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Abstract: In this paper we describe and exploit a geometric framework for Gibbs probability
densities and the associated concepts in statistical mechanics, which unifies several earlier works
on the subject, including Souriau’s symplectic model of statistical mechanics, its polysymplectic
extension, Koszul model, and approaches developed in quantum information geometry. We emphasize
the role of equivariance with respect to Lie group actions and the role of several concepts from
geometric mechanics, such as momentum maps, Casimir functions, coadjoint orbits, and Lie-Poisson
brackets with cocycles, as unifying structures appearing in various applications of this framework to
information geometry and machine learning. For instance, we discuss the expression of the Fisher
metric in presence of equivariance and we exploit the property of the entropy of the Souriau model as
a Casimir function to apply a geometric model for energy preserving entropy production. We illustrate
this framework with several examples including multivariate Gaussian probability densities, and the
Bogoliubov-Kubo-Mori metric as a quantum version of the Fisher metric for quantum information on
coadjoint orbits. We exploit this geometric setting and Lie group equivariance to present symplectic
and multisymplectic variational Lie group integration schemes for some of the equations associated to
Souriau symplectic and polysymplectic models, such as the Lie-Poisson equation with cocycle.

Keywords: Momentum Maps; Cocycles; Lie Group Actions; Coadjoint Orbits; Variational Integrators;
(Multi)symplectic Integrators; Fisher Metric; Gibbs Probability Density; Entropy; Lie Group Machine
Learning; Casimir Functions.

1. Introduction

A geometric theory of statistical mechanics was developed by Souriau, [79], motivated by the
observation that Gibbs equilibrium states do not satisfy the usual physical covariance assumptions.
This geometric theory, called by him Lie Groups Thermodynamics, is based on a Hamiltonian action of
a Lie group on a symplectic manifold, to which are associated generalized Gibbs states, indexed by
a Lie algebra parameter § playing the role of a geometric (Planck) temperature. Usual Gibbs states
defined from a Hamiltonian appear as special cases in which the Lie group is a one-parameter group.
The generalized Gibbs states become compatible with Galileo relativity in classical mechanics and with
Poincaré relativity in relativistic mechanics, and the maximum entropy principle is preserved. See [64]
for an exposition of Souriau’s approach.

A natural equilibrium state is characterized by an element  of the Lie algebra of the Lie group,
determining the equilibrium temperature. In this geometric setting, the logarithm of the partition
function, identified with the Massieu potential ®(p), is defined on this Lie algebra. Its derivative, called
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the thermodynamic heat Q(p), gives the mean value of the energy and is an element of the dual of the
Lie algebra. From this, two important quantities are defined. First the geometric heat capacity, given by
minus the derivative of Q and giving the Fisher metric of the generalized Gibbs probability densities,
second the entropy defined on the dual of the Lie algebra as the Legendre transform of the Massieu
potential.

This geometric setting of Souriau was exploited and developed in [8,12-14,16-19] towards
applications in information geometry and Lie group machine learning. Different tools developed based
on Souriau Lie groups thermodynamics are explored in artificial intelligence for “Supervised Machine
Learning” and “Non-Supervised Machine Learning” approaches. For “Supervised Machine Learning”,
neural network natural gradient from information geometry could be extended on Lie algebra based on
Fisher extension with respect to Souriau covariant maximum entropy Gibbs density on coadjoint orbits.
For “Non-Supervised Machine Learning”, Souriau-Fisher metric transforms problems of learning on Lie
groups to more classical problems of learning on metric spaces: extension of mean/median barycenter
on Lie groups by Fréchet definition of geodesic barycenter, solved by Hermann Karcher flow and by
exponential map (based on Souriau algorithm for matrix characteristic polynomial computation). For
“Non-Supervised Machine Learning”, extension of “mean-shift” for homogeneous symplectic manifolds
and Souriau-Fisher metric space. We can also make reference to GEOMSTATS libraries [70] developing
codes for machine learning on Riemannian manifolds and Lie groups.

In this paper we describe a geometric framework for the study of Gibbs probability densities in
statistical mechanics and information geometry, as well as the associated concepts of thermodynamic
heat, entropy, and Fisher metric, inspired by Souriau’s symplectic model of statistical mechanics. This
geometric framework unifies several earlier works on the subject, including Souriau’s symplectic model
of statistical mechanics, its polysymplectic extension, Koszul model, and approaches developed in
quantum information geometry. This approach helps to identify the common geometric structures
appearing in various examples and provides a body of geometric tools for information geometry and
Lie group machine learning. The emphasis is put on the role of the equivariance with respect to Lie
group actions. For instance, we discuss the expression of the Fisher metric in presence of equivariance,
we consider the associated Lie-Poisson equations with cocycle (also called affine Lie-Poisson equations)
as well as their field theoretic versions, and we exploit the property of the entropy of the Souriau model
as a Casimir function, to apply a geometric model for energy preserving entropy production on Lie
algebras. In our developments, we make heavily use of several concepts from geometric mechanics,
such as momentum maps, Casimir functions, coadjoint orbits, and Lie-Poisson brackets, as unifying
concepts appearing in various applications of this framework to information geometry and machine
learning. We consider in details the Koszul model, the polysymplectic extension of the Souriau model,
the case of the multivariate Gaussian probability densities, models of information geometry for quantum
systems. We exploit the geometric framework to build geometric numerical integrator schemes for
some of the equations associated to Souriau’s model and its polysymplectic extension. This is achieved
by identifying the variational principles underlying these equations and by discretizing these principles,
following the techniques of variational discretization, which result in schemes that preserve coadjoint
orbits, (multi)symplectic structures, and discrete versions of Noether theorems.

The content of the paper is the following. In §2.1 we present the general geometric framework for
Gibbs probability densities that will be used in the paper. In particular, we review the definition of the
Massieu potential, the thermodynamic heat, the entropy, the identification of the Fisher metric with the
Hessian of the Massieu potential, and the maximum entropy principle. These results are independent of
the existence of Lie group symmetries of the theory. The implications of such symmetries are studied in
details §2.2 where we present a Lie group equivariant setting that includes as special cases the Souriau
model, its polysymplectic extension, and the case of multivariate Gaussian probability densities. The
Souriau model is reviewed in §2.3 where we show that the associated entropy is a Casimir function for
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the Lie-Poisson bracket with cocycle and, motivated by an approach developed in quantum information
geometry, we take advantage of this property to formulate a geometric model for entropy production.
The polysymplectic model is reviewed in §2.4, where we show that the entropy also satisfies a natural
extension of the Casimir property and we formulate a polysymplectic extension of the Lie-Poisson
equations with cocycle. Finally, in §2.5 we give a general expression of the Fisher metric on orbits
when equivariance is assumed. In §3 we apply the framework considered in §2 to various examples
and identify common underlying geometric structures. We start in §3.1 with the case of multivariate
Gaussian probability densities as an illustration of the general framework for which a cocycle is needed
and which does not fall into the setting of the Souriau model. We apply Noether theorem to derive
invariant quantities for geodesics of the Fisher metric. We then enlighten in §3.2 the strong analogies
with quantum information geometry by considering Lie algebras with unitary representation and
show that the Fisher metric as defined from the generalized heat capacity in §2.1, coincides with the
Bogoliubov-Kubo-Mori metric. In this particular case the equation with Casimir dissipation/production
reproduces a dissipative model used in quantum information geometry. Finally, in §3.3 we consider in
details the case of the Euclidean group of the plane SE(2), the associated Fisher metric, Lie-Poisson
equations with cocycle and entropy production equations. In §4, we make use of this geometric setting
to propose geometric integrators for some of the equations associated to the Souriau model and its
polysymplectic extension. We first review some facts on variational integrators on Lie groups in §4.1
and about central extensions of Lie groups and the associated Euler-Poincaré equations in §4.2. This
allows to obtain a variational formulation for the Lie-Poisson equations with cocycle. Based on this, we
present a symplectic integrator for the Lie-Poisson equation with cocycle in §4.3 and a multisymplectic
integrator for the Lie-Poisson field equations with cocycle in §4.4.

