dissipation brackets.

As far as the coupling problem is concerned, our emphasis will be laid on 3D
systems. Accordingly, we shall present two illustrations. On the one hand, we
shall provide couplings of both reversible and irreversible rigid body dynamics under
mutual interactions, which, from the decomposition point of view, corresponds to the
Iwasava decomposition of SL(2,C), while on the other hand, will shall continue with
the Heisenberg algebra in Subsection 8.2, endowing the geometry with dissipations.

Contents

In the following section we shall present, for the sake of the completeness, a brief
summary of the preliminary material which includes Hamiltonian dynamics and
metriplectic dynamics. Section 3 is reserved for unified products, as well as the
two extreme constructions the theory accommodates; the double cross sums of Lie
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algebras and 2-cocycle extensions. In Section 4, we study Lie-Poisson dynamics
on unified products, while in Section 5, we consider the possible decompositions
of BBGKY dynamics as an illustration of the theoretical results obtained in the
previous sections. The conditions for the double cross sum decomposition of a 2-
cocycle extension are determined in Section 6. Couplings of the symmetric brackets,
on the other hand, are given in Section 7. Finally, in Sections 8 and 9, 3D examples
are provided.

2. Fundamentals: Lie-Poisson dynamics, and dissipation

2.1. Hamiltonian dynamics

Consider a Poisson manifold (P, {s,«}) [50, 92]. On this geometry, Hamilton’s
equation generated by a Hamiltonian function(al) # is defined to be

z={z,H}, (2.1)

where z is in P. Define the Hamiltonian vector field X4, for a Hamiltonian
function(al) H, through
Xu(F) ={F, H}. (2.2)

A function(al) C is called a Casimir function(al) if it commutes with all other
function(al)s that is, {F,C} = 0 for all F. If there does not exist any non-constant
Casimir function(al) for a Poisson bracket, then we say that the Poisson bracket is
non-degenerate. It should be noted that the Hamiltonian vector field generated by
a Casimir function(al) C is identically zero. The characteristic distribution, that is
the image space of all Hamiltonian vector fields is integrable. This reads a foliation
of P as a collection of symplectic leaves [94]. That is, on each leaf, the Poisson
bracket turns out to be non-degenerate. If the bracket is already non-degenerate on
P then there exists only one leaf, and P turns out to be a symplectic manifold.

Skew-symmetry of Poisson bracket verifies that Hamiltonian function(al) is pre-
served throughout the motion. Since the Hamiltonian function(al) is taken as the
total energy in classical systems, we may call this property as the conservation of
energy. This manifests the reversible character of Hamiltonian dynamics.

Referring to Poisson bracket, we define a bivector field A as follows
AdF,dH) = {F, H} (2.3)

for all 7 and H, [17]. Here, dF and dH denote the de-Rham exterior derivatives.
Hence, we may alternatively introduce a Poisson manifold by a tuple (P, A) consist-
ing of a manifold and a bivector field. Recall that there exists a Schouten-Nijenhuis
algebra on bivector fields [6]. In this picture, the Jacobi identity turns out to be the
commutation of A with itself under the Schouten-Nijenhuis bracket; that is,

[A’ A] =0. (24)

Lie-Poisson systems

Consider a Lie algebra K, equipped with a Lie bracket [e, <], [43]. The dual R*
admits a Poisson bracket, called Lie-Poisson bracket [40, 42, 51, 53, 62].
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For two function(al)s F and H, the (plus/minus) Lie-Poisson bracket is defined as

OF 0H

F06 = (a5 ) (25)
where 0F/dz is the partial derivative (for infinite dimensional cases, the Fréchet
derivative) of the function(al) F. Here, the pairing on the right hand side is the
duality between 8 and K whereas the bracket is the Lie algebra bracket on K. Note
that, we assume the reflexivity condition on K, that is the double dual £ = RK.
The dynamics of an observable F, governed by a Hamiltonian function(al) H, is
then computed to be

: OF OH
F= (7 M) a) = (a2 )
OF . OF
= :|:<z, — adsy /o2 E> = :|:< ad3y /s, 2, E> (2.6)
Here, ady x’ := [x,x/] for all x and x’ in R is the (left) adjoint action of the Lie

algebra R on itself whereas ad™ is the (left) coadjoint action of the Lie algebra £
on the dual space £*. Notice that adj is defined to be minus of the linear algebraic
dual of ady. Then, we obtain the equation of motion governed by a Hamiltonian
function(al) H as

z F adjy, 5,2 = 0. (2.7)

Remark 2.1.  There are a plus/minus notations in (2.5) and (2.6). A plus sign
appears if the reduction (Lie-Poisson reduction) is performed referring to a right
symmetry whereas a minus sign appears if the reduction is performed referring to
a left symmetry. For the plasma dynamics (see Section 5), we shall refer plus Lie-
Poisson bracket since Vlasov’s plasma has a right (called relabelling) symmetry.
For finite-dimensional rigid body motion (see Section 8), we shall employ minus
Lie-Poisson bracket.

Coordinate realizations

Assume a (local) coordinate chart (z;) (we prefer subscripts since we only focus
on the dual spaces) around a point z in P. Then the Poisson bivector can be
represented by a set of coefficient functions A;; determining a Poisson bracket as

OF OH

=N——. 2.
{‘F7%} ]azi 82,‘ ( 8)
Then the equation of motion generated by a Hamiltonian function H becomes
OH
= Ay —. 2.9
< J 8 Zj ( )

Let us examine the Lie-Poisson structure which is defined on the dual of a finite
dimensional Lie algebra. For this, let 8 be a K dimensional Lie algebra with a
basis {k;} = {ki,...,kg}. The Lie algebra bracket on £ determine a set of scalars
C!., called structure constants, satisfying

17
ki, k;] = Cijkim, (2.10)

where the summation convention is assumed over the repeated indices.
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Note that, after fixing a basis, the structure constants define a Lie bracket in a
unique way. One has the dual basis {k'} = {k',... ,k*} on the dual space &*. We
denote an element of & by z = 2k’ where the coordinates {zy,..., 2y} are being
real numbers. The (plus/minus) Lie-Poisson bracket (2.5) can be computed in this

picture as OF OH
pum— :E n —_— .
{f7 H} C@]Zn 5Zi 5Zj

The calculation in (2.11) means that the coefficients A;; of the (plus/minus) Poisson
bivector (2.8) are determined through the linear relations

(2.11)

In this case, Lie-Poisson equations (2.7) are computed to be
. . OH
Zj + Cijzné_zi =0. (213)

Rayleigh dissipation
Let us present a simply way to add dissipation to Lie-Poisson dynamics. Define a

linear transformation T from RK* to K. We equip a dissipative term to the right
hand side of the Lie-Poisson system (2.7) by simply adding $ad’{r(z)z, that is,

2 F adgyy 5,2 = Fady )2, (2.14)

see for instance [8]. We ask T to be a gradient relative to a certain metric at least
on adjoint orbits. In the upcoming subsection, we introduce a geometric framework
for obtaining dissipation in the Lie-Poisson setting.

2.2. Metriplectic Systems

As discussed in the introduction, in order to add dissipative terms to Hamiltonian
dynamics, two geometric models are addressed in the literature, namely metriplectic
systems [45, 72, 74] and GENERIC (an acronym for General Equation for Non-
Equilibrium Reversible-Irreversible Coupling), [33, 36, 34]. In this work, we are
interested in dissipative dynamics defined through symmetric brackets [80], hence
metriplectic dynamics. Let us describe this geometry in detail.

Consider a Poisson manifold (P,{s,«}) and assume, additionally, a symmetric
bracket (s, ) on the space of smooth functions on P. The metriplectic bracket
[|+, ¢|] on the manifold P is defined by the addition of the Poisson bracket and the
symmetric bracket, that is, for two function(al)s H and F,

|H, F|] ={H, F} +a(H,F), (2.15)

where a is a scalar. Note that, a metriplectic bracket is an example of a Leibniz
bracket [78]. There is no unique way to define a symmetric bracket. One way
is to introduce a (possibly semi-)Riemannian metric G on M. After a bracket is
established, the next task is to determine the generating function(al)s. In accordance
with this, we determine two different kinds of metriplectic systems [38].

In the first kind of metriplectic systems, one refers a single function(al) F to generate
the equations of motion, see [72]. Accordingly, the dynamics is given by

z=||z,F|] ={z,F} +a(z,F) forzelP. (2.16)
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In particular, by choosing the metric G positive definite, and by letting a be equal
to —1, one arrives at the dissipation of the generating function F in time. In
the second kind of metriplectic systems, there exist two function(al)s, namely a
Hamiltonian function(al) % and an entropy-type function(al) S. In this case, see
[45], the dynamics is written as

z={z,H} +a(z,S). (2.17)
If the following degeneracies, see [73],
{S,H} =0, (H,S) =10 (2.18)

hold, that is if the entropy is a Casimir, and energy is a dissipative invariant then
the metriplectic dynamics (2.17) can be generated by a single function (free energy
function) F = H — S defined as the difference of the Hamiltonian and entropy-type
function(al)s. For such kind of systems, Hamiltonian function(al) # is a conserved
quantity whereas the dissipative behavior of the system is interpreted as the increase
of entropy along trajectories assuming that a is positive. This case is possible if the
Poisson structure is degenerate and the symmetric tensor G is at most semi-definite.

There is an extensive list of studies on metriplectic systems. Let us mention some
recent papers. In [9], metriplectic dynamics is discussed in the realm of triple
brackets. A metriplectic realization of dissipative magneto-hydrodynamics is studied
n [67]. More general theories on dissipative fluid models are more recently given
in [16] and with a counterpart variation approach in [18], and a discussion of time-
dependent unreduced states in [67]. In [48], metriplectic integrator is proposed for
a kinetic theory.

In the following subsection, we introduce some examples of symmetric brackets that
can be attached to the Lie-Poisson bracket.

2.3. Some symmetric brackets on the duals of Lie algebras

In this subsection, we list some symmetric brackets available on the dual K* of a
Lie algebra K. After a symmetric bracket is determined, say («, ) the irreversible
dynamics governed by a generating function, say S, is computed to be

z = a(z,S), (2.19)

where a is a real number. Assuming a basis {k;}, and the accordingly the local
coordinates {z'} on &, the primary goal in this subsection is to define a symmetric
tensor field

G =Gydx' @ d2 (2.20)
on K. In the dual space £, we employ the dual basis {k'} and the coordinates {z;}.
There are two distinguished functions on the Lie-Poisson picture. Here is a list:

Double bracket

Recall the structure of a Lie algebra £ given in (2.10). In the Lie-Poisson setting,
the coefficients of the Poisson bivector are determined by the structure constants of
the Lie algebra as (2.12) that is, A;; = C};z [75]. For two functions F and H, we
define a symmetric bracket, literarily called double bracket see [11]:

OF OH . OFOH
(F,H)P) = ZAUAU 0% 05 ZCijCljZTZSa_Zia_Zl' (2.21)
J
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Hence, we can write the coefficients of the symmetric bracket in terms of the
structure constants of the Lie algebra as

Z Cy20 2. (2.22)

Now we define a metriplectic bracket on K* by adding Lie-Poisson bracket (2.11)
and double bracket (2.21) that is

= [|F, 7P = {F, H} + a(F, 7). (2.23)
So that according to the definition (2.16) we compute the equation of motion as
0
i F szm =aq Z CiCrinin s — L (2.24)

where on the left hand side we have the rever51b1e Hamlltoman dynamics, while the
dissipative term is located at the right hand side.

Cartan-Killing bracket
Consider a Lie algebra given in coordinates as (2.10). Referring to skew-symmetry
of the structure constants the Cartan-Killing metric is defined as

Gi; = C;,,C. (2.25)

im~jn’

It can be easily shown that the scalars G;; define a symmetric and bilinear covariant
tensor [75]. We define a symmetric bracket for functions F and H in terms of the
metric as follows

gf M —cnc‘ OF oM

Y Dz 8zm
To arrive at a metriplectic bracket on K*, we add the Lie-Poisson bracket (2.11) and
the symmetric bracket (2.26) that is,

(F, 1)K = (2.26)

= [|F, H|'“) = {F, 1} + a(F, 1)5). (2.27)
Accordingly, the metriplectic dynamics is computed to be
_ m. OH i OH
2 F O 2m—m— 97 C]szna (2.28)

where on the left hand side we have the reversible Hamiltonian dynamics, while on
the right hand side the dissipative term is presented.
Casimir dissipation bracket

Define a symmetric bilinear operator ¢ on Lie algebra K. Referring to any Casimir
function C of the Lie-Poisson bracket, define a symmetric bracket [29] of two func-

tions F and H as
0F O0H 0C 0H
(CD) _ _ hadi g g
(7, H) w([5z’5z]’{(5z’5z})‘

This bracket is suitable for the second type of metriplectic bracket. Note that the
change of Hamiltonian function over time is constant and the change of Casimir
function can be given as

G (5 M) o Ty rac ou)f
N 0z’ 0z | |0z Oz N 0z’ Oz

(2.29)
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The dynamics of an arbitrary observable F governed by a Hamiltonian function H
is deduced by this bracket as

Fo g ([OF 9H] o€ oM\ _[[oC ) SF
N 6z 6z | |6z 6z |) \|éz 6z |’ 5H/5z6z

5C 6H1® §F
=\~ w5 6z 6z | oz |

Here, the musical mapping b, from & to &%, is defined through the symmetric
operator 1, satisfying the identity <Xb, x' > =1 (x,x') for two elements x and x’ in
K. In this case, the dissipative equation of motion can be written as

5C M1’
2= —adiu [5Z 5Z] : (2.31)

(2.30)

We collect the Lie-Poisson bracket (2.11) and the Casimir Dissipation bracket (2.29)
together to arrive at the following metriplectic bracket

= [|F, H|] D) = {F, H} + a(F,H) P, (2.32)

Then we compute the equation of motion as

b
o (m} | (2.33)

z:Fad%z:(— )ad |f5Z 5

Hamilton dissipation bracket

We start with assuming a symmetric (semi-positive definite) bilinear operator
defined on a Lie algebra 8. We fix a Casimir function C of the Lie-Poisson bracket
(2.5), and then introduce the following symmetric bracket on the dual space K*, for
two function(al)s F and H, given by

o 2] 2]

where the brackets on the right sides are Lie algebra brackets on . An interesting
feature of this symmetric bracket is to see that the Casimir function(al) C is a
conserved quantity for the dynamics determined by the bracket (2.34) since C = 0
due to the skew-symmetry of the Lie-bracket. On the other hand the generating
function H dissipates, that is,

(F, H)ITD) — _¢<[ (2.34)

T = (M, H)HD) = %0([5% 6C} [66 67{ H 67{ 5C

oz 6z) Loz’ 6z (5z 5z 0z

'J

More generally, the gradient flow of an observable F generated by a function(al) H
is computed to be

oo ([F ] [ M\ _ [ ] o
a o0z 0z || oz Oz N 0z’ iz a(sH/(sz(Sz

X (2.35)
N 0C OH | oOF
= _ad67-t/6z 5z oz | 5z /-
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Accordingly, the equation of motion generated by & may be given by

oC 58T'

z = —adscs, [E’ 5z (2.36)

Now we are ready to add the Lie-Poisson bracket (2.11) and the symmetric bracket
exhibited in (2.34) in order to define a metriplectic (Leibniz) bracket on £*. By
assuming that both the Lie-Poisson and the gradient dynamics generated by a single
function H we have that

F = [|F. H|TP) = {F, M1} + a(F, H)HD). (2.37)

Then we compute the equation of motion as

b
oc 5%} | (2.38)

2 F adjy 5,2 = (—a)adsc s, {E’ 5%

3. Extensions of Lie algebras

In this section, we shall introduce a construction called unified product of Lie alge-
bras. We shall then examine its particular instances such as the double cross sum
Lie algebras and 2-cocycle extensions.