2. A general framework for Lie group statistical mechanics and symmetries

2.1. A class of generalized Gibbs probability densities, its associated entropy and Fisher metric

In this section we present a general framework for Gibbs probability densities in statistical
mechanics and information geometry, that includes the classes considered for instance in the Koszul and
Souriau models, as well as multivariate exponential families. In particular, we review the importance of
the logarithm of the characteristic function, identified as the Massieu potential, from which the entropy
arises as its Legendre transform and the Fisher information metric as its Hessian. We also discuss the
relation of these Gibbs sates with the maximum entropy principle. While the concepts manipulated here
are standard, our aim is to organize them in a general setting that is appropriate for the developments
made in this paper.

The results described in this paragraph are independent of possible Lie group symmetries of the
theory whose implications will be discussed in §2.2.

Let E be a vector space, whose elements will be denoted § since they are generalisations of the
inverse temperature. The duality pairing between elements v of the dual space E* and elements g € E
is denoted as (v, B). Besides the vector space E, the setting also involves a manifold M, endowed with a
volume form dyu.

Let U : M — E* be a smooth function defined on M with values in E*. For each § € E such that
the integrals

converge, consider the probability densities on M given by

pp(m) = w(lﬁ)e—wwm 22)
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Denote by () C E the largest open set such that for all 8 € () the two integrals in (2.3) converge.
The class of probability densities

{P/S } BeO
defined in (2.2) is referred to as generalized Gibbs probability densities.

We denote by ¢ : 3 — R the associated partition function (or characteristic function), given by

p(p) = [ WAy 3
The Massieu potential is the function @ : () — R defined by
®(p) = —log(p(p)) (24)
from which we can write the generalized Gibbs probability densities as
pp(m) = e®B)—(Um)p) vy Beq.

The thermodynamic heat Q : () — E* is the first derivative of the Massieu potential, i.e.,

Q(p) :=D2(B) = [

| U(m)pg(m)dp = EglU] € E7, (2.5)

where Eg denotes the expectation with respect to pg.

We denote by ()* the image of the function () by Q and assume that Q = D® : 3 — ()" is a
diffeomorphism. In this case, we can define the entropy s : (3* — R as the Legendre transform of the
Massieu potential ® : () — R, namely,

s(v) := (v, B) — P(B), (2.6)
where B = Q71(v). In other words, B € Q) in (2.6) is such that
D®(B) =v.

The name entropy for this Legendre transform is justified by the following result.

Lemma 1. For every B € (), we have the equality
s(Q(B)) = S(pp),
where Q(B) is the thermodynamic heat and
S(p) =~ /M plogpdu
is the entropy of the probability density p.

Proof. On one hand, using the definition of s in (2.6) and & in (2.4), we have

S(Q(B)) = (Q(B).B) ~(B) = [ (U(m),B) pp(m)dp +1og(w(B)).

M
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On the other hand, we compute

S(py) = = [ Po(m) 108 (p(m))dn = ~ [ ps(m) (~10g(y(8)) — (U(m), B)) dp
=108(9()) [ ppm)dye+ [ (U(m), B) ps(m)an
= 1og(p(B) + [ (U(m), B) pp(m)d.
These expressions are equal. M

Equation (2.6) is referred to as the Clairaut equation, see [36].

The generalized heat capacity is the symmetric tensor field K : O — sym(E), defined as minus the
Hessian matrix of the Massieu potential, i.e.,

K(B) := —D*®(B) = D*logy(B) : E x E — R.

A direct computation gives, for all vectors 61,08, € E,

K(B)(9P1,3F2) = ~DP0(B) (0ps, 66z) = — 7| DR(B+edpy) - ofs
4 (U(m),0B2) —(u(m),p+espy)
de|._g Juvpram® Ty

=Eg[(U,0B1) (U, 6B2) | —Eg[ (U, p1) |Eg[ (U, B2) ]

hence the generalized heat capacity is

K(B) = Eg[(U —Eg(U)) ® (U —Eg(U))]
=Eg[(U—-Q(B)) ® (U—Q(B))]-

As a consequence, K(p) is positive semidefinite for all B € Q). Being the derivative of Q : O — QF, itis
positive definite if Q is a diffeomorphism.

Recall that in information geometry, the Fisher metric associated to the family pg, p € Q, of
probability densities is the symmetric tensor field K : O — sym(E) defined by

I(B) = —Eg[D?log pg].
In our setting we have the following identification.

Proposition 2. The generalized heat capacity of pg cocincides with the Fisher metric of pg:

In other words, the Fisher metric is the Hessian of the characteristic function logarithm K(B) = D?log ().

Proof. From (2.2), we have
log(pp(m)) = —logy(p) — (U(m), B)

hence, taking the second derivative with respect to  we get.

—D?log pp = D*log () = —D*®(P)
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Note that this equality does not depend on m, which proves that
I(B) = ~Ep[D*log pg] = ~Eg(D*®(B)) = —D*®(p) = K().
Hence the result is proved. |

Proposition 3. Let us assume that Q : Q) — O is a diffeomorphism. The inverse of the Fisher metric, i.e., the
cometric on OV induced from the Fisher metric on ), is given by minus the Hessian of the entropy:

—D?%(v): E*xE* - R, VveQ

Proof. From the definition of the thermodynamic heat, we have D®(Q~1(v)) - 68 = (v, B), for every
v € O and 6 € Q). Taking the derivative with respect to v, we get

D20(Q (1)) (DQ () - 6v,3) = (v, 56) @)
Taking now the derivative of (2.6), we get Ds(v) = Q~!(v) hence D?s(v) = DQ~!(v). This can be

used in (2.7) and shows that D?®(B) - D?s(v) = idg+, where v = Q(B). The result follows then from
Proposition 2. u

The following result shows that the generalized Gibbs probability densities satisfy the maximum
entropy principle, [55].

Proposition 4 (Maximum entropy principle). Let U : M — E* be a smooth function and v € OO* C E*
a given element. The generalized Gibbs probability density pg in (2.2) with p = Q~(v) is a solution of the
maximum entropy principle:

du=1
[

max [/ qloquy} such that
1 M / Ugduy =v.
M

Proof. Given a probability density g, we have

q Pp
_ logg — gl dy = — log Ldy < — 1-P) g
/M(qogq qlogpg)dp /Mqogpﬁu /Mq( q> p
/M(q pp)du

Hence, if g satisfies the constraints we get

—/Mqloquu < —/Mqlogpﬁdﬂ = /Mq(log¢(ﬁ) + (U(m), B)) dp
= log ¢(B) + </M qu%ﬁ> =—®(p) + (v, B)
= (,Q7'(B)) — ®(Q'(v)) = S(v) = s(pp).

In the fourth equality we used f = Q! (v), in the fifth equality we used definition (2.6), and in the last
equality we used Lemma 1. |

Koszul-Vinberg characteristic function. We now quickly describe a particular case of the above
setting, which is related to Hessian geometry and in which the characteristic function (2.3) recovers
the Koszul-Vinberg characteirstic function, see [57-59,84,85] and the references in [8]. In this case, the
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Fisher information metric of information geometry coincides with the canonical Koszul Hessian metric
given by Koszul forms. Analogies between Koszul-Vinberg model and Souriau symplectic model of
statistical mechanics were enlightened in [8]. Here we will show how these two models precisely arise
as special cases of the general setting presented in §2.1.