3.1. Extending structures

Let (g, [+, +]) be a Lie algebra and, assume that, it acts on a vector space b from

the right that is
< h®g—bh, nRE—N<E. (3.1)

Our goal in this subsection is to construct the most general extension of g by h. To
have this, we permit existence of the following maps

P:hoh—g, (n, 1) = ®(n,7')
K:bh®bh—b, (1) = K(n.1)

along with a linear map

(3.2)

>:hRg—g N E=n>E (3:3)

Note here that (3.3) is not an action since b is a mere vector space. The need of the
operations (3.2) and (3.3) will be evident in the sequel where we examine this in the
point of view of decomposition. The following theorem determines the conditions to
define a Lie algebra structure on the direct sum K = g @ b, see also [2].

Theorem 3.1.  The direct sum R =g @ b is a Lie algebra via
[(5 S 77)7 (fl D 77/)]<I>l><1

= (¢ +n & =0 é+2Mmn) e (kM) +n< —n g, (34

where the mappings are the ones in (3.1), (3.2) and (3.3), if and only if, for any
n.n'sn" €h, and any &, & € g,

K(n,n) =0, ®(n,n) =0,
k() €=k, Q) =, +na(>&)—n < (n>E),
k(n,m') > &= [§,Q(n,n)]+2(n,1n <E+2(n < &n)+n> (f > —n' > (n>§),
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n> [ =Ene - n>d+haf - )¢,

N =m< g -M<af)<¢

O @, k(' n")+ On> e, n") =0,

O k(&' n")+ On < e(',n") =0, (3.5)
where O refers to the cyclic sum over the indicated elements.

Proof. We first observe that

[, 1) = (®(n,m), K(n,7m)) =0 (3.6)
if and only if d(n,n) =0, k(n,mn) =0 (3.7)

for any n € h. Next, we shall consider the mixed Jacobi identities. Let us begin
with
[ga [777 77/]] + [777 [77,7 5“ + [77,7 [& 77]] =0, (38)

where
&, [, 7] = (&, (@, 1), w(n, )] = (= w(n,0) > €+ &P, 1)]g, —k(n, 1) <),
[, [0, €] = In, (=1 > & —n' < &)= (=0 (1 > — (0 <&n),
— k(' < &m) —n<(f >9), (3.9)
1l =, (n>&n<é)l = >+ en <),
k(n < &)+ < (> 9))).
Hence, (3.8) is satisfied if and only if

k(n,n) E=r(n<EN) =R <En) 0 (> € —n<a (i >§)

(&2, n))lg=6nn)>E4+n> (> —1' > (n>€) (3.10)

, + O a&n) =R <& )
for any n,n" € b, and any £ € g.

Next, we consider the Jacobi identity of an arbitrary n € b, and any &, & € g,

namely:
' 16,60 ] + (€, €] + [Im, €], €] = 0. (3.11)

In this case, (€.€)n) = (n <& n>[€ET)),
together with

€. n.¢l=((n<a&) <& -l > +[En> L),

(3.12)
[n.¢].81=(-m<& <&, ma&) &> L,).
Hence, (3.11) is satisfied if and only if
n<EEy=-m<1) < +Mmag<f, (313
n>[§ =&+ En> i+ —had)>¢ |
for any n € b, and any £,£ € g. Finally we consider the Jacobi identity
(0.0} ")+ [, n")ml + (I, m], '] = 0 (3.14)

for any n,n',n" € 9.
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We have,

[0, 7], 0") = ((@(n,7"), &(n, 7)), ")
= (", k(k(n.0) + 0" <@, 0'), 0" > (2(n, 1) + 2(", x(n,7))),

as well as
[, "], m) = [(<1>( ' ) (77 ")), 1)
= (n, s( )+ 0 <00, n"), 1" > @0, n) + 20, k(n0',1")))
", m), 1) = [(QI)( ) (77 ")), 1] (3.15)
= (v, ) +1' < (n,n"), 0 > B(n,n") + (0, k(n,1"))).

Accordingly, (3.14) is satisfied if and only if

> k@ k) + Y 0" <a®(n,n) =0,

(nm'm") ) / (nn' ") ) / (3.16)
oo e+ Y B0 k) =0
(') (')
for any n,n',n" € b. [

We denote the direct product space 8 = g b equipped with the Lie algebra bracket
(3.4) by R = g,b. In [2], the realization presented in Theorem 3.1 has been
introduced under the name of extending structures, or more precisely the unified
product of g and h. We shall follow this terminology as well. We remark that
the last two identities in (3.5) are called twisted cocycle identity for & and twisted
Jacobi identity for k, respectively. In the following subsection we shall exploit
that extended structure realizes both matched (double cross sum) Lie algebra and
2-cocycle extension of a Lie algebra as particular instances.

We refer the reader to [44] for extensions of Hamiltonian vector fields and to [49] for
extensions of Poisson algebras.

Decomposing a Lie algebra

Instead of extending a Lie algebra with its representation space, one can decompose
a Lie algebra into the internal direct sum of one of its Lie subalgebra and its
complement. The latter manifests the inverse of the statement in Theorem 3.1.
Let us detail the process.

We start with a Lie algebra K, and assume a subalgebra, say g, of it. It is always
possible to define a complementary subspace h C K so that R = g bh. In most
general case, for 1,7 in b, under the Lie algebra bracket of K, we have

1] = @(n,n) @ k(n,n') €g@h. (3.17)

Here, we define the mappings
(1) : h X h — 97 (I)(nﬂ?/) = projg[nan/] (318)
k:bxb—=b, k)= projnn] (3.19)

where proj denotes the projection operator. We note that if ® is identically zero
then h becomes a Lie subalgebra of K. In this case, x becomes the Lie algebra
bracket on §.
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Proposition 3.2.  Given a decomposition of Lie algebra K = g® b, where g is a
Lie subalgebra, the mappings ® and k in (3.2) may be recovered from (3.17), and
the mutual actions recovered from

0&nfe0=n>{anag (3.20)

satisfy the conditions in (3.5). That is, & can be identified to the unified product
9.0ah . In other words, (3.4) determines a decomposition of the Lie bracket on R.

Coordinate realizations

Choose a basis {e,} on an N-dimensional Lie algebra g and a basis {f,} on M-
dimensional vector space . We shall reserve the Greek scripts to denote the basis
of the Lie algebra g, whereas we shall make use of the Latin scripts for the basis for
the vector space h. Accordingly, we have

«

ea, 5] = CU zey, [f,, )] = ®% e, + K% E, (3.21)

where the set C’zﬁ determines the structure constants of the Lie subalgebra g

whereas the sets of constants &%, and k¢, are coordinate realizations of the mappings
® and k determined in (3.17). We identify the mappings (3.1) and (3.3) in terms
of the basis e,, f, as

f, <e, = R’ £, f,>e,=L" ez (3.22)

Needless to say, the scalars L?, and R’ determine the mappings in a unique way.
In the present finite case, the unified product g, is an N+ M dimensional vector
space. Referring to the basis of the constitutive subspaces, one can define a basis

{er,....enym} on gub as
{€a,€0} Cguad, Ea=e, D0, & =00f, (3.23)

In view of (3.21) and (3.22), one can calculate the structure constants of the bracket
(3.4) via

[€5:€a] 0 = Cha8y + Ch8a = [e5 D 0,60 ® 0] = Cj e, ®O,
(€5, €4l 0 = Choy + Ol = [e5 © 0,00 f,] = —Llse, ® —Risfy,  (3.24)
[éb? éa]q,bq = C_’l’)yaé’Y + Cgaéd = [O S fb? 0 ©® fa]@m = q),byae’y ©® K’lcfafd'
As a result, the structure constants of g,..h may be written as
Cha = Chqy Cha =0, Cha = — Lo,

_ _ _ 3.25
Cga = _RZ,B7 Cl;ya = (I)ZGJ Cgla = Kl;da' ( )

3.2. Double cross sum Lie algebras
We shall recall the matched pair construction from [57, 56]. Let (g, [, ];) and
(b, [+, ¢]s) be two Lie algebras admitting mutual actions

>:h®g—g, <1 h®g—bh. (3.26)
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That is, the following identities hold, for any &,¢&" € g, and any 1,7’ € b:
mnl>E=n 0 >&) -1 > [H>E),
n<gl=Mmag g -Mmag) s

The direct sum K = g ® h may be endowed with a Lie algebra structure, provided
(3.26) obey certain compatibility conditions. More precisely, we have the following.

(3.27)

Theorem 3.3.  The direct sum of two Lie algebras g and b under mutual actions
(3.26) is a Lie algebra through the bracket

(E@n), (@)= (€] +n>&—n > @ (] +n<€ —n <€) (3.28)
if the mutual actions satisfy the compatibility conditions
] <€=mn < - n<ag+nal > —n <8,
n>EE=En> -+ -—naf)>¢
for any n,n €, and any £,& € g.

(3.29)

If a Lie algebra R is constructed in the realm of Proposition 3.3, then the Lie algebra
R is said to be the double cross sum of g and b, and is denoted by 8 = g b,
see also [58]. In this case, the pair (g,h) of Lie algebras is called a matched pair of
Lie algebras. Let us remark that, if one of the actions in (3.26) is trivial then we
arrive at a semidirect product Lie algebra. In other words, the double cross sum
construction is a generalization of the semidirect product construction.

From unified products to double cross sums

Keeping the extending structures of Subsection 3.1 in mind, let us consider the
particular case of that structure where the mapping ® in (3.2) is taken to be
identically zero. In the realm of Theorem 3.1, for the case of ® = 0, the last
condition in the list (3.5) gives that £ mapping satisfies the Jacobi identity that is

O &(n,k&(n',n")) = 0. (3.30)
This reads that the vector space h turns out to be a Lie algebra:
[, 7] = K(n, 7). (3.31)

Further, for ® = 0, the third line and the fifth line in the compatibility list (3.5)
reduce to the action conditions (3.27), and the second and fourth lines in (3.5)
become the matched pair compatibility conditions in (3.29). This observation says
that Theorem 3.3 is a particular case of Theorem 3.1. That is, every double cross sum
Lie algebra is a unified product. For the Lie algebra double cross sums, Proposition
3.2 takes the following particular form, see [58, Prop. 8.3.2].

Proposition 3.4.  Let K be a Lie algebra with two Lie subalgebras g and b such
that R is isomorphic to the direct sum of g and b as vector spaces through the vector
addition in K. Then K is isomorphic to the matched pair g <t b as Lie algebras,
and the mutual actions (3.26) are derived from

& =n>Efen<s (3.32)
Here, the inclusions of the subalgebras are defined to be
g—R:E{=(E®0), bHh—R:n—=(0dn). (3.33)
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Coordinate realizations

Assume that the coordinates are chosen as in Subsection 3.1. To have the local
characterization of a double cross sum Lie algebra, we first examine the structure
constants given in (3.24). Accordingly we note that the first and the second lines
remain the same, however, since ®%, are all zero, the constants k{ now turn out
to be the structure constants of the Lie algebra h. In order to highlight this, we
denote the structure constants by D{ . We thus have

[€q, €3] = C“’Bew, £, £] = ®%eq + ko fy, (3.34)

[0}

and therefore
[ey,e.) =Cle, +Cle,=[0@f,00f], =0 Dif,. (3.35)

Hence, the structure constants of the double cross sum Lie algebra are the same as
(3.25), except in the present case, C}, =0, and CfZ, = D . More precisely, we have
Cga =Cj C, =0, Cga =L},

éga = _Rcczlﬂ7 C?a = 07 C’l()ia = Dlila'

o)

(3.36)

3.3. 2-cocycle Extensions

In this subsection, we shall discuss a second particular instance of the unified
products discussed in Subsection 3.1. In this case, we assume that the right action
(3.1) of g on b and the Lie bracket on g are trivial, while all the other geometric
ingredients of Theorem 3.1 remain the same. In other words, we let

n>¢=0,  [£&]=0 (3.37)

for all £ and £ in g, and for all 7 in . As a result, one observes that the Lie bracket
(3.4) and the list of conditions (3.5) will reduce to particular forms. Let us examine
them from the bottom to the top. Since the right action is trivial, the last condition
in (3.5) turns out to be the Jacobi identity (3.30) for s, which indicates that the
two-tuple (b, k) becomes a Lie algebra. Accordingly, in this section, we denote k by
a bracket notation [, «] as in (3.31). On the other hand, the penultimate condition,
namely the twisted 2-cocycle condition, in (3.5) takes the particular form

O @(n, [, 19"))+ One e, n") =0. (3.38)

This determines ® as a g-valued 2-cocycle on b, see for instance [28]. The second,
the fourth and the fifth conditions in (3.5) are identically satisfied whereas the third
line

] >E=n> > -1 > 0> (3.39)

reads as > is a left action of fh on g. Eventually, we arrive at the following reduced
form

Eanden],m=m0>&—0>+200))® 1] (3.40)

of the Lie algebra bracket (3.4). In this case, we denote the total space by g,«b,
and call it the 2-cocycle extension of h by the vector space g.
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Once again, as a manifestation of Proposition 3.2 we can discuss the decomposition
point of view as follows. Assume a Lie algebra K and one of its nontrivial centers,
say g. Consider the decomposition g@® b inducing nontrivial ® and x mappings as
in (3.18) and (3.19) and a left action (3.3) then Proposition 3.2 reads that, & can
be decomposed into a 2-cocycle extension of h by g that is & = g, .b.