Let E be a vector space and (2 C E an open convex cone in E. The cone () is assumed to be
regular, i.e., Q) contains no straight line, which is equivalent to the condition QN (—Q) = {0}. We
chose M = (O* C E* as the dual cone defined by

O = {EeE [(¢p)>0,7peO—{0}},

and we choose the function U : M = (3* — E* as the identity function on (2*. We take the volume form
as the Lebesgue measure d¢. The generalized Gibbs probability densities defined in (2.2) are

pp(%) = ¢(1 ﬁ)e—m, 2.8)

with characteristic function (2.3) given by

p(B) = /Q e Ehldg. 2.9)

This expression recovers the Koszul-Vinberg characteristic function of the cone ), see [57-61,84,85]. We
call (2.8) the Koszul density of the cone Q).

The Koszul 1-form, [58], defined as the differential of —log ¢(B) coincides with the thermodynamic
heat Q : () — OO of the general setting above. It reads

QB) = [ epp(@)dz = Ey(2).

The Koszul metric defined as the second derivative of log ¢(B) coincides with the Fisher metric of
information geometry from Proposition 2. It reads

1(B)(6B1,082) = [ (6,081) (€02) pp(@)dE — [ (&,0B) pp(@)dz [ (202) pp(@)ic:

From Proposition 4, given v € )%, the Koszul density of the cone Q with B = Q~1(v), satisfies the
maximum entropy principle

/Q*ngzl

max {—/ qloqu@] such that
L /Q Gqdg =v,

see [8] for a direct proof.

An important example is Q) := sym™ (1) C E = sym(n), the cone of symmetric positive definite
n x n matrices. The dual space is chosen as E* = sym(n) with duality pairing (v, ) = Tr(v" 8). In this
case, it is well-known that 3" = (). The generalized Gibbs probability densities are

pg:sym”(n) - R, pp(g) = 1,0(1,3)6@,@'
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where the Koszul-Vinberg characteristic function can be explicitly computed as

vB) = [ e EPde = det() " p(h)

The Massieu potential is deduced as

P(B) = ~log(p(p)) = " log(det(8)) — log( () (210)

and the thermodynamic heat and entropy are

Q(p) = Da(p) = 5t = By
s(v) = "L log(det(v)) + @ (1108 51) + tog(p(1)).

We can thus write the generalized Gibbs probability densities as

1 L,
$(p) ¢(In)

Finally, the expression of the Fisher metric on () is found by using (2.10) as

pp(C) = e (OF) = det(p)"T ~(&h),

1(B)(861,082) = ~DP®(B) (01, 6f2) = "o Te(p'5p1 " fa), @11

for every 6B1,9B2 € E.

2.2. Equivariance with respect to Lie group actions

In this section, we study the consequences of the equivariance of the function U appearing in
the generalized Gibbs probability densities. More precisely, given a Lie group G, we assume that
U: M — E* is G-equivariant with respect to an action of the Lie group on M and an affine action of
the Lie group on E*. This setting includes as special cases the Souriau symplectic model of statistical
mechanics [80], its polysymplectic extension [13], the case of multivariate Gaussian densities, as treated
for instance in [12], and approaches developed in quantum information geometry [73], for which the
Fisher metric will be shown to coincide with the Bogoliubov-Kubo-Mori metric in §3.2.

Let G be a Lie group, and let
Pg: GXM— M, (g,m)|—>¢g(m)
be a left action of G on M, i.e., ¢ satisfies
¢ =1idy and  Pg o Py = Py,

for every g, h € G, with idy the identity on M. We denote by g the Lie algebra of G. The infinitesimal
generator of the action corresponding to ¢ € g is the vector field ) on M defined by

d
gM(m) = de 0 ¢exp(€£j)(m)/ (2.12)

for every m € M, where exp : g — G is the Lie group exponential map.
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We also consider a left linear action

p:GXxE—E,  (gB)+ ps(B)

of G on the vector space E, pg € L(E,E). We denote by p* : G x E* — E* the linear right action of G
induced on the dual space E*

(p5(v),B) = (v.pg(B)), ¥BEE vEE, g€G. (2.13)

We recall that a group one-cocycle with respect to p* is a map 6 € C*(G, E*) such that
(gh) = 6(g) + 01 (8(h), (214)

for every g¢,h € G. Equivalently, a group one-cocycle 0 € C®(G, E*) with respect to p* is such that
A: G x E* — E* defined by

Agv) = 051 (v) +0(g) 2.15)
is an affine left action of G on E*.

Finally, we recall that the Jacobian of the action ¢ : M — M relative to the volume form dy is the
function J¢g : M — R defined by ¢zdy = Jpgdu, where ¢ denotes the pull-back of the n-form dy by
the diffeomorphism ¢¢. We will be interested in actions which satisfy J¢o = c(g) is a constant on M.
Note that c(gh) = c(g)c(h), for every g, h € G. The particular case c¢(g) = 1 corresponds to volume
preserving diffeomorphisms.

Proposition 5. Assume that the action ¢ of G on M satisfies gz = c(g)p and the function U is G-equivariant:
U(¢pg(m)) = P;—l (U(m)) +6(g), (2.16)

forall g € Gand m € M, where 0 € C®(G,E*) is a group one-cocycle. Then the open subset Q) C E is
invariant under the action of G on E, the partition function  satisfies

-1
Plpg(B)) = p(B)c(g)el®™)P)
for every g € G, and the probability density pg satisfies
¢§Pﬁ = ppgl(ﬁ)/

for every g € G, where ¢p5pp = (pp o ¢g)Jps = (pp © Pg)c(g) is the pull-back of a density.

As a consequence, the Massieu potential ®(B), the thermodynamic heat Q(PB), the entropy s(v), and the
heat capacity K(B) satisfy the following equivariance properties

(pg(B)) = ®(B) —log(c(g)) — (0(7"), B) (2.17)
Qlog(B)) = p1(Q(B)) +6(g) (2.18)
s(pg-1(v) +0(2)) = s(v) +log(c(g)) (2.19)
K(pg(B)) (0g(6B1), pg (062)) = K(B) (9B1,B2), (2.20)

for every g € G.
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Proof. Using (2.16) and a change of variables, we have

P(og(B)) = / e~ (U ps(8) gy, — / o~ P Um)B) g,
M M

_ / o (U@ (m)—0(5™) ) i = / o (U@ 1 (m)B) dyeeles8)
M

= [ OB e o6 = p(p)e(g)els P,

The other statement are checked in a similar way, by using (2.13), (2.14), (2.15), and (2.16). ]

This proposition unifies in a single statement, several Lie group equivariance properties observed
in several models for information geometry and Lie group machine learning, see, e.g., [8,12,13,16,17].
Before discussing the symplectic and polysymplectic models we illustrate below these equivariance
properties for the Koszul model recalled above.

Equivariance in the Koszul model. For the Koszul model recalled above, see [8] and references therein,
G = Aut(Q) is the group of linear isomorphism that preserves Q) C E. Given g € Aut(Q}), we have
pg : 2 — () and it is clear that the dual action p; preserves the dual cone ()*. In this very special case,
M = Q)" and the G action on M is chosen as ¢q := p;,l. Since U : (3" — E* is the identity, there is

no cocycle. However, we have c(g) = J¢, which is not equal to one in general and, for instance, the
transformation (2.17) of the Massieu potential reads

D(pg(B)) = P(B) —log(c(g))-

Let us consider as special case the cone of symmetric positive definite matrices ) = sym™ (n) C
E = sym(n). The dual space is chosen as E* = sym(n) with duality pairing (v, 8) = Tr(v'8) and we
have O* = Q).