Coordinate realizations

Assume once more that the coordinates are chosen as in Subsection 3.1. In this
case, the Lie bracket on g, and the right action of g on b are trivial. Therefore,
the structure constants C3, of g given in (3.21) will all vanish, while the constants

@ and DY determining ® and s remain the same. Since the right action is zero,
RZB in (3.22) will be zero, whereas the scalars L? are determine the left action.
Applying the aforementioned changes to the system of equations (3.24), one obtains
the structure constants of a 2-cocycle extension.

4. Lie-Poisson dynamics on extensions

Dual of a Lie algebra admits Lie-Poisson bracket according to the definition in (2.5).
In the present section, following the order of the extensions and couplings in Section
3, we compute the associated Lie-Poisson brackets.

4.1. Lie-Poisson systems on duals of extended structures

Assuming the Lie algebraic framework in Subsection 3.1, we let all the conditions in
Theorem 3.1 hold. Now we start with the left action > in (3.3), and then freezing an
element 7 in b in this operation we obtain a }kinear mapping 1 > on the subalgebra
g. This linear mapping and the dual action <17 are

ne:ig—g, E—=n>§ (4.1)
Jd:g°®b— g, (u <, &) = (u,n > 8). .

This dual mapping is a right representation of h on the dual space g*. Later, by
freezing & € g in the left action > in (3.3), we define a linear mapping be : b — g.
We record here this linear mapping be and the dual mapping b as

be:b—9,  be(n)=nr¢, (4.2)
bi:g" — b, (bgpm) = (1, ben) = (u,m > &). (4.3)
Consider the right action < in (3.1). In this operation we freeze £ in g to get an

automorphism on b, denoted by <1 . Accordingly we record <€ and its dual fg in
Q& h—h, n—=n<g

N . i} . (4.4)

>:gxbh"— b, (v, =(vn<g),

where & is a left representation of g on the dual h*. Further, we freeze an element,
say 7 in b, in the right action (3.1). This enables us to define a linear mapping a,,
from g to h. Here are the mapping a, and its dual aj in a respective order

a,:g=bh a8 =n<¢ (4.5)
@, b =gt () = a) = (v, Q). (4.6)
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Let us recall the mappings ® and ~ displayed in (3.18) and (3.19), respectively.
Define two functions x,, and ®, as

kb —=b k() = k(n,1) (4.7)
P, h—g  Dun) = 2(n,7) (4.8)

where n,n" € b, v € h* and u € g*. According to these definitions, the dual
mappings are calculated as

kb= b7 (s = (v =Ry () = —(vok(n, 1), (4.9)
Oy gt = b () =, —0,(0)) = —(u, ®(n, 1)), (4.10)
respectively.
Proposition 4.1.  The coadjoint action on of an element & & n in the unified

product g <G onto an element @ v in the dual space g* ® b* is computed to be

adfe, (n@v) = (adip — < — ajp) ® (kv + Pppu+ € > v+bip),  (4.11)

(. J . J

B e b
where (the italic) ad* denotes the infinitesimal coadjoint action of g on its dual g*.

Using the equations (4.9) and (4.10), the (plus/minus) extended Lie-Poisson bracket
is computed to be

OH _ OH\ (6F _OF
{H,f}¢w(u@v>—i<“@y’[<E@E>’<E@5)Lm>
=[5 e (5 30)) = 0 (5-5)

—+ 5_H>5_F 5_F>5_H
50 oy T\ 5 o

~
B: action of h on g from the left

OH  OF OF O0H

C: action of g on h from the right

> A: from twisted cocycle

J/

for two functions H, F. In view of the reflexivity 0H/opu and 0F /du are elements
of g, whereas 0H/év and 0F/év are elements of h. The Lie bracket on the first
line in (4.12) is the extended Lie bracket [e, ¢], in (3.4). In the Poisson bracket,
the term labelled by A is a manifestation of the existence of twisted cocycle ®. The
terms labelled by B are due to the left action of h on g, while the terms labelled by
C are due to the right action of g on §.

Recall the (plus/minus) Lie-Poisson equation in (2.7) determined as a coadjoint
flow. In view of the Lie-Poisson bracket (4.12), governed by a Hamiltonian function
H = H(p,v)), for the present picture, the (plus/minus) Lie-Poisson equation is
computed as
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« OH
fo=Fads (1) Fp <>

—_— =

Lie-Poisson Eq. on g* action of h  action of g

+ aaHV

574 (4.13)
v=trwm(v)Et Pw(p) £—0>D>rvE bhup.
Sv Sv 5/"L Sp
——

twisted cocycle  , tion of g actionof b

Accordingly, one can easily follow how the Lie-Poisson dynamics on g* is extended,
through additional terms coming from the mutual actions of f and g on each other,
as well as from the twisted 2-cocycle term.

Coordinate realizations

We follow the notation in Subsection 3.1. Recall, (N + M)-dimensional extended
structure & = go > h. Denote the dual basis of g* and bh* by {e*} and {f*},
respectively. Then, define the dual basis

{e“, e’} Cg @b, e*=e" 30, e"=0a1f" (4.14)
on the dual space g* @ h*. Using this basis, we can write an element of g* & bh* as
(1, V) = pa€” + v,e°. (4.15)

In this picture, the mappings (4.1) and (4.4) turn out to be

* *

(Ha€®) < (n'f,) = ,uoﬂ?a[’aﬁe (7€) > (vaf”) = val" IRy, £, (4.16)
where L3, and Rj, are the scalars in (3.22) determining the actions. We next
compute the dual mappings in (4.3) and (4.6), as well as (4.9) and (4.10) in terms
of the local coordinates as

blcoe,) (1a€”) = pal’ Lot (ot (a€®) = van’ Rii €%, (4.17)
Kyl = — kv f?, UMTES — O p1an " (4.18)
Therefore, the (plus/minus) Lie-Poisson bracket (4.12) may be presented as

o DHOF |, OHOF . OHOF
D Ops o, Ko g o 1o Gy B
OH OF  OF oH OH OF OF oM

o Lo (=
Ha aﬁ(@l/a Oug - Ov, ougs vy 8@5 O Oug

{Haf}q,m(M@V) =t

—) £ v Ry (5= —), (4.19)

whereas the (plus/minus) Lie-Poisson dynamics (4.13) as

OH o OH . OH
pp = iﬂpcﬁaa + :uaLaﬁa + Va % Oy
OH OH OH OH (4.20)
Vg = PG + v,KG + v, Ry, + o LG )
dba dba d a dﬁa 15
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4.2. Matched Lie-Poisson systems

In Subsection 3.2, the double cross sum Lie algebra g > h was realized as a particular
instance of the unified product of g and b, choosing the twisted 2-cocycle ® to be
trivial. Accordingly, both g and h are Lie subalgebras of g < bj. Therefore, in this
case, the duals of each of these subspaces, namely g* and h*, admit Lie-Poisson flows.
This lets us to claim that the Lie-Poisson dynamics on the dual g* @ bh* of matched
pair can be considered as the collective motion of two Lie-Poisson subdynamics [24].
Algebraically, this corresponds for (g*,h*) to be a matched pair of Lie coalgebras,
where we refer the reader to [69] for the details and the terminology of Lie coalgebras.

On the dual of a matched pair, both of the dual actions & and E, exhibited in (4.1)
and (4.4) respectively, are equally valid. Notice that, for the present discussion >
is a true left action of h on g so that < is a true right dual action of h on g*,
which is not the case for the unified product ge¢ < b since b is not assumed to be
a Lie subalgebra. It is immediate to observe that the dual mappings b; and aj,
in (4.3) and (4.6) respectively, remain to be the same. The difference between a
double cross sum and a unified product is that the x mapping, in (3.19), is a Lie
bracket and that ® mapping, in (3.18), is zero. As stated previously, we prefer to
denote k by a bracket, so we write the mapping (4.9) as

kv = adv. (4.21)
These observations lead us to the following proposition as a particular case of

Proposition 4.1, see also [23, 24].

Proposition 4.2.  The coadjoint action ad™ of an element £ & n in gl onto
an element pu @& v in the dual space g* S h* is computed to be

ad(gg) (L ® V) = \(adz,u —pu<an— a;;u)j@\(ad;y +é> v+ qu)j (4.22)

€ g* € bh*

while the adjoint action on g b is given by (3.28).

As a result, the (plus/minus) Lie-Poisson bracket on the dual space g*®h* of g< b
is computed to be

o~ [B ) [BL])

v
A: direct product

6_Hl>5'_/—_. 4+ 5'_F>6_H 5_H<6;F =+ 6;745_}[
T\ o K50 op T\ 5 o Y ou /-

(.

v

B: via the left action of h on g C: via the right action of g on §

Notice that, the terms labelled by A are just the sum of individual Poisson brackets
on the dual spaces g* and h* of the constitutive Lie subalgebras g and b, respec-
tively, while the terms labeled by B come from the left action of h on g. Finally,
the terms labelled by C result from the right action of g on h. In the case of
one-sided actions, that is the case of the semidirect product theories, B or C drops.
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If there is no action then, both B and C drop. In the light of the (plus/minus)
matched Lie-Poisson bracket (4.23), the matched Lie-Poisson equations generated
by a Hamiltonian function H = H(u,v) on g* @ h* are computed to be

* OH

[ = iadéﬂ(u) Fu < (5— :Fa(my
— N \W—/
Lie-Poisson Eq. on g* actlon of h action of g
(4.24)
. . OH =
v=Zdadsu(v) £— > v £bhup .
Sv 5[& Sp
——

Lie-Poisson Eq. on b*  _ tion of g action of b

The first terms on the right hand sides are the individual equations of motions. The
rest of the terms are the dual and the cross actions as manifestations of the mutual
actions.

Coordinate realizations

Recall the Lie-Poisson bracket in (4.19) and the Lie-Poisson equations (4.20) com-
puted for the unified products. In the double cross sum case, we let the constants
that determine the twisted 2-cocycle vanish, that is, ®] = 0, and the structure
constants of the Lie algebra b to be ki = D¢ . Hence, the (plus/minus) matched
Lie-Poisson bracket (4.23) takes the form of

OH OF
=+ 4.2
{H’ ‘F}q)bq (N’ @ V) luOéCB"/ alu/j aﬂ’y ( 5)
OH OF OH OF OF OH OH OF OF OH
1, D? + ol IRy Ly pe (7E 9707 Oty
Yavd g vg “5(aua Oy Ovg aMB) Y Rbﬁ(ayb Ous Oy auﬁ)

The matched (plus/minus) Lie-Poisson dynamics in (4.24), accordingly, is computed
to be

, OH o OH . OH
Hp = iup%a—ua T H Laﬁa FVa %8 5y,

OH OH OH (4.26)
Ug = j:yanga +, do‘@ + uaLgﬁa e

4.3. Lie Poisson dynamics on duals of 2-cocycles

In Subsection 3.3, it is shown that the 2-cocycle extension g4 x h of a Lie algebra
b by its representation space g, as a particular case of the unified product ge¢ > b.
Thus, the Lie-Poisson dynamics on the dual space of a 2-cocycle extension may be
derived from the Lie-Poisson dynamics on the dual space of a unified product, which
is given in Subsection 4.1. Hence, following Subsection 3.3 we let the Lie bracket
on g to be trivial. This results with several consequences. The left action > and
the right dual action < in (4.1) are both trivial, while the coadjoint action on g*

becomes identically zero. In addition, in this case, ® turns out to be a true 2-cocycle,
and k becomes a Lie bracket on . Thus, the dual of k suits the coadjoint action
as in (4.21). We apply all these modifications to the Lie-Poisson bracket (4.12) on
the dual of a unified product to arrive at the (plus/minus) Lie-Poisson bracket
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(.7, o) == (nl )+ (ne (S50,

(. J/

~
A: 2-cocycle

—+ 5_H>5"_F 5’_F>5_H
Hsu Wy T\ o

(. S

~
B: left action of h on g

(4.27)

on the dual of the 2-cocycle extension g¢ x h. Here, the first term on the right hand
side is the Lie-Poisson bracket on h*. The term labelled as A is due to 2-cocycle
® whereas the terms labelled as B are due to the left action of h on g. For the
Lie-Poisson bracket (4.27), the Lie-Poisson equations governed by a Hamiltonian
function H = H(u, v)is computed to be

. * 6% . 3k * *
fr=Fpd5= U= tadsu (V) £Phu(p) £bsup . (4.28)
1% v SV Sp
action of b Lie-Poisson Eq. on h*  2-cocycle action of b

A direct observation gives that the Lie-Poisson equation (4.28) is a particular case
of the Lie Poisson equation (4.13) where > and a* both vanish.

Coordinate realizations

The coordinate expression of a 2-cocycle extension has been mentioned in Subsection
3.3. Therefore, referring to Subsection 4.1, we write the Lie-Poisson bracket (4.27)
in coordinates as

{H, 7} (n@® V)
oM OF LOHOF

L e OHOF OH OF oM OF  OF oH
- bd@yb 8Vd Ho Tk aVb ayk

O Ous Oy Oz

+ pa Ll ( ). (4.29)
Notice that, we write the structure constants on h as Dj,. Further, we can write
the Lie Poisson equations in (4.28) as

OH L OH oH

0 q N 8%
y — Z -, ) — :t —_ :I: D —_ :t

o (4.30)

5. Illustration: decomposing 3 particles BBGKY hierarchy

In the present section, we shall consider the BBGKY hierarchy in plasma dynam-
ics [39], in order to illustrate the Lie algebraic constructions and the Lie-Poisson
structures discussed so far. It is proved in [61] that the BBGKY hierarchy can
be recast as a Lie-Poisson equation. The formulations presented therein were for
n > 3. Here, on the other hand, we shall focus on the case n = 3, which is missing
in [61]. Accordingly, we shall first determine the dynamics of the BBGKY hierarchy
for n = 3, and then we shall investigate its Lie-Poisson form. Two decomposition
of the BBGKY dynamics will be presented; a double cross sum decomposition, and
a genuine unified product decomposition.