We consider the left action of GL(n) on E = sym(n) given by

pa(p)=A"TpA™L. 2.21)
So, we have
pa(v) = ATWATT and  ¢a(8) = p}a(8) = AGAT (2.22)

Proposition 5 directly yields the following equivariance properties

PATTBATY) = yp(B)c(A)
Pﬁ(ACAT)C(A) = patpal@)
P(ATTBA™!) = O(B) —logc(A)
Q(ATTATY) = AQ(B)AT
s(AvAT) = s(v) +1logc(A),

forall A € GL(n), where c(A) = (det A)"+1.

2.3. Souriau symplectic model of statistical mechanics

We shall show that the Souriau symplectic model of statistical mechanics [80] arises as a special
case of the preceding setting, by considering (M, w) a symplectic manifold and dy the Liouville form
associated to w.
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We then exploit this setting to show that the entropy in the Souriau model is a Casimir function
of the Lie-Poisson bracket with Lie algebra cocycle associated with the nonequivariance cocycle of
the momentum map, i.e., it Poisson commutes with every functions. Based on this we formulate a
dynamical geometric model for dissipation/production of this Casimir, following the Lie algebraic
setting proposed in [37,38]. This allows us to clarify the link between the geometry underlying Souriau
symplectic models and that underlying models proposed in [73] in the framework of quantum physics
by information geometry for some Lie algebras, see also [5]. Details will be given in §3.2.

In order to present the Souriau model, we first quickly recall below the notion of momentum
map and nonequivariance cocycle for symplectic manifolds, see, e.g., [1,63,68]. Consider a symplectic
manifold (M, w), i.e., a manifold M endowed with a closed non-degenerate two form w. The associated

_1)yn(n=1)/
Liouville form is dy = %a} A ... A w (n times), where 2n = dim M. Given a functionh : M — R,
the Hamiltonian vector field associated to H is the vector field X}, defined by

ix,w = dh. (2.23)
Recall that the symplectic form w defines the Poisson bracket (see Remark 7)

{f, 8} = w(Xy, Xg) (2.24)

on functions f,g € C®(M).

A Lie group action ¢ : G x M — M of G on M is symplectic, if it preserves the symplectic form,
ie., ¢p;w = w, for every g € G. Taking the derivative of this identity with respect to g at g = ¢, we get
£¢,w = 0, for every ¢ € g, where ¢ is the infinitesimal generator associated to the Lie algebra element
¢ € g, see (2.12), and £ is the Lie derivative. Equivalently, we have

d(ig,,w) =0,

for every ¢ € g, i.e, the one-form iz, w is locally exact. If it is globally exact, i.e., if {5/ is a Hamiltonian
vector field for every ¢ € g, then the action is called Hamiltonian and admits a momentum map J : M — g*,
which satisfies

igM(/J = ng s

where Jz : M — R is defined by Jz(m) := (J(m), &), for every & € g.

When M is connected, there is a well-defined group one-cocycle 8 : G — g*, called the
nonequivariance cocycle, given by

0(g) = J(Pg(m)) — Adg1(I(m)),

where m € M can be arbitrarily chosen. It characterizes the nonequivariance of the momentum map
with respect to the action of G on M and the coadjoint action of G on g*. The group one-cocycle property
is

0(gh) =0(g) + Ad;l((?(h)),

for every g, h, € G. We consider its differential ® := T, seenasamap ®: g x g — R, i.e.

O 1) = (TOE) 1) = | (O(exp(ed))n). 2.25)
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Taking the derivative of the relation above, we get

where the last term uses the Poisson bracket (2.24). The map © : g x g — R is bilinear, skew-symmetric,
and, as can be readily verified, satisfies the Lie algebra two-cocycle identity

©([¢,71,0) +O([n,2],¢) +O([Z, ¢l ) = 0. (2.27)

We refer to [1,63,68] for detailed introductions to these concepts.

Remark 6 (Lie group and Lie algebra cohomology). A group one-cocycle 6 € C®(G, g*) is called a
group one-coboundary if there is a A € g* such that

0(3) = A—Ad; 1 A

for every ¢ € G. The quotient space of one-cocycles modulo one-coboundaries is called the first group
cohomology of G and is denoted by H'(G, g*). These definitions extend to arbitrary representation of G
on a vector space, as in (2.14).

A Lie algebra two-cocycle O is called a Lie algebra two-coboundary if there is A € g* such that

O n) = A5 nl),

forall ¢, € g. The quotient space of Lie algebra two-cocycles by Lie algebra two-coboundaries is called
the second Lie algebra cohomology of g and is denoted by H? (g, R).

2.3.1. Souriau symplectic model of satistical mechanics
The Souriau symplectic model of statistical mechanics is obtained by considering the following specific

situation in the setting described in §2.2:

M : asymplectic manifold
dy : the Liouville volume
¢¢ : aHamiltonian action
E =g: theLiealgebra of G
pg = Adg : the adjoint action of G on g

U=J:M—g": amomentum map.
In particular, the thermodynamic heat becomes Q(B) = Eg(J) and the Fisher metric on Q) C gis

I(B) = Eg((J —Ep(J)) @ (J — E(J))) € sym(g).

Proposition 5 directly yields the following equivariance properties

AdgQ =0, p(Adgp) = p(BeEIP), proge=pas s
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and
®(Adg B) = @(8) — (0(37), B) (2.28)
Q(Adg ) = Ad, 1 (Q(B)) +6(3) (2.29)
s(Ad;,l v+6(g)) =s(v) (2.30)
K(Adg B)(Adg6p1, Adg dBa) = K(B)(0B1,0B2), (2.31)

for every g € G. Note also that O* is invariant under the affine action v — Ad;,l v+6(g).

From Proposition 4, given v € (3* C g*, the generalized Gibbs probability density

e~ m,p)

pp(m) = lp(lﬁ)

with B = Q~1(v), satisfies the maximum entropy principle

du=1
f e

max {— / qloquy] such that
! M MJq dy =v.

We refer to [64] for a detailed presentation of Souriau’s model. We refer to [27] for recent developments
exploiting Souriau’s model.
2.3.2. Property of the entropy in Souriau’s model

From (2.30), we note that the entropy s is constant on the affine coadjoint orbits defined by
O ={Adg 11 +6(g) | g € G}, (2.32)

for py € g*. It is well-known that affine coadjoint orbits are symplectic manifolds, with symplectic form
given by
wo (i) (adz p = O(E, ) ady u = ©(1,-)) = {p, [&,1]) = ©(&, 1), (2.33)

for y € O, ¢,y € g. This is an extension to the affine case of the well-known Kirilov-Kostant-Souriau
symplectic form on coadjoint orbits. The connected components of the affine coadjoint orbits (2.32) are
the symplectic leaves in the Poisson manifold (g*, {, }e), where {, }¢ is the Lie-Poisson bracket with
cocycle (or affine Lie-Poisson bracket)

of 6 of ¢
{f.8te(n) = <u, [5]; (sﬂ > -0 <5£5§> , fg:0" =R, (2.34)
see, e.g., [63].

The Hamiltonian system (see Remark 7) associated to the Lie-Poisson bracket with cocycle (2.34)
and to a given Hamiltonian function 4 : g* — R is given by the Lie-Poisson equations with cocycle (or
affine Lie-Poisson equations)

%f ={f,hte, Vf:9" =R, (2.35)

which yield the dynamical system

d . af%h
at tadapn=0 ((Sy, ) , (2.36)
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for a curve y(t) € g*. The Lie-Poisson equations with cocycle have important applications, in particular
they appear in the geometric formulation of complex fluids, see [41-43], and geometrically exact
(Cosserat) rods, see [33,39]. See [74] for another point of view on Lie-Poisson equations with cocycle.
These equations are also referred to as Lie-Poisson equations with non-zero cohomology.