5.1. BBGKY dynamics for 3 particles

Assume that a plasma rests in a finite 3D manifold () in R3. Being a cotangent
bundle, P = T*Q is a symplectic and a Poisson manifold [62, 53]. Define the
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product symplectic space P? = P x P x P endowed with the product symplectic
and product Poisson structures.

We denote the 3 particle density function by f3 = f3(z1, 29, 23) on P3. The dynamics
of 3-particle plasma density function is governed by the Vlasov equation

ofs

875 = {H(Zl,ZQ,Zg),fg(Zl,ZQ,Zg)}, (51)

where H is the total energy of the plasma particles [63, 66, 71]. Here, {e, «} denotes
the canonical Poisson bracket on P3; with respect to the variables z1, 29, z3. We refer
the reader to [19, 20, 30, 37] for some recent studies on Vlasov motion related with
the geometry here. In the present work, we assume that, the particle energy function
is in the form

H = ZHl 2 ‘I_ZHQ 2i, 2;) + Hs(21, 29, 23)

1<J

= Hl(Zl) + Hy(22) + Hi(z3) + Ha(21, 22) + Ha(21, 23)
+ Hy (22, 23) + H3(21, 22, 23). (5.2)

Here, the functions H, and Hj3 are assumed to be symmetric. We remark that,
the dynamical equations in[61] is for H3 = 0, while the presentation here will use a
nontrivial Hs.

Dynamics of moments

Now, we determine the moments of the plasma density function f3 = f3(z1, 22, 23)
on P3 as

fl(Zl) = B/fg(zl, 29, Zg)dZQng
(5.3)

f2(21722) = 6/f3(21,2’2,2’3)d23-

To find the dynamics of the moments f; and fo, we simply take the partial deriva-
tives of (5.3), and then directly substitute the Vlasov equation (5.1) into these
expressions.

In order to arrive at the equation governing the moment functions, we record the
identity

/{h (2)}: dz = (5.4)

which is valid for any two functions, on the Poisson space P. The equation (5.4) is
the result of the suppression of the boundary terms. In (5.4), {«, «}, stands for the
Poisson bracket on P. Now, we compute the dynamics of f; as

0
fl = 3/{H 21, 29, 23) f3(21, 22, 23) bdzad 23

= 3/{21{1 %) +ZH2 (2i,25) + H3(21, 22, 23), f3(21,22,Z3)}d22d23

1<J

= 3/ { ZH1<21),f3<21,ZQ,Zg)}ZIdZQdZ;g
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+ 3/{H2(z1, 29) + Ha(z1, 23), f3(21, 29, 23) } 2, d2ad2s
+ 3/{H3(21,22,23),f3(21,22,23)}zldz2d23
= {ZHl(zl),B/fg(zl,22,23)d22d23}Zl
+/{HQ(Zl,ZQ),6/f3(Zl,ZQ,Zg)ng}ZleQ
+ 3/{H3(21,22,23),f3(21,22723)}zld22d2’3
= {H(e), file)ha + [ {Halen, 22, falen, )

+3/{H3(21,22,23)7f3(21,Z27Z3)}z1dZ2dZ3-

(5.5)

In the second equality, we have employed the energy function H in (5.2). In the
third equality, we have used the identity (5.4) several times. We have substituted
the definitions of the density functions f; and f, in the last equality. Here, the
notation {«,«},, is the Poisson bracket only for z; variable, even if the functions
inside the bracket depend on other variables. In a similar fashion, the dynamics of

the moment function f, may be computed as

0
% = 6/{H(zl,zg,23)7f3(2172’2723)}dz3

= 6/ { ZHI(ZZ») + ZHQ(ZZ',ZJ‘) + H3(z1, 22, 23), f3(21, Zg,Zg)}ng

i<j

= 6/{H1(z1) + Hy(22), f3(21, 22, 23) } 21 20023
+6/{HQ(Zl,ZQ),f:g(Zl,ZQ,Zg)}Zl,Z2d23
+6/{H2(2’1723) + Hy(22, 23), f3(21, 22, 23) } 21,2, d 23
+6/{H3(Zl,22,23),f3(21722,2«/3)}217z2d2«/3

— {Hie1) + Ha(a2),6 [ folon,zas)dishes e
+{HQ(Zl,22)76/f3(21,22723)d23}21’z2
+ 6/{H2(21, 23) + Ha(22, 23), f3(21, 22, 23) } 21 2023

+6/{H3(21a22,23)7f3(21722,2’3)}zl,md23
= {Hl(zl) + Hl(z2)7 f2(zla Z?)}thQ + {HQ(zla Z2)7 f2(Z17 ZQ)}ZLZQ

‘*‘6/{]{2(21;»’6’3) + Hy(22,23), f3(21, 22, 23) } 21,2023

+6 /{HS(Zla 29, 23), f3(21, 22, 23) } 21,20 d23.

(5.6)
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Here, {«,+}., ,, is the Poisson bracket only for z; and z; variables even if the
functions inside the bracket depend on other variables.

5.2. Lie-Poisson realization of BBGKY hierarchy

Let A; denote the space of smooth functions on P. Equipped with the canonical
Poisson bracket, A; is a Lie algebra. Similarly, we define A, and A3 as Lie algebras
of the symmetric functions on P? and P3, respectively. There are, then, hierarchical
embeddings which are defined to be

A — Ay, Ki(21) = K2 (21, 2) = K1 (21) + Ki(22)
Ay — As, Ki(z) — ng)(zl,z%z?,) = Ki(z1) + Ki(22) + K1(23)
Ay — As, Ky (21, 29) — Ké?’)(zl, 29, 23) = Ka(21, 22) + Ka(29, 21)
+ Ko(z1, 23) + Ka(z3, 21) + Ka(22, 23) + Ka(z3,22).  (5.7)
Next, letting A:=A;0 Ay ® Ay, (5.8)
we introduce the mapping
a: A= As, (K3, Ky, Ky) — K3(21, 22, 23) +K§3)(Zl722,23) +K£3)(21,z2723) (5.9)

from A to the Lie algebra As of symmetric functions on P3. Let us note that « in
(5.9) turns out to be a Lie algebra homomorphism, provided the domain space A is
equipped with the Lie bracket

(K, B2, K1), (L, Lo, L), = ({8, Do} + (s, L8V} + (K, L} + (K57, Lo}
K, Loy + (Y, LY (8, LYoy +{E Lo}y oy (K1, L}y ) (5.10)

where on the right hand side the notation {,+} without a subscript refers to the
Poisson bracket on Pj, while {«,+}., ., denotes the Poisson bracket only for z; and
2o variables, and {s,«},, is the Poisson bracket only for z; variable.

On the other hand, the dual mapping of « in (5.9) is computed to be
af Ay — A",
far (f3,f2 = /6f3(21,2272’3)d237f1 = /3f3(21,22723)d22d23>, (5.11)

which happens to be both a momentum and a Poisson map. We note also that the
mapping o determines the moment functions exhibited in (5.3).

Coadjoint action

Assume that the adjoint action of the A on itself is the Lie bracket [s, ] 4 in (5.10).
The coadjoint action of the space A on its dual A* is

<adeL3,L2,L1)(f3, f2, f1), (K37K27K1)> = —<(f3,f2, f1)7ad(Lg,Lg,L1)(K37K27K1)>

= ((fos fos ), (Ko, Ko, K1) (L, Lo, L)) )

= (fos U, Db (K, Ly +{ Ky, L} (RS, Lo} +{ K, Lo} + {557 15}
 (fo AB2, L oy o + {07, LaYara) + (Fu AR L), (5.12)
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In the second line, we have substituted the Lie algebra bracket (5.10). In the last
equality, the first pairing is the one available between A3 and A3 with the symplectic
volume dz;dzedzs, whereas the second one is between A} and A, with the symplectic
volume dz1dz,. Finally, the last pairing is the one between Aj and A; with the
symplectic volume dz;. It is evident that, in order to arrive at the explicit expression
of the coadjoint action from (5.12), we need to single out the functions K3, K> and
K. For this, we first recall the association property

/h(z){k:(z), 1(2)}, dz = /k;(z){l(z), h(z)}, dz (5.13)
of the smooth functions. To see this identity, we simply consider the Leibniz identity

{h(2)k(2), l(2)}: = h(2){k(2),1(2) }2 + E(2){h(2), ()}, (5.14)
then, take the integral of this expression. In this case, the left hand side turns out
to be zero due to (5.4). The integrals on the right hand side of (5.14) give precisely
(5.13) after a reordering. We apply the identity (5.13) to the first pairing on the
last equality in (5.12). We thus have

/ falz1, 20, 28) ({5, L+ (K, L} + {5, LV} + (KLY, L} + {K(Y, Lo}
+ KD, Lg3>}) (21, 22, 23)dz1dzad 23
:/(Ks{L?nf3}(21,22,23)+K3{L§3)7fs}(21722,23)+K3{L§3)’fs}(21722,23)>d21d22d23
+/KZ(ZL22)(6/{L37f3}zl,22dz3)d21d22+/Kl(zl)(g/{LSafS}z1dZ2dZ3)dzl
+2/K2(21722){L2,f2}zl,sz21sz

+ /KQ(Zl, 22) (12 /{LQ(Z’l, 23) + LQ(ZQ, 23), f3}21,22d23>d21d227 (515)

where we employed the identities (5.4) and (5.13) and the definitions of moments in
(5.3). In a similar way, we compute the pairings on the last line of (5.12) as

/fz(zhZz)({Kngz)}n,zg K, Lo}y ) (21, 22)d21d +/f1(21){K17L1}21(21)d21
= /K2(Z1722){L§2)7f2}21,z2(21>22)dz1d22 +/K1(Z1)(/{L2(21,Z2),f2(21722)}z1d22)d21
+ [ KaG(Ln fika (). (5.16)

In (5.15) and (5.16), we collect the terms involving K3, K, and K in an order,
and then we arrive at the coadjoint flow

ad?L37L27L1)(f3af27f1) = (f37f2af~1)7 (517)
where f~3<217 22, 23) = {L3 + Lg3) + L§3), fg}(Zl, 29, Z3>,

fa(z1, 22) = {L?) +2Lo, fo}2 2 (21, 22)

+ 12 /{LQ(Zh 23) + L2(22a 23)7 f3(217 292, Z3)}Z1,zzdz3

+6/{L37f3}21,22<21722723)d’237
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fl(Zl) = {Llafl}n(zl) +2/{L2(21,22)>f2(21,Z2)}Z1d22

+3/{[;3(2’1,22,23),fg(Zl,ZQ,Zg)}Z1d22d23. (518)

Lie-Poisson equation

Let us now consider the functional

H(f3, f2, 1) :/H3(Z1,Z1,Z3)f3(21,21,23)d21d22d23

+/%HQ(Zl,Zg)fg(zl,zl)dzleQ+/H1(21)f2(21)d21. (519)

Accordingly, we have
OH OH O0H OH 1
- (= = ) = (H —H H 5.20
T g~ 5y oy 3,) = () Ha(on ) i) € 4 (520

which are the energy function in (5.2) under the isomorphism « in (5.9). If the
three tuple H = (Hs, (1/2)Hs, Hy) is substituted in to the coadjoint action, then
we arrive at

a k *

a(f?n fos 1) = adiyy 504 1o 1) (35 fos 1) = ad{y, (1 p2y 1y 110y ([3, f2, J1)- (5.21)
A direct calculation proves that the coadjoint flow (5.21) is precisely the system of
equations (5.5), (5.6) and (5.1) governing the dynamics of the moments.
5.3. BBGKY hierarchy as a matched pair
Recall the direct sum A = A3 ® Ay & Ay in (5.8). One evident decomposition of A

L. b
1 EIVER Y A = g3 @ by, g32 = A3 ® Ay and b; = A;. (5.22)

In the present subsection, we shall examine this realization from the double cross
sum point of view.

Decomposition of the Lie algebra

It is a direct calculation to show that the Lie bracket (5.10) is closed if it is restricted
to the constitutive subspaces gz and bh;. In other words, both g3 and bh; are Lie
subalgebras. So, as a result of Proposition 3.4, A is a double cross sum of gz, and
b1, that is A = ggo > b;.

Restricting the bracket (5.10) to the subspaces g2 and by, the Lie algebra brackets
on gz and f; may be given by

[+, |32 1832 ® @32 — @32,
[(Ks, 12), (Lo, L)l = ({Ks + K, Lo} + {16+ K5V, 1§}, 0),
['7']1 :h1®hl — hla [K17L1]1 :{K17L1}217 (523)

respectively. In order to compute mutual actions we recall the identity (3.20). In
the present case, we compute

(Kl > (L37L2)) S (K1 < (L3,L2)) :=1[(0,0, K1), (L3, Ly, 0)] 4
= ({K, Ls} K, Lo}., ) €0 (5.24)
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and conclude that the left action of h; on gs» and the right action of g3 on bh; are

> : b1 ® @32 — @32, Ky > (L3, Ly) = ({K§3)7L3}7{K§2)>L2}z1,22)a (5.25)
< b1 ® g3 — b, Ky < (Ls, Ly) = 0,

respectively. Notice that, the right action < is trivial so that the Lie algebra
A = g3 % b is a semidirect product Lie algebra. The Lie bracket [, «]4 in (5.10)
admits the following decomposition

(K3, K2) @ Ky, (L3, L) @ Ly]
= ([(Ks, K3), (L3, Ly)]s2 + K1 > (Ls, Ly) — Ly > (K3, K3)) & [Ky, Ly]y. (5.26)

Here, the subalgebras [e, ¢]32 and [s, «]; are the ones in (5.23), and the left action
is in (5.25). This realization is precisely in the matched pair Lie bracket form (3.28)
where the left action < is trivial. Let us apply this to the Lie-Poisson formulation
of the BBGKY dynamics (4.23).

Decomposition of the BBGKY dynamics

The dual spaces of the constitutive Lie subalgebras gs; and by are gi, = A & A3
and b} = A, respectively. So that, we can write A* = g%, @ hj. The coadjoint
action of g3 on gj,, and the coadjoint action of h; on hi are

ad(LB,Lz)(ffiafZ) = <{L37f3} + 6/{[/2(2’1722)7f3(21722723)}zl,z2d23,
2{La(21, 22), fa(21, 22) }2y 20 + 6/{L3(21, 22, 23), f3(21, 22, 23) } 21,2023
+ 12 /{Lz(Zth) +L2(227Z3)>f3}z1,z2d23)7

adk, f1 = {K1(z1), f1(21)} =, (5.27)
respectively. Recall the mutual actions of gz» and h; on each other given in (5.25).
The dual of these actions are computed to be

< g3 ® b — g3,

(fs, f2) < K1 = (3{f3(21, 22, 23), K1(21) } 21, 2{ fo(21, 22), K1 (21) }2, )

> g3 & bi — [’]T, <L3,L2> > f1 =0. (528)
The mapping b in (4.2) and its dual (4.3) are computed to be

b(Ls.10) 1 b1 — 832, b(15,0.) (K1) == K1 > (L3, Lo) (5.29)

0(ry 1) 932 — BT, (1, 1,)(f3, f2) = 3/{L37f3}z1d22d2’3 + 2/{L27f2}21d22-

Since the left action is trivial both the mapping a in (4.5) and its dual (4.6) are
trivial. It is now straightforward to modify the matched Lie-Poisson equation (4.24)
to the present version and determine the coadjoint flow as

d(fs, f2)

o = adin, 1 (fs o) = (fs. f2) 4K,
dfy

E = ad;(lfl + bz(L37L2)(f3a f2)

(5.30)
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These equations represent precisely the coadjoint flow (5.21) realization of BBGKY
dynamics, and they take the classical form if (Ls, Lo, K1) = (Hs, (1/2)Hs, Hy).
5.4. BBGKY hierarchy as a unified product

Recall once more the direct sum A = A3 & A, & A; in (5.8). We have examined a

matched pair decomposition (5.22) of this sum. An alternative decomposition of A
can be given by

A= g3 ® b, g3 1= Az, and by = Ay @ Ay (5.31)
Decomposition of the Lie algebra

It is straightforward to see that, gs is a subalgebra of A with induced bracket
[+, +]3: 93 ® 93 — 03, (K3, Lsls = {K3, L3}, (5.32)

where {+,+} is the Poisson bracket on P3. On the other hand, the subspace by
fails to be so. Indeed, the Lie bracket (5.10) of two generic elements (0, K, K;) and
(0,L2,L1) in [)2 1S

[(O7K27K1)7 (07L27L1)]A
3 3 2 2
= \{Ké )’ Lg )} D <{K2’ Lg )}21722 + {Kf )7 L2}Z1,2’27 {Klv L1}21>17 (533)

€g3®Pho1

where the first term on the right hand side falls into g3 whereas the second and the
third terms are in ho;. As a result, this decomposition should be analysed from the
point of view of the unified products presented in Subsection 3.1. Accordingly, it
follows at once from (3.17) that
O @b —gs, (Ko, K1), (Le, L)) = (K5, L)
K ha1 ® har — Ba, (5.34)
(K2, K1), (Lo, L1)) = ({Ka, LYooy + {ET, Lo}y oy { K0, L}y

Now, we are ready to compute mutual actions defined in (3.3) and (3.1) between
the constitutive spaces ho; and gs. To obtain the fomulas, we employ the identity
(3.20) that is

(K27 Kl) > L3 @ (K27 Kl) < L3 - [(07 K27 K1)7 (L37070)]A
= ({K9, L3} + {K¥, Ls}) @ (0,0) € g5 @ bay (5.35)
which, in turn, gives
> [)21 ® 93 — 937 (K27K1> > L3 = {K§3)7L3} + {Kf?))’ L3} (5 36)
< : b1 ® g3 — ba, (Ky, K1) < Ly = (0,0).

Due to Proposition 3.2, the decomposition gz @ ho; of the Lie algebra A reads the
decomposition of the Lie bracket {s, «} 4 given in (5.10) into the form (3.4), where
the right action < is trivial

(K3 ® (Ks, K1), Ly ® (La, L1)]goa = ({K3, L3} + (K2, K1) > Ly — (La, L1) > K3
+@((Ky, K1), (L2, L1))) ® #((K2, K1), (La, L)), (5.37)

where the left action is the one given in (5.36) whereas ® and x mapping are those
available in (5.34).
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An alternative decomposition of the Lie algebra

The hierarchy of the moment functions suggests an alternative formulation of ® and
k in (5.34). This is due to the fact that the term [Kég), Lég)] can be written as a
sum of some terms in ho; and some terms in g3. Indeed,

(K3, L) = 2({Ka(21, 22), La(21, 22) }21.20) P (21, 22, 23)
+ 4{Ks (21, 22), Lo(21, 23) + La(22, 23) } 21 20
+ 4{ Ks(21, 23), La(21, 22) + La(22, 23) } 21,24
+ 4 Ko(22, 23), Lo(21, 22) + La(21, 23) } 25,25

(5.38)

Here, as depicted in the display, the first term on the right hand side can be written
as the image of the symmetric function {K(z1, 22), La(21, 22) } under the embedding
Ag +— Az given in (5.7). Accordingly, instead of ® and « in (5.34), we can propose
the following alternatives

) :b21 @ har — g3,
(K2, K1), (Lo, Ly)) = 4{K5(21, 22), La(21, 23) + Lo(22, 23) }
+ 4{K2<Zl7 Z3)7 LQ(Zla 22) + LQ(ZZJ Z3)}

+ 4{ Ky(22, 23), La(21, 22) + Lo(21,23) }
K :B21 @ har — bax, (5.39)

((KQ, Kl)? (LQa Ll)) = ({KQ(Zb 22)7 Ll(zl) + Ll(ZQ)}th
+ {Ki(21) + Ki(22), La(21,22) } 21 2
+ 2{K2(21, 22), La(21, 22) } 21 2 {Kl(zl)aLl(Zl)}q)-

Evidently, this observation reads an alternative Lie bracket operation on A as well.
We denote this by a tilde notation [e, ]z, and record as follows

(K3 @ (K3, K1), L3 @ (La, L)) g5 = ({Ks, L3} + (K, Ky) > L
—(La, L) > K3 + ®((Ky, K1), (Lo, Lv))) ® k(K> K1), (La, L)), (5.40)
where {K3, L3} is the Poisson bracket on P?, and > is the left action in (5.36).

Decomposition of the dynamics: A* = g} @ b3,

We start with the dualization of the mutual actions in (5.36). Let us first remark
that the left action is trivial, so that it induces a trivial dual action. As for the right
action, we compute the dual action as

0 <Ubo — g5 fa < (Ko, Ky) = {fs, KOV 4 {fs, KO, (5.41)

Using the right action in (5.36), and recalling (4.2) and (4.3), we compute the
following mapping along with its dual

br, by — g3, b, (Ko, Kq) = (K3, Ky) > Ly = [K2(3)7L3] + [K1(3)7L3]

(5.42)
b7, 195 — by, br.fs= (6/{L3,f3}z1,szZ3,3/{L3,f3}zld22d23)-
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Further, according to (4.7) and (4.8), freezing the first entries of ® and & in (5.39),
we arrive at linear mappings. One of these mappings is @k, k,) from bo; to g3, and
the other is Kk, k) from by to by . Dualizations of these mappings result with

&)?KQ,Kl) : 9§ — [331, ‘:PEFKQ,Kl)f:s = (24/{K2(21723),f3(21722723)}nd23,0>,

KKy K1) * b1 — b3, (5.43)

Ry, 500) (f2s f1) = <2{K1(21)7 fa(21,22) 2y + 2{Ka(21, 22), f2(21, 22) } 21 20

2 [ {Ka(er,20). alon, 22)) s+ {E(e2) Fi(20).)-

Now, recall the decomposed Lie-Poisson equation (4.13). §ince, in the present case,
the right action is trivial, we take the terms involving < and a* as zero. After
substituting all these into the Lie-Poisson equation, we obtain

4 *

£ = ady, (f3) — f3 < (K2, K1),

U fu) (5.44)
% — ’%?KQ,KQ(.]%? fl) + iy(kKQ,Kﬂfzf + bEng,

Here, ady.,(fs) = {Ks3, fs} is the coadjoint action of g3 on its dual space g5. If
we take K3 = Hz, Ky = (1/2)Hs and K; = H; then, the system is exactly the
dynamics of the moments in (5.5), (5.6) and (5.1) by decomposing the coadjoint
flow (5.21).

6. Coupling of 2-cocycles

In Subsection 3.3, 2-cocycle extensions were exhibited as particular instances of ex-
tended structures. In this section, we shall discuss the coupling of two 2-cocycle
extensions under mutual actions. This will be achieved by the arguments of Sub-
section 3.2. Our goal is to explore conditions for a double cross sum of 2-cocycle
extensions to be a 2-cocycle extension of a double cross sum. We shall, further,
study dynamics on the coupled system to have the Lie-Poisson equations for the
collective motion.

6.1. Coupling of 2-cocycle extensions
We start with two Lie algebras, say [ and €, and two vector spaces V and W.
Assume a V-valued 2-cocycle ¢ on [, and a W-valued 2-cocycle ¢ on £ given by

p:Ixl=V, prExt— W (6.1)

Further, we consider a left action of the Lie algebra [ on the vector space V', and a
left action of the Lie algebra € on the vector space W, which are denoted by

10V oV, 1vel]o,

6.2
|t W — W, k@ww—k | w. (6.2)

If these actions are compatible with the 2-cocycles in the sense of (3.38), then one
arrives at the following 2-cocycle extensions

gi=Voxl  h:=Wyxt (6.3)
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In the light of the discussions done in Subsection 3.3, proper modifications of (3.40),
yield the Lie algebra brackets

velvell .=1]v-1U]lv+ell) el

(6.4)
[w@k,w’@k’]w = (k | w' — K Lw+¢(k,k:’)) @ [k, K],

on g and b, respectively. Here, the bracket [[,l'] is the Lie algebra bracket on [,
whereas the bracket [k, k'] refers to the Lie bracket on £.

Match pairs of 2-cocycle extensions

We shall now examine the conditions for (g,h) = (V,x [, Wx £) to be a matched
pair. To this end, we consider the followings three sets of mappings:

(1) We first consider the mutual actions

>t —= kRl kw»l,

(6.5)
CGERIoE kol kal

of the Lie algebras [ and € on each other. We assume that these actions satisfy
the compatibility conditions in (3.29). Hence, ([,£) makes a matched pair of Lie
algebras, and determines the double cross sum [ > €.

(2) In order to extend the mutual actions given in (6.5) to the product spaces g
and b in (6.3), we introduce a right action of [ on W and, a left action ¢ on V
given by, respectively,

NEtRV =V, kv ko,

(6.6)
N WRlE—=W, wR L= waN L
(3) In addition, we shall make use of the maps
etV e(k,l) €V,
(6.7)

Lt [—= W, Lk, ) e W
satisfying €([k1, ko), 1) = €(k1, ko » 1) — €(ka, k1 » 1),
L([lﬁ,k‘g},l) = L(l{?l, ko » l) — L(k‘g, ki » l)

for any ki, k, € € and any [ € [.

Referring to the mappings (6.5), (6.6) and (6.7), we define mutual actions of 2-
cocycle extensions g =V, ,x [ and h = W,x £ to be

> (Wext) x (Voxl) — Vx|

(wak),(vedl)— (k~v+elkl)d(kwl),
L (Wex ) x (Voxl) — Wik,

(wa k), (vdl) — (w A l+ukl)®(kal).

(6.8)

It is possible to see that > is a left action whereas < is a right action. In order to
construct a matched pair of h = Wyx € and g = V,x [, one needs to justify the
compatibility conditions in (3.29). A direct observation gives that, for the actions
(6.8), the compatibility conditions (3.29) consist of 4 equations. Two of them, those
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for the second terms in the decompositions, involve only the left » and the right «
actions in (6.5). These two equations are precisely the matched pair compatibility
conditions for [ < €. Since, we assume that [ > £ is a matched pair, these two
compatibility conditions are automatically satisfied. So, we are left with the other
two compatibility conditions. For any k, k" in €, [’ in [, v,v" in V', and w,w’ in
W, these equations are computed to be

k(Lo =1 Lot o) + ek, [1,1])
=1l (kv +ek )=o) v+pl,kwl)=10](k~v+elkl)
+ ko) V=l k» )+ (k4l)nv' —(k4l')~o
+ek 4l —u(k 4l')l)— (w U+ k1)) A1

(kLw' — K Lw+ ok k) 1+ o[k, K], 1)
— k| (W (K1) — (K ) | wt ok, K <)
K (A L+ (kD) + (k) | w — ok k)
N A NI EN N T N )
+kn (K ~v+elk)])), (6.9)

where | and | are the left actions in (6.2), » and <« are actions in (6.5), ~ and
A~ are the actions in (6.6), € and ¢ are the mappings in (6.7). Assuming that these
conditions are satisfied, we have the double cross sum Lie algebra

g = (Vox ) (W k). (6.10)

In view of (3.28) then, the bracket operation on g b takes the form of

(weh)ewak), (Vel)ewek))] =@wael)®(wak), (6.11)
where

v=1]vV—=U]v+knnv—Kv+elkl)—elk 1)+ o1,

[=[LU+k»l —K»l, (6.12)

w=k|lw -k |lwt+twl —w ~l+uk1)— (K 1)+ o(k, k), '

k=1[kK+kal =k <l

The double cross sum as a 2-cocycle extension

We shall next investigate the conditions for the double cross sum g > b of (6.10)
itself to be a 2-cocycle extension. To this end, we need to determine a left action, a
Lie algebra 2-cocycle on g > h. Let us determine these one by one.