Remark 7 (Poisson brackets and reduction, see [68]). Recall that a Poisson bracket on a manifold M is a
Lie algebra structure {-, -} on C®(M) which is a derivation in each factors: {fg,h} = f{g, h} + {f, h}g.
For instance, a symplectic structure w on M defines the Poisson bracket {f,¢} = w(Xy, Xg) for
f,g € C®°(M). Another example is the Lie-Poisson bracket

of o8
==+ =, = “(g” 2.37
{f,83(n) <u, [W’WD frg€C(g") (2.37)
on the dual of any Lie algebra g, as well as its affine modified version (2.34) by a two-cocycle ©.
The Hamiltonian system associated to a Poisson bracket and a given Hamiltonian h € C*(M) is the
dynamical system characterized by the condition

d
f = 1m

for every functions f € C®(M), see for instance (2.35) and (2.36) .

An important point for applications in mechanics is the understanding of such Poisson structures
as being induced from a canonical symplectic form (or, equivalently, from the associated canonical Poisson
bracket) on a cotangent bundle, via reduction by symmetry relative to a Lie group action. This is the
case for the Lie-Poisson bracket (2.37) which is induced by the canonical symplectic form on T*G and
the action of G on T*G given by the cotangent lifted action of right or left translation. The Lie-Poisson
bracket with cocycle (2.34) is induced by the canonical symplectic form on T*G and an affine modified
cotangent lifted action of right or left translation ([41]). ¢

Corollary 8. The entropy s of the Souriau model is a Casimir function for the Lie-Poisson bracket with cocycle
(2.36), i.e., it satisfies
{s,fle =0,

for every smooth functions f : g* — R.

Proof. From (2.30), we have

<$,—adgy+®(g,-)> —0

for all ¢ € g. This is equivalent to ad’, y — @((‘55—;, -) = 0, which shows that {s, f}¢ = 0, for all f. |
o

As a consequence of the above, the information manifold foliates into level sets of the entropy, given
by affine coadjoint orbits, that could be interpreted in Thermodynamics: motion remaining on theses
level sets is non-dissipative, whereas motion transversal to these level sets is dissipative. The affine
Kirillov-Kostant-Souriau form makes each orbit into a homogeneous symplectic manifold. Hamiltonian
motion on these affine coadjoint orbits is given by the solutions of the Lie-Poisson equations with
cocycle (2.36). We shall introduce below a geometric way to introduce dissipation and hence, motion
through affine coadjoint orbits.

Elementary examples. A particularly simple case of Souriau symplectic model is when the symplectic
manifold is a cotangent bundle M = T*Q endowed with the canonical symplectic form. Let G be a Lie
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group acting on the left on Q. Then its cotangent lifted action on T*Q is symplectic and admits the
momentum map J : T*Q — g* given by

(I(eg), ) = (aq,E0(q)) - (2.38)

In this case there is no cocycle, which yields obvious simplifications in the properties (2.28)—(2.30).
Another case without cocycle is when M is an affine coadjoint orbit M = O = {Ad;,l u+0(g) |
¢ € G} endowed with the symplectic form (2.33). In this case, the momentum map is simply the
inclusion J : O — g* of the affine coadjoint orbit in the dual of the Lie algebra g*, [63]. While
this example is simple, it plays an important role in the applications, e.g., [17,65]. An example with
nonequivariance cocycle will be treated in details in §3.3 for the special Euclidean group of the plane.

2.3.3. Dynamics with Casimir dissipation/production

We take advantage of the Casimir function s associated to the Souriau model, to formulate a
dynamical geometric model for dissipation/production of this Casimir. This allows us to clarify the
link between Souriau symplectic models and models proposed in [73] in the framework of quantum
physics by information geometry for some Lie algebras, see also [5].

We follow the general Lie algebraic approach developed in [37,38] for Casimir dissipation, slightly
extended here to take into account of a cocycle, and to a wider class of dissipation.

Given a symmetric positive bilinear form y : g x g — R, a Hamiltonian & : g* — R, a parameter
A # 0, and a function k : g* — R such that

[(Sh, (Sk} =0, (2.39)
o’ op
we consider the modification of the Lie-Poisson equations with cocycle (2.35) given by

d of ok ds ok

—f={f,hle — A =, 1, | =, = 2.4
for every f. We denote by b : g — g* the flat operator associated to . That is, the linear form & eg

is given by & (y7) = (&, 7), for all & 5 € g. Note that the flat operator need not be either injective or
surjective. Using the equality

([ k) (g5 Sk _ L[]8 o]0 fof ST\ [ g [0 k) of
T\ Lo o) Lo o)) =~ \ Lo o] “ Low o) ) = \°%% Lo o] "o )

equation (2.40) yields the dynamical system

d Sh Js k1"
— = — Aady |—, —| . 241
ait g 6(5u> thadg [5;!’5#] 24D

For ® = 0 and h = k, this is the model proposed in [37,38] and applied there in the infinite dimensional

setting, with applications to geophysical fluids and magnetohydrodynamics.

The main properties of system (2.41) are the following.

(i) Energy conservation: taking f = h in (2.40), we obtain

d oh Ok Js Ok
dth—{h'h}““([mw} ’ [M’MD =0
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because of (2.39) and since {/,h}@ = 0. Hence the total energy  is preserved.
(ii) Casimir dissipation (A > 0) or production (A < 0): taking f = s in (2.40), and using {s, f}@ = 0, we

obtain
d os oOh os Ok Js Ok
dts—{sfh}@“”([aw}'[(st—‘AH[M'M

where ||&]|2 = (&, &).

2
0/ >0,

We will explain in §3.2 how system (2.41) recovers the model proposed in [73] in the context of
information geometry for quantum systems for Lie algebras with unitary representation.

2.4. Polysymplectic model of statistical mechanics

Polysymplectic geometry, as developed in [46], arises as a special case of multisymplectic geometry
which is the natural geometric setting of classical field theories, see, e.g., [45]. When used in conjunction
with the general setting developed in §2.1 and §2.2, the polysymplectic setting furnishes a natural
generalisation of the Souriau symplectic model, to which many properties extend. This extension was
proposed in [13]. Here we emphazise this model as a specific case of the general framework described
in §2.1 and §2.2. This allows to transpose immediately all the properties of this framework to the
polysymplectic model. In particular, we will see that the entropy of the polysymplectic model enjoys a
natural extension of the Casimir property observed in §2.3.2. The relevant equation is here an Lie-Poisson
field equation with cocycle that we will describe in details below.

This model is motivated by higher-order model of statistical physics. For instance, for small data
analytics (rarified gases, sparse statistical surveys,...), the density of maximum entropy should consider
higher order moments constraints, so that the Gibbs density is not only defined by first moment but
fluctuations request 2" order and higher moments, as introduced in [48-50,52,54,54].

Polysymplectic manifolds. We only need a restricted amount of notions from polysymplectic geometry
which are straighforward extensions of those recalled above in the symplectic context. We refer to
[46] for more information. A polysymplectic manifold (M, w) is a manifold M endowed with a closed
nondegenerate R"-valued 2-form. We can identify w with a collection (w!

with N, ker ' = {0}.