Left action. Recall the mutual actions in (6.5) and the matched pair algebra
[a €. It is evident that [ € is a Lie subalgebra of g < . Define a left action of
[ € on the product space V & W as follows:

pr(l) x (VaeW)— (VeW),
(k) vow) =(Ilv+tknv)d(—wanl+k]|w), (6.13)

where we have employed the left actions | and | in (6.2), the actions ~ and v in
(6.6). To be a left action, (6.13) needs to satisfy the first condition in (3.27).
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We compute this as

o) v—(K»)|v+(kal)nv— (K «l)~v
|-l knknl]v)—K~(]v) (6.14)

for the first entry in (6.13). Let us note that this is an equation defined on the
vector space V. As for the second entry, we have

—wAn kel twan (E»l)+ (k4l') | w— (K <l) |w
=K lw)l+klw) Al =k (waAl)+K | (wal), (6.15)

where » and <« are the mutual actions in (6.5).

2-cocycle Later, we introduce a (V & W)-valued 2-cocycle on [ £, in terms of
the 2-cocycles ¢ and ¢ given in (6.1), as follows

O:(Ixt)x (Ixt) — VW, (6.16)
O((lak), ' ®k)) = (o) +e(k, 1) —e(K 1) & (¢(k, k') +u(k, ') — (K, 1)),

One needs to check the compatibility conditions in (3.38),

0= QK" o — K ")+ ek, 1" 1]) + e(k, K" w I — K w» 1)
— (K K] — (k= Kl
— 1] (1" + e(K 17y —e(kK", 1) — bk~ (', 17) + e(K' 1) — e(K", 1))

o kw1 — K » 1)+ ek, [L17) + ek kw1 — K" » 1) — e([k, k"), 1)
(k" — k" ALY 1] (") + e(k",1) — e(k, 1))
—k~ (QO(ZH, l) + €(k”> l) - E(k’, l”))

o K L=k )+ (K", [1,1]) + (k" K w L —kw ') — e([K, K], 1)
(K Al =k Al =1 | (1) + ek, 1) — e(K, 1))
—kn~ (QO(Z, l/) + 6(]{3, l,) - E(klu l))

0=k » U =k » 1"y +u(k, [I",1]) + (kK" » I — K » 1") — (K" K], 1)
(K Al =K <« =1 (o) + (K1) — (K1)
— ko~ (S 1) 4 (K1) — (K" 1)
U kw1 — K" 1)+ o(K L) + (K ke 17— K 1) — o[k, K], 1)
—u(k €l =K L) =1 | (6", 1) + (K" 1) — o(k,1"))
— ko~ (@1 + (K1) — u(k, 1))

(" K w L —kw ')+ (K" [I,0) + (K" K » L — kv 1) — ([, k], 1")

— (K 4l =k <«l'JI")y=1"] (6(l,1") + o(k,1") — (K1)

— k(oL + ok, 1) — (K1), (6.17)
We are ready now to define a 2-cocycle extension of the Lie alegbra [ ¢ via VW,

which we shall denote by
(VaW)ex(Ixt). (6.18)
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To arrive at the Lie bracket on this space, one only needs to employ the explicit
definitions of the left action & in 2-cocycle © into the generic formula (3.40) of Lie
bracket for 2-cocycle extensions. This results in

[(vow) @ (Ok), (v &w)®d (' D E)|ox (6.19)
=((lek)p@aouw) -l ek)rvaow)+0((lak),('ak))®(ak),l ®k),

where b is the left action in (6.13), and the bracket [(I@® k), (I'® k)] is the matched
pair Lie bracket on [ . It is immediate to see that extended Lie algebra bracket
on (6.19) is precisely equal to the matched Lie bracket given in (6.11) and (6.12),
up to some reordering. Eventually, we are ready now to collect all the discussions
done so far in the following proposition.

Proposition 6.1.  The matched pair Lie algebra g < b, given in (6.10), of 2-
cocycle extensions g = VXl and b = Wyxt is a 2-cocycle extension admitting a
left action v in (6.13) and a 2-cocycle © in (6.16) that is

(Vox)pa (Wyxt) = (Ve W)ex (Inat). (6.20)

Even though, we have derived all the mappings and conditions up to now explicitly.
There is a short but implicit way to arrive at that proposition by employing Propo-
sition 3.4. For this, we first embed Lie subalgebras to the space (V & W)gx (I )
as follows
g— (VeW)ex(Ixt), (vel)— (v 0)d ((®0)
h— (Ve W)ex(Ixt), (wdk)— (00w)® (0 k).

Then Proposition 3.4 implies that the total space admits a matched pair decompo-
sition.

(6.21)

A particular case

For future reference, we now examine a particular case of Proposition 6.1. First, we
choose the left actions | and | in (6.2) to be trivial. So, the Lie brackets on the
2-cocycle extensions in (6.4) turn out to be

waelvel]l «=ell)e[,l],
[w D k’w/ 2 kl]¢>< = ¢(ka k,) D [ka kl]

In addition, consider that the mutual actions of ¢ and [ in (6.5) and the mappings
in (6.6) are all zero. Hence, we have the mutual actions of h and g in (6.8) are

>:((wak),(vel))— (e(k,1)®0),
< (wak),(val) — (k1) ®0).

A direct calculation gives us that, in the present setting, ©> is a left action if and only
if e(k,[l,I']) =0, and < is a right action if and only if «([k,£’],l) = 0. Eventually,
we claim that, the assumptions in this case reduce the matched Lie algebra bracket
in (6.11) and (6.12) as

[(veh)ewak), (Vel)e W ak))], (6.24)
= (et 1) = etk 1) + (1. 1)) @ 0) @ (k. 1) = (K, 1) + (k. 1)) @ 0)

where € and ¢ are as in (6.7).

(6.22)

(6.23)
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In order to implement Proposition 6.1, we exploit a proper left action and a 2-cocycle
operator. Here, according to (6.13), we take the left action as trivial whereas the
2-cocycle O is precisely equal to the one in (6.16).

6.2. Lie Poisson dynamics on the duals of the double cross sums of 2-
cocycle extensions

We have presented the double cross sum of 2-cocycle extensions in the previous
subsection. To arrive at Hamiltonian dynamics on the dual picture, we make use
the Lie-Poisson formalism on 2-cocycle extensions, that is, the theory in Subsection
4.3. In that subsection, there exist both the Lie-Poisson bracket (4.27) and the
Lie-Poisson equations (4.28) for the case of 2-cocycle extensions.

Lie-Poisson brackets

Let us consider the following notation on the dual spaces
=y D pw € VoW, V=1p Dre €D E. (6.25)

Substitute the 2-cocycle © in (6.16) and the left action » in (6.13) in the Lie-Poisson
bracket (4.27). Therefore, for this situation, (plus/minus) Lie-Poisson bracket is

OH  OH 0F  OF
oV OV )’ (5y[* OV )]>

OH  O0H OF o (5.7-">>
v O OV Ol
oH o OH )D oF o oF )>
ovp — Ove” “Opy+ Oy~
oF . OF N oH o oH )>
OV Ol Opye — Opiw=" /"

(H,F},, (pov)=+ <,,[* & [(

+ <MV* @UW*76<
(6.26)

+ <Mv* D pw, (

F <Mv* D pw, (

where the bracket on the first line is the matched pair Lie bracket on [ < €. Here,
the first pairing is the one between [* x € and [ > £, the others are the pairing
between V*@ W* and V @ W. On the other hand, needless to say that we assume
all the vector spaces to be reflexive. If the explicit expressions for the Lie bracket
on [>a €, the left action » in (6.13), and the 2-cocycle © in (6.16) are substituted
into the bracket (6.26), one arrives at

OH 5}“]+57—L>5F_6}">6H>
51/[* ’ (5V[* (51/@* (SI/[* 5V@* 51/[*
OH  O0F  OF  0H

{(H,F} , (nev) =+, |

OH OF

= s i Y o Yo e Yo
:IZ<MV*7 OH | va . 0H ~ OF . OF | 0H . oF ~ OH >
Ovp ~ Opy= Ol Opys O~ Opy= OV Opty
:|:<,uv*,€(5—H,6—]: . 5.7:’57'[ +o (57‘[’(5./7)
Ve Oy Ve O vy OV

< _5.7: ﬂ5H+5H | oF _ OH ﬂdF‘F(SFL 57‘[>
T Opw+ OV OV Opw=  Opws OV Ol Oy’
OH OF 0F O0H OH OF

—
v Oups Ve OUp Vg Ol

£ (s, ). (6.27)
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Here, » and <« are the actions in (6.5), v\ and ~ are in (6.6) whereas | and |
are those in (6.2). In view of Proposition 6.1, one can write the bracket (6.26) as a
matched pair Lie-Poisson bracket. To this end, by reordering the elements in (6.25),
we set

L= py= D V= Eg:V@N[, U= Uy B Vg E[’]:W¢NE. (628)

Thus, the matched pair Lie-Poisson bracket in (4.23) takes the form

{H, FY,(hov)=+{H,F}, . (1) ={H,F},, (7) (6.29)
< . (57-[ @57{)>(5}—@5J7)_(5]:@5]: . 57‘[@57{)>
T e Opow= Ol Opy= OV Opw= Ol Opy+ OV

OH OH OF OF OF OF OH ® OH )>

q:<uW*EBVE*,( < ( < (

O Ly = @ OV Oy @ v’ O Ly = @ OV Opy+ O

where the actions < and > are in (6.8). Notice that, the Lie-Poisson brackets on
the right hand side of the first line are the individual Lie-Poisson brackets on the
dual spaces g* and h*, respectively. Those terms available in the second line of
(6.29) are the manifestations of the left action of h on g. The third line, on the
other hand, is due to the right action of g on h. A direct computation gives that
the Lie-Poisson bracket (6.29) is equal to the Lie-Poisson bracket in (6.27).

Dual actions:
First, define the dual actions of ~ and v in (6.6) as
AVES TV (prve -k, 0) = (y=, k v v),

. . (6.30)
AW — W (I~ pwe,w) = (s, w " 1),

respectively. It follows at once that Asa right action whereas A~ is a left action.
Let us, furthermore, introduce the dual (right) actions of | and | in (6.2) as
kW —= W™, (pw= | k,w) = (pw=, k | w),

* *

|1V — V™, (py | Lv) = (uy=, 1] v),

(6.31)

respectively. Next, we determine the dual actions of < and » in (6.5) to be

CE R, (kA ) = (e ke D),

. . (6.32)
>R — ¢, (I ver, k) = (v, k ),
respectively. We define the dual mappings of the 2-cocycles ¢ and ¢ as
pi Ve —= U gy ) = = (v al'), (6.33)
o W* — ¥, (Srtiw, k') = —(uw~, oik’). '
Lastly, the duals of € and ¢ in (6.7) appear as
&V — I, (expive, 1) = —{py=, €xl),
‘ * (6.34)

W — I, (tpiw=, 1y = — (=, tiel).
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Lie-Poisson equations

According to the equations (4.28), it suffices to define dual mappings of the action
> (6.13) and © (6.16) to formulate the Lie-Poisson dynamics. For », by definition,
we compute

(v & =) (L@ k), (0 w)) = (e, | v+ k A o) + (e, —w A L+ k | w),
= <,uV*7lJ ’U> + <,uv*,]{} mv) + </LW*7—UJ ¥ l> + </1,W*,l€ LU)> (635)

Then, we have

* *

(v @ pw) 2 (k) = (e ANk +pye L) @ (1A pw + pwe | k). (6.36)

For ©, we compute

Ol (1ve & piw=) = (@] pv+ + gy — tppw=) & (Pppiw + Lpfiw — €gpiy=), (6.37)
where ¢f, ¢; are defined as (6.33), and e}, ¢; are given by (6.34). There are two
more dual mappings we need to get for the left side of the equation (4.28). These
are b, (- @® pw~) and the coadjoint action of (6‘5% <) 5‘3%) on the dual element
(v« @ v ). Being a matched pair, we can employ the equation (4.22) for the case of
[>1 €. Accordingly, we arrive at

ad su g su (Vi © V) (6.38)
(51/[*@51/5*)

= (ad’sy v+ + v ;5H+1/ ;(YH)@(ad* Vps — 1) :—5%—1/ ;(YH)

RS - P R e Y R P

where < and » denote dual actions in the equation (6.32). Finally, using equation
(4.3), we arrive at

bl v = (e L1+ - A k) @ (e | k= pwe A1), (6.39)

Hence, according to the equations (6.36), (6.37), (6.38), (6.39) the (plus/minus) Lie-
Poisson equations (governed by the Hamiltonian function H =H( (v, pw~), (v, Ver))
are computed as

. * OH « OH
Hy = = = Lé—‘i‘/w*vf\ S
Vyx Vg
) OH  « * OH
Hw* = _6]/[* Y% Loy * + Lo+ J 6VE*7 (640)
. i . . . x OH x OH
Ve = @ piv= + v — L + ad sy Vi + 1 4 T+ Ve B
51/[* 5”@* 5”@*
v L Sk,
Vge = ¢kﬂW* T L s — € by + ad s Ve — Ui+ 4
61/{3* 51/[*

(51/[*

Particular case

Now, we examine how Lie-Poisson equations look like for the particular case we
gave in (6.1). Let us recall briefly that we took the left actions | and | in (6.2), the
mutual actions of € and [ in (6.5) and the mappings in (6.6) to be trivial.
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Since the calculations of these choices are made in the previous section, it is possible
to see the effects directly for Lie-Poisson equations (6.40). Accordingly, /iy~ and
fw+ both vanish, and
U = O] iy + €pfive — Lppiws + ad}i Ups
, (6.41)
Upe = Qppiw + Lpfiws — Eppy= + ad sy Ves.

OV

7. Couplings of dissipative systems

In the present section, we consider two Lie algebras g and h under mutual actions
satisfying the compatibility conditions in (3.29). Hence, we have a well-defined
double cross sum Lie algebra g <t h equipped with the Lie bracket (3.28). As ex-
plained in Subsection 4.2, on the dual space g* & h* there exists the Lie-Poisson
bracket {, e}, displayed in (4.23). This Poisson structure lets us to arrive at the
matched Lie-Poisson equations (4.24) governing the collective motion of the individ-
ual Lie-Poisson dynamics on g* and h*. Following the discussions on the coupling of
Rayleigh dissipation in the next subsection, we shall examine the coupling problem
of the symmetric brackets.

7.1. Rayleigh type dissipation

In (2.14), Rayleigh type dissipation was introduced by means of the coadjoint action,
and a linear operator. In the present subsection, we shall provide a way to couple
two Lie-Poisson dynamics admitting Rayleigh type dissipative terms. To this end,
we first determine the dynamics of the constitutive systems. Let us now assume
that, on the dual space g* the Rayleigh type dissipation is provided by a linear
operator 19 : g* — g, that is,

LF ad’iju = Fadyg(,) - (7.1)
"

Similarly, on h*, we let the Rayleigh type dissipation is given by a linear operator
TY : h* — b. Namely,
UTF ad";éjl/ = :Fad*Th(V)y. (7.2)

To couple the dynamics in (7.1) and (7.2), we introduce a linear operator from the
dual space g* & h* to the double cross sum Lie algebra g > b given by

geb —gob,  (n@v) = (T & T ), (7.3)

where T9 and YY" are the linear mappings, in (7.1) and (7.2), generating the dissi-
pation for the individual systems. The dissipative term generated by the mapping
A is computed to be

+ ad§e<u)@rh(y)(u S v) (7.4)
= ( F adye( pE p < T (v) £ Cl*Tb(V)V) & ( F ad}b(y)l/ FYru)>vF b"}g(m,u),

where the dual actions <I and > are those given in (4.1) and (4.4), respectively.
Notice that, the cross actions a* and b* are the ones in (4.6) and (4.3), respectively.
The dissipation, then, was obtained as above. Observe that, while coupling the
dissipative terms in (7.4), we respect the mutual actions. So that, the collective
dissipative term manifests the mutual actions. It reduces to the direct sum of the
dissipative terms of the individual motions if the actions are trivial.
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Obeying the general construction in (2.14), we merge the dissipative terms in (7.4)
with the matched Lie-Poisson equations (4.24). This leads to the coupled system

,u:Fad(m/(m,uzlzé— AV £ a5,V = Fadyg, ,uzl:/L<]Th( V) & @y, Y
(7.5)

OH = * x
1% + adm_{/(syl/ + — [> :F[](S’H/&;J,/J’ :FCLdT;,( )I/ F ’I‘Q( ) >vF [JTQ(M)/L.

dv

It is evident that, this formulation respects the mutual actions. By taking one these
actions, one arrives at the semidirect product theory for the Lie-Poisson system with
Rayleigh type dissipation. If both actions are trivial, it is immediate to see that the
system (7.5) turns out to be a simple collection of the individual motions in (7.1)
and (7.2).

7.2. Matched double bracket

Recall that, in (2.21), we have presented the double bracket in terms of the structure
constants of the Lie algebra. Therefore, to have a symmetric bracket on the matched
Lie-Poisson geometry, we first recall the structure constants of the double cross sum
Lie algebra given in (3.36). Then referring to the coordinate realization of the
matched Lie-Poisson bracket in (4.19), we compute the associated Poisson bivector
A as

Aag = :i:ngu,py, Aab = :FRgan F Lga/ub,y,

Aaﬁ = j:Rgan + Lga,uv, Aab = :thde, (76)
where Cga s are structure constants on g, DY, ’s are structure constants on h. Here,
R¢ s and L} ’s are constants defining the right and the left actions according to the
exhibitions in (3.22), respectively. In accordance with this coordinate realizations

and in view of the definition (2.21), matched Double bracket dissipation (F,S)™P)
for two functions F and S defined on g* @ h* is

(F,8)"D)(, v [Z oAy + Z Moo | 2208

Ota Opip
OF 05 0F dS
I [Z Aahas + Y AMAM} T [Z Apala + AbﬁAcﬂ} 9 O
b gl ¢ @ p ’
oF 08
|:Z AaﬂAbB + Z AaaAbai| aﬂa 8Vb : <77)

Referring to this bracket, the dissipative dynamics (2.19) for a = 1, generated by a
functional &, is computed to be

/J“,B - Z ABbAab + Z AﬁW am Z ABaAaa + Z AﬂbAab a
Vd — Z AdbAab + Z Ad'y a'y Z AdaAna + Z Ada na

In order to arrive at the expllclt expression of the symmetric bracket (7.7), and the
dissipative dynamics in (7.8) in terms of the local characterizations of left and the
right actions and the structure constants of the constitutive subalgebras, one needs
to substitute the calculations (7.6) into (7.7) and (7.8).

(7.8)

n
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Now, we add the matched Lie-Poisson bracket {e,s}., given in (4.25), and the
matched double bracket (e, +)™P) in (7.7). This reads the matched metriplectic
bracket. The matched metriplectic, dynamics generated by a Hamiltonian function
H and an entropy type function S, is computed to be

7 = (12, {0 = {2, H}u + a(z,8)"7. (7.9)

In order to arrive at the explicit expression of the equations of motion in (7.9), it is
enough to add the reversible matched pair dynamics in (4.26) and the irreversible
matched pair dynamics in (7.8). Taking one of the actions to be trivial, one arrives at
the semidirect product metriplectic bracket and the semidirect product dynamical
equation. If, both of the actions are trivial, then the coupling turns out to be a
simple addition.

7.3. Matched Cartan-Killing bracket
Once more, we recall the structure constants (3.36) of the matched pair Lie algebra.
Referring to (2.25), we first compute the matched Cartan metric G,5 and Gy
through

Gov = —RE, Dy — LfaRZB +C,, LB Gap = LI oL + D:,Dy,

by?

_ (7.10)
Gap = LZEOEW - ngRdﬁ Rd Lgﬁw gaﬂ - RZaRbﬁ + 027055

on the matched pair Lie algebra g @ . We write an element of g* @ h* as (u,v) =
Ha€*+1,e*. We compute the matched pair Cartan-Killing bracket, defined in (2.26),
as

- (97—[ 87—[ oF 8?—[ OH
(mCK) _
(Jra H) gaﬁa 5 gaba U aVa gaﬁa 15 aya gaba

. aF 8% . . OF oM
= (RgaRﬁb +C 3 )__ <_R(61land - LaaRbﬁ + CaﬂLgb) a/JJ ayb

oy Be Ot Opip
OF OH o0F OH
_pRpd 1Y YO g
+ ( 1?-2761Ldﬁ+LomCﬁ7 DabR )8u a/%’ 0. 00y

(7.11)

+ (L2, L, + D r D) ——

According to formulation (7.11) the equation of motion for a functional S is

) - 0SS 5 08 = 0S8 - 0S
,Ltﬁ = gﬁaa gﬁa ) gdﬁa /3 gdaa . (712)

Ma Vg,

We substitute the explicit representations of the metric (7.10) into the system (7.12)
and arrive at

oS oS
fi5 = (R4 Dy — LRy, + ChaLSi) g, + (R',RY, + Co.Cl) =
a@ e 85 FERRCAE)
= (- RadLaﬁ +L34C, — ngRZB) 8MB + (L2, 5at D D) m— o

7.4. Matched Casimir dissipation bracket

Recall the Casimir dissipation bracket given in (2.29). In order to carry this dis-
cussion to coupled systems on g* x h*, as it may be deduced from that equation,
we first need to determine a real valued bilinear operator on the double cross sum Lie
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algebra g < h. We then employ the pairing equipped with a Casimir function(al).
Let us first determine the dissipations individually on g* and h*, and then we couple
them.

Consider symmetric bilinear operators on g ve §, denoted by ¥ and ¥, respectively.
Assume that C is a Casimir function g* and D is a Casimir function on h*. Then,
the Casimir dissipation brackets are

F 1)) () = _ {E(S_H][ELH]
(F, H)g " (1) ¢<5u S| Lo o).

0F 6H] [6D oH
(CD) (N _ _ - = — 5
(F )y (v) = ﬁqau’auh’[év’%}n)'

Define a real valued symmetric bilinear operator on g @ b, using ¢ and ¢, as

(7.14)

(¥, 0): (geab) x (gab) — R, (ondan)—¢(EE)+00n). (7.15)

In terms of the Casimir functions C and D on g* and h*, respectively, we define a
Casimir function (C,D) on g* x h*, for example, as follows

(€, D)(p,v) =C(n) + D(v). (7.16)
So that, matched Casimir dissipation bracket is defined to be

(F, H) P (p @ v) (7.17)

([0 (o) (o) (220 )

where [, ¢] is the matched Lie algebra bracket in (3.28). Referring to this bracket,

the dissipative dynamics (2.19) for a = 1, generated by a functional H, is a system
of equations. The dynamics on g* is

st [ oy (252 oy ()
5C §H1» « OH  [6D  OM1 « 6H [6H  6C1 - H
Lm 5,J<5u [5V>E}<$+[E>@]<E
(5 5] (s g —aw(E ag) 0w

whereas the dynamics on h* is

oty 25—y (2 02 oy (2
SH « (6D 6M1> M « (6D GH1» oM + [6H  5CT
_ED[(SV 5y]_5 [57 cm]*ED[(s_yqﬁ}
sl u(n e s vw(neg) . 0
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Here, the right action > and the left action < are those in (3.26), whereas > and <
are the dual actions in (4.1) and (4.4), respectively. We note that the dual operators
a* isin (4.6) , and b* isin (4.3). Here, superscript b denotes the dualization obtained
through for the symmetric operators 1) and 9 given by

€.y =v(E&e), ) =00 (7.20)

In order to prevent to notation inflation, we denote these two mappings by the same
notation as we did while denoting the Lie algebra brackets on g and b.

We can couple the matched irreversible motion, that is matched Casimir dissipa-
tion motion, in (7.18) and (7.19) with the matched reversible motion, that is the
matched Lie-Poisson dynamics in (4.24). This results with the matched metriplectic
system involving Casimir dissipation terms, which is simply achieved by adding the
right hand sides of the systems obeying the order. This collective motion, can be
determined by a single matched metriplectic bracket

[|F, Hllsacp = {F, H}oa + a(F, H)™P),

where {«, ¢}, is the matched Lie-Poisson bracket in (4.23) and (e, +)¢D) is the
matched Casimir dissipation bracket in (7.17). In this case, the dynamics governed
by a Hamiltonian function(al) #, is implicitly written by

(h®v) =[l(n®v), Hllsmcn.

7.5. Matched Hamilton dissipation bracket

We first recall the Hamilton dissipation bracket given in (2.34), and the pure irre-
versible motion in (2.36). In this subsection, we shall couple (match) two Hamilton
dissipation brackets in the form (2.34), and two pure irreversible motions in (2.36).
Accordingly, obeying the notation presented in the previous subsection we intro-
duce the Hamilton dissipations brackets on the constitutive spaces g* and bh*, for
two bilinear operators ¢ and ¥, as

(F, 1P () = = ([% g—ﬂg ﬁ;_?: g%]g)

0F oD OH oD
HD _
(‘F7H)h (l/)_ 19<|i51/7(sy:|b7|:5y761/‘|h)7

where C and D are Casimir functions on g* and b*, respectively. In order to match
these symmetric brackets, we recall the real valued bilinear map (7.15) defined on
the double cross sum Lie algebra g < . Then, we introduce matched Hamilton
dissipation bracket

(7.21)

(F, 1) (@ w) (7.22)

(o) (o 2 (o 2) (5 )

where the brackets inside the pairing are the matched Lie bracket in (3.28).
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Irreversible dynamics on g* X h* can hence be obtained as

o [PLC)am aey oDy
p= a0 op’ o ¢ ov — Ou AN o

_[5_7'[ E]béé_p_[‘S_HDE}bQ‘S_DJF[‘S_DD‘S_H]bQé_D
op’ o ov v~ o ov v Ou ov

sc
Op

a8 P g, (5—H<E)b— ’zp (5—D<5—H>b
S ov’ v 5 \ov o o\ ov  pu
V= —a fm[é—% 5—D]b—a 5D (5—H<1§>b+a 5D (6—D<5—H)b
5 ov’ v S\ ov  Ou o \ov  Ou
_ﬁg[(ﬁ @]b_ﬁg[‘s_ﬂqﬁ]uﬁgfﬂﬂ‘s_ﬂy
Wy ov’ v Wy v o S~ v
b b
- %[%,%}b—b% (‘;—7;%%) + by (‘;—f>‘;—7:) L (723)

Here, the right action > and the left action < are those in (3.26), whereas > and

< are the dual actions in (4.1) and (4.4), respectively. Also, a and a* were defined
as in (4.5) and (4.6), while b and b* were defined as in (4.2) and (4.3).

8. Illustration: Heisenberg algebras in mutual actions

8.1. Heisenberg algebra and Lie-Poisson dynamics

We start with a 3 dimensional Heisenberg algebra which we denote by g, see [58].
Assuming a basis {e;,eq, e3} for g, the Lie bracket may be given by

[el, 83] = O, [el, 82] = €3, [62, 83] =0. (81)

Heisenberg algebra may be expressed as a 2-cocycle extension Lie algebra. Hence, we
can examine it through the discussions done in Subsection 3.3. To see this, referring
to the basis of the algebra g, we define two linear spaces V = (e3) and [ = (e, e,).
Accordingly, we introduce a V -valued skew-symmetric bilinear mapping on [ as

p:Ixl—V, pler,e1) =0, p(ez,e) =0, (e, e) =e;. (82)

It is straightforward to verify that ¢ is a 2-cocycle. Taking the left action of [ on
V' (see the first action in the list (6.2)) to be trivial, we observe at once that (8.1)
is indeed in the form of (3.40).