, .y w™), of closed 2-forms

A Lie group action ¢ : G x M — M of G on M is polysymplectic, if <I>§cui = ', forevery g € G
and i = 1,...,n. Similarly as before, this implies that iz, ,w is a closed R"-valued one-form on M. If
this form is exact, then the action is called Hamiltonian and admits a polysymplectic momentum map
J: M — L(g,R"), which satisfies

~

iéMw = d‘jg,

where Jz : M — R" is defined by Jz(m) = J(m) - {. In a similar way with the symplectic case, if M is
connected, there is group one-cocycle 6§ € C®(G, L(g,R")), 8 = (6,...,0"), defined by

6'() = 3 (Pg(m)) — Ady+ (3 (m)).

and one defines the map ® : g x g — R" by

O )= 5| tlexpled)) ) € B 42)

Taking the derivative of the relation above, we get

O, n) =3Iz, — @ (Emm). (2.43)
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As a consequence O is skew-symmetric, and satisfies the two-cocycle identity

®([§1 17]' Z;) + ®([77/ é]l g) + ®([€r (:]; 77) =0, (2.44)
see [46].

Polysymplectic model. The polysymplectic model of statistical mechanics is obtained by considering the
following specific situation in the equivariant setting described in §2.2:

M : apolysymplectic manifold
dy: avolume form
¢g : avolume preserving Hamiltonian action
E=L(R",g): thelinear maps from R" to the Lie algebra of G
pg = (Adg)" :  the action induced on L(R", g) by the adjoint
action of G on g

U=J:M— E*"=L(g,R"): apolysymplectic momentum map.

Here the space E = L(R", g) of linear maps is identified with the Cartesian product g” = g X ... X g and
(Adg)" actson B € E as

(Adg)"(B1, s Bn) = (Adg B1, ..., Ady Bur).-

The thermodynamic heat becomes amap Q : O C L(R",g) — Q" C L(g,R") with Q(B8) = Eg(J) €
Q" C L(g,R") and the Fisher metric on Q) C L(R", g) is

I(B) =Eg((3 —Ep(3)) ® (3 — Ep(3))) € sym (L(R", g)).

Proposition 5 directly yields the following equivariance properties

(Adg)"Q2 =0, p((Adg)"B) = (B ), popg = piag g

and
®((Ady)"B <9(g > (2.45)
Q((Adg)"p ) (Ad*fl)"(Q(ﬁ)) 0(8) (2.46)
s((Ad )'v+0(g)) =s(v) (247)
K((Adg)"B)((Adg)"0p1, (Adg)"0B2) = K(B)(3B1,6B2), (2.48)

for every ¢ € G. Note also that Q* is invariant under the affine action v € L(g,R") — (Ad;,l ' +
0(g) € L(g, R").
From Proposition 4, given v € Q* C L(g, R"), the generalized Gibbs probability density
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with B = Q~1(v), satisfies the maximum entropy principle

du=1
I

max {— / qloquﬂ} such that
q M —
M‘J gdu =v.

Particular cases. A particularly simple case of polysymplectic Souriau model is given by the manifold
M = T"Q@ .. & T"Q (Whitney sum with n factors) endowed with the polysymplectic form () =
(Q1,..., "), with OF = (75)*Qean. Here 71° : T*Q @ ... ® T*Q — T*Q is the projection onto the k"
factor of the sum and Qan is the canonical symplectic form on T*Q. Let G be a Lie group acting on

the left on Q. Then its naturally induced action on T*Q @ ... ® T*Q is polysymplectic and admits the
polysymplectic momentum map J : T*Q & ... & T*Q — L(g, R") given by

3(&%,...,0(3) = (.,]](a;),...,J(Dc;)),

where J : T*Q — g* is the momentum map associated to the cotangent lifted action of G on T*Q given
in (2.38). In this case there is no cocycle.

Another case without cocycle in the polysymplectic momentum map is when M is chosen as an
orbit M = O = {(Ad}l)",u +0(g) | g € G}, u € L(g,R"), of the affine left action of G on L(g, R")
given by u — (Ad;,l)"y +6(g), with 8 € C*(G, L(g,R")) a group one-cocycle. This orbit M is

endowed with a natural polysymplectic form w = (w!, ..., w") with w' defined by

@'() (ad} p — ©(E, ), ady i = ©(1y,)) = (1, [&,1]) — ©(&, 1)

with © defined in (2.42), which is the polysymplectic version of (2.33). In this case, the polysymplectic
momentum map is simply the inclusion J : O — L(g, R") of the orbit in L(g, R").

Property of the entropy and polysymplectic Lie-Poisson equations with cocycle. In the context of
the polysymplectic model, a natural generalisation of the Lie-Poisson equations with cocycle (2.36) are

i 2 & i k i v [ oh

—H + ad%, u* = O <,) , (2.49)
= oxk =1 ok pa Sk

foramap p:x = (x!,..,x") € U CR" = p(x) = (u'(x),..., p"(x)) € L(g,R"), with i : L(g,R") — R
a given Hamiltonian. In absence of the cocycle, such a field theoretic version of the Lie-Poisson equation
appears, for instance, for the spacetime Lagrangian and Hamiltonian theoretic description of Cosserat
rods and molecular strands, see [33,39].

From the invariance property (2.47), we have
L ds k k
Y (— —adip 4+ 0 (C,-)> =0
k=1 < ok ¢
for all { € g. This is equivalent to

n n i 55
Y ad'y = Y O(5p,) =0
k=1 ok = oK
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For h = s, equations (2.49) thus reduce to )}, %yk = 0. This is the natural extension of the Casimir

property of s observed in the Souriau model in §2.3.2, given there by the condition ad’, y — ©( g—;, ) =0,
op

giving % u=0.

2.5. The Fisher metric on orbits and equivariance

We give here a general expression of the Fisher metric on orbits of the actionp : G x E = E, in
the general setting described in §2.1 and §2.2. This clarifies the link between the Fisher metric and the
metric on adjoint orbits considered by Souriau, as enlightened in [12].

As in §2.1 we consider a manifold M, a vector space E, a function U : M — E*, and the class of
generalized Gibbs probability densities

1
= —(U(m),B)
e , e Q.
Asin §2.2 given a Lie group G we consider an action ¢ : G x M — M and a representationp : G X E — E.
We denote by
d d .
éE (,B) = % o pexp(eg) (ﬁ) and ':E* (V) = % 0 pexp(sg) (V)/

p € E, v € E* the infinitesimal generators of the representations pg and pg associated to ¢ € g. We will
use the equality (Gg+(v), B) = (v, &g (B)). Given the group one-cocycle 8 € C®(G, E*) associated to the
function U, see (2.16), we define ® € C*(g, E*) by

(©(8),B) = —-|  (0(exp(ed)), B), (2.50)

for § € gand B € E. Recall that the Fisher metric is I(B) = —Eg [D?log pgpl and coincides with the
generalized heat capacity, see Proposition 2.

Proposition 9. On the G-orbit through B € Q), the Fisher metric is written in terms of © and Q as follows

I(B)(Ee(B). CE(B)) = —(O(&), CE(B)) + (Ce-(Q(B)), CE(B)) - (2.51)

Proof. Taking the derivative with respect to g at e of the equality (2.18) given by

(Qog(B), ) = (o 1(Q(B). ) + (6(),7)

for every v € E, we get

(DQ(B) - CE(B), 1) = (O(E), 1) — (Ce+ (Q(B)), 1),

for every ¢ € g. For v = (g(B) € TgO, we get

(DQ(B) - Ce(B), CE(B)) = (©(5), TE(B)) — (GE+(Q(B)), CE(B)) -

So, from Proposition 2, we can write

1(B)(e(B), Ce(B)) = —D*®(B)(Se(B), Ce(B)) = — (@(2), Ce(B)) + (2 (Q(B)). CE(B))

which proves the result. |
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We illustrate this result for the Souriau model, its polysymplectic extension, and the Koszul model.

Souriau Lie group statistical model. In this case M is endowed with a symplectic structure w, we take
E=gand U = J: M — g* with nonequivariance cocycle § € C*(G,g*), i.e, 8(g) = J(¢pg(m)) —
Ad;,l J(m) € g*. The map © defined in (2.50) becomes here a two cocycle © : g x g — R, see
(2.25)—(2.27), via the relation (®({),n7) = O({, 7). Proposition 9 immediately yields the following result
as a corollary, which is obtained by noting that {£(8) = adz p and {g+(v) = ad; v and is a consequence
of (2.29).

Corollary 10. On the adjoint orbit through B in g, the Fisher metric is written as follows
1(B)(ad; B,ad; B) = ~O(,ad; B) + (ad; Q(B),ad; B ). (2.52)

Note that (2.52) can be written as
I(B)(adg B,ad; ) = —Op(Z,adg B),

where @g(g,17) := O(&,17) — <adg Q(/%),;y> = 0O(&n) — (Q(B),[¢, 1)) is a two-cocycle. In particular
the last term is a coboundary. We refer to [64] for more information.

Polysymplectic Lie group statistical model. In this case M is endowed with a polysymplectic structure
w = (w!,..,w"), we take E = L(R",g) and U = J : M — L(g,R") with nonequivariance cocycle
0 € C®(G,L(g,R")):
0(g) = I(pg(m)) — (Ad,1)"3(m) € L(g, R").

The map © € C*(g, L(g,R")) defined in (2.50) is identified here with the map © : g x g — R” defined
in (2.42), with the properties (2.43) and (2.44). The identification being ®(¢)(7) = ©(¢,7), where
O(¢) € L(g,R") is applied to 7 € g. We note the equality (©(&), (71, .., 11n)) = Yy O (&, 1;), for
(11, -, 1n) € g" identified with L(R", g), where (, ) on the left hand side is the duality pairing between
L(R", g) and L(g, R").

We now apply Proposition 9, which follows here from (2.46). We have the infinitesimal generators
Ze(B) = (adg B1, ..., adg Bn) and g+ (v) = (ad; V!, .., ad; v"), and we get

(©(2), Ze (B, Bu) = (O(F), (adg B, . adg Bu)) = (@2, 2dg 1))
and

(€2 Q(B), Ce(B)) = Y (ad Q(BY',ad; Bi) -

1

So, the following result is obtained.

Corollary 11. On the adjoint orbit through B in L(R", g), the Fisher metric is written as follows

1(B)((adg B, ., adz B), (adz B, - ad; Bu)) = — Y O/(Z,ad; i) + 1 (ad: Q(B),adc i) (2.53)

Koszul model. For the Koszul model with Q) = sym(n)* the cone of positive definite matrices and the
Lie group G = GL(n), the actions (2.21) and (2.22) have the associated infinitesimal generators

Ce(B) = —¢"Bp—p¢ and &p(v) = —Ev—vg'.
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In this case ® = 0 and Proposition 9 is satisfied by noting the equalities

I1(B)(Ge(B), Ge(B)) = (n+ 1) Tr (60 + 6T BG) = (Ce- (Q(B)), Ge(B)) -

3. Applications

In this section we show how the framework considered in §2 applies to various examples and
helps identifying common underlying geometric structures. We start with the case of multivariate
Gaussian probability densities as an illustration of the general framework, for which a cocycle is needed
and which does not fall into the setting of the Souriau model. We then enlighten the strong analogies
with quantum information geometry by considering Lie algebras with unitary representation and
show that the Fisher metric as defined from the generalized heat capacity in §2.1, coincides with the
Bogoliubov-Kubo-Mori metric. In this particular case the equation with Casimir dissipation/production
considered in §2.3.3 reproduces a dissipative model of [73]. Finally, we consider in details the case of
the Euclidean group of the plane SE(2) since it allows explicit and relatively easy computations while
exhibiting the interesting feature of having cocycle. This example fits into the setting of the Souriau
symplectic model.

3.1. Multivariate Gaussian probability densities

In this paragraph we study in details the case of multivariate Gaussian densities, following the
approach developed in §2.1-§2.2. A first treatment in this spirit was given in [12, §8]. Here we clarify
several steps in this approach by following systematically the general setting presented in §2.1-§2.2,
while we note that this example is not a particular case of the Souriau model. We present explicitly
the cocycle, which is here defined on the general affine group, with values in the Cartesian product of
symmetric matrices and the Euclidean space.

Gaussian probability densities in generalized Gibbs form. Consider a multivariate Gaussian density
with symmetric and positive definite covariance matrix R € sym™ (1) and mean m € R". The Gaussian
probability density is written in the generalized Gibbs form pg discussed above in §2.1 as follows:

1 1 Tp-1
— —5(z—m) 'R~ (z—m)
p(le)(Z) - (zn)n/z det(R)l/Ze :

— 1 7(%ZTRflzfmTR’1z)

(271)1/2 det(R)1/2¢2m R'm
_ ! (=) (4R R )
 (27)"/2 det(R)1/2e3m TR 1m

1 _

= W@ (U(z),ﬁ) = p‘B(z),

for every z € R". In the last equality above, we have defined the energy function
U:R" = sym(n) x R", U(z) = (zz",2),
the vector B € sym™ (1) x R" in terms of (R, m) as

B=(B1,B2) = (%R‘lf—R‘lm) & R= %51‘1, m= —%,Bl‘l[%z, (3.1)

and the partition function

P(B) = (271)"/2 det(R)V/2e3™ R — 71/2 det(By) /24 Tr(BIP Pa)


https://doi.org/10.20944/preprints202003.0458.v1
https://doi.org/10.3390/e22050498

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2020 d0i:10.20944/preprints202003.0458.v1

The general theory of §2.1 will be applied here with the manifold M = R", the vector space E =
sym(n) x R", and the open subset Q) = sym™ (1) x R" . It is important to note that the element f of the
general theory is not given by the couple (R, m), but related to (R, m) via (3.1). This plays a main role
in the understanding of the equivariance properties below.

Characteristic function, thermodynamic heat, and entropy. The Massieu potential is computed in
terms of B € () as

() =~ log(y(§)) = 3 log(2m) — ; log(det(R) ;"R
= K+ 2 log(det(p1)) — 181 pr B,

where we defined the constant K = — % log(7r). To compute the derivative, we consider the dual space
E* = sym(n) x R", with duality pairing

((vi,v2), (B1, B2)) = Tr(11B1) +v2 - Ba,
(v1,12) € E*, (B1,B2) € E*. With respect to this duality pairing we have

L A T DT = R T 0P 1o,
5P —2151 +4/31 B2(By 'B2)' =R+mm", B2 = 2/31 B2 =m,

so we get the thermodynamic heat Q: (0 C E — Q* C E* as
1 1 1
B=(B1.B2) = QB B2) = (581" + 11 BBy B2) T, —5B1 ' B2) = (n,1a).

In terms of the covariance matrix R and the mean m, this is written as

1

(§R*1,—R*1m) €QCEw— (R+mm',m)eQ* CE*

The entropy in terms of B = (B4, B2) and (R, m) is computed by taking the Legendre transform of ® as

S(B1,B2) = 5 (1-+ log ) — 5 log(det(f1))
S(R,m) = (1+ log(2m)) + 3 log(det(R).