Coadjoint flow

Let now a basis for the dual space g* be {e!,e? e3}. Let also £ = (£1,&,&3) in g,
and p = (pq, o, 3) in g*. Then, the coadjoint action of a Lie algebra element ¢ in
g to a dual element p in g* is computed to be

ad*: g x g" —g",  ad{p = (€, —ps€',0). (8.3)
Referring to this calculation, we write the Lie-Poisson dynamics (2.13) generated by
a Hamiltonian function H as
OH . OH

N — - — — )y — 'fzo_ 84
= g s f2 Mg f13 (8.4)
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Here, the latter gives that ps is a constant. In equation (8.4), if we choose p; = ¢,
o = p, and puz = 1, then we arrive at the Hamilton’s equations in its very classical

form _8_7-[ ,__8_7-[
P o

Therefore we claim that, in the present geometry, the Hamiltonian dynamics can be
realized as a coadjoint flow.

q (8.5)

Double bracket dissipation

For the present case, the symmetric double bracket in (2.21) is computed to be
oS 0F 0S8 OF
(F,8) P (1) = pi3( ). (8.6)

_'_
Op1 Opy — Oug O
Therefore, for a function &, the irreversible dynamics due to the symmetric bracket
is computed to be

fin =u§§—/i, fit2 w%?—i, fiz = 0. (8.7)
Then the metriplectic equations of motion (2.24) are computed to be
1 _MSS—Z‘FM%g—i, fl2 = —M3§—Z+M§g—i> 3 = 0. (8.8)
If we choose py = ¢, pe = p, and pz = 1, then the metriplectic dynamics (8.8)
turns out to be MBS . OH  OS
:8_p+5_q’ p:_8_q+8_p' (8.9)

Two interesting particular instances of the present dynamics are the following.

(1) Let us take the Hamiltonian function H = p* + V(q) to be the total energy of
the system, and S = S(q). Then, the system (8.9) reduces to

G~ Syd — Vy = 0. (8.10)
We cite [70] for a more elegant geometrization of the second order ODE (8.10) in
terms of the GENERIC framework.

(2) As another naive application of the dissipative system (8.9), we consider a
general Hamiltonian function H, along with S = ap?/2 for a scalar a. Then, a
fairly straightforward calculation gives (8.9) in the form of

. OH oM

This is the conformal Hamiltonian dynamics as described in [68]. To see the geom-
etry behind this dynamics consider first the vector field

X = (0H/0p)0y + (—ap + 0H/Dq)0,

generating (8.11) and then define the symplectic two-form Q = dgAdp. A Hamilto-
nian vector field preserves the symplectic two-forms, but the vector field X satisfies

LxQ = d(d?—l — apdq) = adq N\ dp = af2, (8.12)

where £ denotes the Lie derivative. In other words, X preserves the symplectic
two-form up to a conformal factor.
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8.2. Coupling of two Heisenberg algebras and matched Lie-Poisson
dynamics

Consider now two copies of 3D Heisenberg algebras g and b, with bases {e;, es,e3}
and {f}, f, f3} respectively. Accordingly, given any £ and ¢ in g, and any 1 and
7 in b, we let

E=Cle+ e+ %3,  E=¢E"e + e+ e, .13)
n= 771f1 + 772f2 + 773f37 n = 771/f1 + 772/f2 + 773/f3. .

As a result, the Lie brackets on g and h can be exhibited in the form
€€ = (¢ —&"Pes, ] = ('n® — 0"y (8.14)

respectively. Following the notation in (3.3), and referring to the coordinate reali-
zations (8.13), we introduce a right action of g on h, and a left action h on g as [58]

>:heg—g > E=-n'es,

(8.15)
<:hog—g  n<E= =&

This means that the only non-zero action constants are R, = —1, L3, = —1. It
then takes a straightforward computation to observe that these actions indeed satisfy
the compatibility conditions (3.29) for a matched pair of Lie algebras. Accordingly,
for the present coupling, the Lie algebra bracket on gt b takes the form

I:(g’ T’)) (5/7 n/>:|[>4
= (' -8 ' + 0" es @ ('y” — 0" — P+ 7N (8.16)
As coupling of two cocycle extensions

Considering the bases of the Heisenberg algebras g and b, their 2-cocycle extension
realizations appear as

VGDX][ = <e3>¢,>4<e1,e2), W¢>4E = <f3>¢><1<f1,f2>, (817)
respectively, where

p:lxl—V, pler,e;) =0, ey, e) =0, (e, er) =es,

(8.18)
p:txt—W, o(fi, £1) =0, o(fa, £5) = 0, o(fi, £5) = 1f5,

and the left actions in (6.2) are zero. We now exercise Proposition 6.1 for two copies
of the Heisenberg algebra to form a matched pair. That is, we show that g > b
is a 2-cocycle extension by itself. To this end, following the notation in Subsection
6.1, we shall take both (1) the mutual actions <« and » of [ and ¢ on each other
exhibited in (6.5), and (2) the cross actions v~ and ~ in (6.6) to be trivial, whereas
(3) the mappings € and ¢ given in (6.7) as

6(f1,€2> — —eg3 L(fz,el) = —f3, (819)

while they vanish on the rest of the basis elements. Keeping these settings in mind,
it is now straightforward to observe that both the left action > and the right action
< in (8.15) can be recast in the form of (6.8). Equivalently, the Lie bracket (8.16)
on the sum of the two copies of Heisenberg algebras fits into (6.11).
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On the other hand, we shall now show that the double cross sum g b is a 2-cocycle
extension of [ € = (e1,e9) > (£, £5) over VB W = (e3) & (f3). It follows at once,
by the above settings, that the left action » of the Lie algebra [ € onto V@& W is
trivial. The 2-cocycle

O:(Ixt) x(Ixt) —m VW
. (<e1,e2) > <f1,f2>) X (<e1,e2) > <f1,f2>) — <63> D <f3>,

then, following (6.16), can be exploited as

(8.20)

O('er + %y + 'ty + 0’hr, ey + ¥ en + My + 1P )
= (£ "¢ — ' 0" Pey o (P — Pt =0+ g (8.21)
Finally, it follows from Proposition 6.1 that
gah = (Voxl)oa (Wext) = (Ve W)egx(lat).
Matched Lie-Poisson equations
Let us first fix the notation for the dual elements as
= e’ + pse® + uge’® € g*, v=uf' 4+ f? + 15f3 € h*. (8.22)

The dual actions <I in (4.4) and > in (4.1), the cross actions a* in (4.6) and b* in
(4.3) are computed to be

p<dn=—pzne’, E>v=—u'f? biu=—psf', alv = —vgn’e’.  (8.23)

Then the matched Lie-Poisson equations (4.24) generated by a Hamiltonian function
H =H(p,v) on g* ® bh* is computed to be

) OH OH ) OH OH )
p1 = —V3— + 35—, Mo = H35— — U35, fi3 =0
vy Opia o oJTh (8 24)
1= Mgauz 3(9V2’ 2 = 361/1 3(,9”1, 3 — U.

Let us study some particular instances on this system of equations. In equation
(8.24), if we choose py = q, po = p, 1 = u, Vo = w, and uz = v3 = 1, then we
arrive at the Hamilton’s equations in a coupled form

q.iﬁ’}-[ OH p—aH OH
T op ow’ T ou 9q’
P ! (8.25)
Lo o oW o
- Op  ow’  ou  Oq’

Rayleigh type dissipation
For the present case, addition of a Rayleigh type dissipation term as
p&v = (Y9e +T%e)+Tes, TV + TI'F, + TO°f) (8.26)
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to the Lie-Poisson dynamics on g* & h* yields, in view of (7.5), the matched Lie-
Poisson equations in the form of

. OH OH ) OH OH 1
fu = + s = Y — Y iy — s+ py— = pa XY — Y
s Oy oy o

= ,UJgT92 — VgThQ, 1/2 + 1/36—% — V3—— aH

8 141 8,u1

. OH OH
Vi + 35— — V33—

1 1
S 7% L
Opia vy s s

Double bracket dissipation

For the present discussion, the matched double bracket (7.7) takes the particular
form

" 5 OF OH OF OH
(F7H)( D)<:U’€B ) /1’38 a +(2/1’§+2V3M3+V3)6 a’u2
o OF OH 5 o OF OH
— (ps + 113)° 903 D1ty + (2v5 + 2303 + Mg)a—wa—w
ZOF OH S 0F OH
_ 8.28
(15 + vs)7 Otz Oy v S0 Oy (8.28)
Then the irreversible dynamics (7.8) is computed to be
. oS . oS :
f = %ui, Ho = %ui, fi3 =0
! ’ (8.29)
L _ 08 , 598 s e — 0
1= a 1 3 2 — ay2 3 3 — Y.

Let us collect the reversible Lie-Poisson dynamics in (8.24), and the irreversible
dynamics generated by S under the realm of the symmetric (double) bracket in
(8.28). Then the metriplectic equations of motion are computed to be

. OH oH IS , . OH oH 9IS
Ml—Msa—m—%a—WJra—ulMg Ho = i35 - 1—M38M+8—M2M3,
OH oH 0§ , OH oH 0S J2. (8:30)
:—uga—m—yga—ljz—i-@mu?,, VQ—yga—l—l—Vga +8_V2

Accordingly, setting uy, = q, pus =p, vy = u, Vs = w, and uz = v3 = 1, we arrive at

_OH _OH  0S ,_OH _OH 08

o  ow  9q P=%¢ " 8qg " ap .
OH OH 0S _ OH OH S (8:31)
_—a—p—%—i—au, w:%—i-a—q-i-%.

In particular, taking the Hamiltonian function H = 1/2(p? + w?) + V(q,u) to be
the total energy of the system, from (8.31) we obtain
— S0+ 2V + Sy =S, =0,

) . (8.32)
U — Syt 4+ 2V, + S, + 5, = 0.
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9. Illustration: Rigid bodies

We consider two identical three dimensional Euclidean spaces denoted by g = R?
and h = R}, which are Lie algebras equipped with the Lie brackets given by

6.8 T =Ex & nnlpg =k x (n x 1), (9.1)

respectively, [57]. Here, x stands for the cross product on R?®, and k is the unit
vector (0,0,1) available in the standard basis on R3. We note that the subscript R}
is just a reminder that the bracket is not the classical cross product on R?, instead,
it’s the second bracket in (9.1). We shall follow the notations in Subsection 3.2. The
coadjoint action of g on it dual g* ~ R?, and the coadjoint action of § on it dual
h* ~ R3 are computed to be

adgp = p x &, adyv = (v-n)k —v(k-n). (9.2)

Let, now, {e;,es, ez} denotes a basis for R?, and let {f}, fy,f3} be a basis for R},
where

e =1 =(1,0,0), e =1£=1(0,1,0), e3=£f35=k=(0,0,1). (9.3)
Accordingly, the non-zero structure constants in (3.34) turn out to be
sz = 0531 = C'213 =1, D%3 = Dgs =1L (9.4)
Mutual actions

The left action of R} on R?, and the right action R? on R} are defined through

<: R} xR® = Ry, nAE=nxE
(9.5)
>: R} x R = R?, n>€&i=nx (€ xk).

It is straightforward to prove that these actions satisfy the matched pair compati-
bility conditions in (3.29). Referring to the notations fixed in (3.22), the non-zero
constants determining the actions (9.5) are computed to be

L?l = LgQ =1 L§2 = Lzlﬂ =1,
RYy = R3; = Rys = —1, Riy= Ry = Ry = 1. (9.6)
As a result, the bracket on R3 > R} takes the form of
[E@n & @nly
= (Ex&+nx (& xk) =0 x(Exk) @ (kxxn)+nxg —nxE). (9.7

Matched Lie-Poisson dynamics

The Lie-Poisson dynamics on the dual space g* x h* ~ R3 x R3 can be obtained via
Proposition 4.2. To have this, first we compute the duals of the actions (9.5), in a
respective order, as

pan=pmn-k) —(u-Kn,  Epv=E£xy (9.8)

whereas the mappings (4.6) and (4.3) are
av=vxn,  bgu=(u k- (u-k)§ (9.9)
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Notice that, the Lie-Poisson formulation on g* corresponds to the rigid body dynam-
ics in 3D, [40, 62]. So we can consider the matched pair dynamics in this setting as
the coupling of two bodies in 3D. Since the dynamics for the rigid bodies are given
by the Lie-Poisson equations of negative sign, we consider the opposite Lie-Poisson
bracket and the negative Lie-Poisson equations.

Given any p = (1, o, u3) and v = (vq, 19, v3), we recall that the explicit realization
of the matched Lie-Poisson bivector, defined for the matched Lie-Poisson bracket
(4.29), has already been given in (7.6). In the following table, we present the
coefficients of the matched Lie-Poisson bivector for the present case.

A Aaﬁ Aab Aa,B Aab
An 0 143 — i3 0
Ay —ps —U3 V3 0
Ais a2 Vo— 1 —Vat[ig V1
Aoy M3 V3 —U3 0
Ay 0 143 — i3 0
Ags M1 —Vy—H2 Vit e Vo
Asy — M2 —U2 vy -1
Aso —H1 n - —UV2
Ass 0 0 0 0

We remark that the first column determined the Lie-Poisson bivector on g*, whereas
the last one is the Lie-Poisson bivector on h*. The second and third columns are
manifestations of the mutual actions (9.5). Collecting all these results, we compute
the matched Lie-Poisson equations (4.24) generated by a Hamiltonian function H
on the dual space as

. OH OH OH OH
M—mxlﬂr(g'k)u—(ﬂ‘k)m—’/ R 010

OH OH OH OH OH .
v=(k- E)V—(V E)kJr@_u v+ (- k)ém (gt - au)

In Section 7, couplings of various ways of dissipations are listed. We shall now
examine these couplings for the concrete example given in the previous subsection.

Rayleigh dissipation

In this 3D framework, and for a linear operator
(R°) @ (Ry) — RO Ry,  p@v e (Y(u) @ T0(v)), (9.11)

the matched Lie-Poisson systems with Rayleigh type dissipations, that is the system
(7.5), takes the particular form

oH oH oH oH

=g wo, k) + (e k) v x -

— 1 T3(1) — (T () - K) + (- K)TOW) + v x TO(w),
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) OH OH OH OH OH

= (- T W)k —v(k-Tw) = T(v) x v+ (- T(u))k — (- k)T(p).

)k (9.12)

Cartan-Killing dissipation
The matched Cartan-Killing metric (7.10), on the other hand, is determined as

[—4 0 0 0 -5

Gij] = (9.13)

ja)
(@]
.
=)
(@]
_ o O O o O

Then, the irreversible dynamics generated by a function S, presented in (7.12), is
computed to be

oS oS oS oS oS
fn= Ao 45 = Ao — B iy = 4
O Opa Opa O s (9.14)
b 508,08 08 o8 0s |
T 8V2 81/1’ 2T (91/1 81/2’ T 81/3.
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