Its expression s : O* — R in terms of (v, 1) is found by usin,
p y g

_ 1 _ _
Q Y, 1) = (E(Vl — )L — (v —1p1g) 11/2).
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Fisher information metric. We compute the generalized heat capacity K(8) := —D?®() as follows,
see §2.1:

K(B) = —D*®(B1, B2)((B1,6B2), (AB1, AB2))
a . D®(B1 + eApy, P2 + eAB2)(6B1,6P2)

de
d

de

= S Te(By AP OB) + 5 Tr(B APy BaBT B o)
SR8 AT By 0B1) — 5 Te(Br OBaBT By 0B

+ 3 Te(ABT By 0p)

e=l

TR 1) — G Te(B; BapT By 1oB) + 5 TeBTB opa)

From Proposition 2 this coincides with the Fisher metric. Let us verify that this is the case by rewriting
these five terms in terms of the mean and covariance matrix (7, R). The above expression equals

= %Tr(ARR—l(SRR—l)
+ Tr(R“YORR 'mm " R™IAR)
— Tr(R™'6RR 'mm "R AR) + Tr(Amm"R'6RR ")
— Tr(R"'ARR 'mm R16R) + Tr(6mm R~ 'ARR™!)
+ Tr(R"'ARR 'mm "R™16R) — Tr(6mmTR-1ARR™?)
— Tr(Am"R™YSRR™m) + Tr(Am" R~ 1om)

R
R
R
R

= % Tr(ARR™VSRR™Y) + Tr(Am TR 16m),

which gives the Fisher metric I(R, m) for multivariate Gaussian densities.

Equivariance with respect to the general affine group. We consider the general affine group
GA(n) = GL(n) ®R"
defined as the semidirect product of the general linear group and R”". The group multiplication is
(A,a)(B,b) = (AB, Ab+a)

and the inverse of an element is (4,a) ™! = (A~!, — A~!a). The Lie algebra is the semidirect product
Lie algebra ga(n) = gl(n) ® R" with Lie brackets [(U, u), (V,v)] = (UV — VU, Uv — Vu).

The group GA(n) acts on the left on the covariance matrix and the mean (R, m) € sym™ (n) x R"

as follows:
¥ (40)(R,m) = (ARAT, Am +a). (3.2)

We consider the left action of GA(n) on R" given by
¢(A,u) (z) = Az +a.

We note that J¢(4 ,) = det(A), a constant function on R”, hence ¢ satisfies the hypothesis of Lemma 5.
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It is instructive to observe that the expression
qD(T(A,u) (Rr m)) - CD(R, m)

is not linear in (R, m), compare with (2.17). However, such a statement is true when it is expressed in
terms of the variables (81, B2). We first need the expression of the action of GL(n) on (B1, B2). This is
done in the next lemma.

Lemma 12. The left action of GA(n) induced on (B1, B2) € sym(n) x R" by the action ¥ in (3.2) is given by

P(aa)(B1,B2) = (A"TBA™L, A TB, —2A7TB1A 1a).

Its dual left action is
(a1 (V1,v2) = (A AT + 24120 ]™, Av,)

Proof. This is a direct computation using (3.1). n

The situation is illustrated in the following commuting diagram.

‘II a
(R,m) € sym(n) x R" A

sym(n) x R"

P(Au)

(B1,B2) € sym(n) x R” sym(n) x R"

The following result shows that the equivariant setting developed in §2.2 applies here with the
action ¢4 ) and the representation p(4 ) (not ¥4 4)).

T

Lemma 13. The energy function U(z) = (zz',z) satisfies the relation

Upa0(2)) = 07011 (U(2)) +0(A,0) (33)
for the group one-cocycle 6 : GA(n) — sym(n) x R" given by
0(A,a) = (aa',a).
The Massieu potential, the thermodynamic heat, and the entropy satisfy the equivariance properties

®(p(40) (B1, B2)) — D(B1, B2) = — log(det(4)) + (0((4,a) "), (B1, B2))
(

(
QoA (B1,B2)) = pfA,u)*l (Q(B1,B2)) +0(A,a)
(04,01 (v1,v2) +0(A,a)) = s(v1,v2) + log(det(A)).

v,)

Proof. To prove (3.3) we note that

U(¢(aa)(2) =0 p0-1(U(2) = U(Az+a) = p(, 1 (zz7,2)
= ((Az+a)(Az+a)T, Az +a) — (Azz" AT + 2Aza" Y™, Az)

= (aa",a).
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The other results follow from Proposition 5 and from J¢ 4 ,) = det(A). Alternatively, we can compute
explicitly

Q(Ya,0)(B1,B2))
=®(A TBATLATTB 247 TR AT )
=K+ %log(det(A’T,BlA’l))
ST ((ATRAT) (AT 24 TRAT ) (AT, 24 TpiAT )T
= K+ 3 log(det(A) 24)

L (BB - 281 A ) (BT 20T A Tpy))

= K —log(det(A)) + %log(det(/ﬁ))

LT (B BaBT) o Tr (BaaTATT) L Tr (A ap]) e (A e A T

= ©(B1, p2) — log(det(4)) + ((~A "aa"A™T, A "a), (B1, b))

which shows the result since (—A~taa"A~T,A71a) = 0((A,a)71). [ |

The identity relating the Fisher information metric, the cocycle, and the thermodynamic heat
follows from the general formula (2.51) as

I(B)(Ee(B). CE(B)) = —(O(&), CE(B)) + (Ze-(Q(B)), CE(B))

where (ﬁl/ﬁZ) € Sym+(”) X Rn/ g = (61/€2>/€ = (C1/€2) S ga(n)/ ®(61/€2> = (0/62) and the
infinitesimal generators are

Ce(B) = (— &1 B1 — Br&1, —E] B2 — 2B18)

Eer(v) = (= & —né] —2[nd 9™, —&).

Geodesics on multivariate Gaussian densities and Noether theorem. Let us consider the Lagrangian
L:TQ = QO x E — R given by the kinetic energy of the Fisher metric

L(R, R, m, 1it) = % Tr((R™'R)?) 4 i T R i, (3.4)

The associated Euler-Lagrange equations are

(3.5)

R+mm" —RRIR =0
it — RR i1 = 0.

In accordance with Proposition 5, see (2.20), the Fisher metric is invariant with respect to the action
of GA(n) on (R, m) € Q) given in (3.2). As a consequence, the Lagrangian is invariant under the tangent
lifted action of GA(n) on TQ) given by

CD(TA,a)(R/ R,m, 1) = (ARAT, ARAT, Am + a, Am).


https://doi.org/10.20944/preprints202003.0458.v1
https://doi.org/10.3390/e22050498

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2020 d0i:10.20944/preprints202003.0458.v1

From Noether theorem, the corresponding momentum map is conserved. The momentum map J* :
TQ — ga(n)* associated to this Lagrangian and this action is given by

JoL oL

TE(R, R, m, 1it) = J(R,ﬁ,m,%

) — J(R,R"'RR™, m, 2R Y1)

with J : T*Q) — ga(n)* the momentum map of the cotangent lifted action of GA(n) relative to the
canonical symplectic form, see (2.38). Using the expression of the infinitesimal generator of ¥ given by

(U, u)q(R,m) = (R,UR+RU",m,Um + u),
for (U,u) € ga(n), we get J(R, m, pr, pm) = (ZpRR + pmmT, pm), so that
JE(R, R, m,1it) = (2R7IR + 2R Yiizm T, 2R 1it).

From Noether theorem, we have the conservation laws

RIR+ R Viitm" = cste
R~ Y1 = cste.

We also refer to [34,35].

3.2. Unitary representations and quantum Fisher metric

In this paragraph, we highlight the strong analogies between the equivariant setting considered
in this paper, and techniques in quantum information geometry, as developed in [73], see also [8]. In
particular, when this setting is considered in the quantum context, the Fisher metric, as defined from the
derivative of the generalized heat capacity, coincides with the Bogoliubov-Kubo-Mori metric. We also
illustrate how the general equations with Casimir dissipation/production considered above reproduce
the dissipative model proposed in [73].

In [73] information geometry was studied for some Lie algebras where for certain unitary
representations, the statistical manifold of states was defined as convex cone for which the partition
function is finite, making reference to Bogoliubov-Kubo-Mori metric. Note that only the case with zero
cohomology for the Lie algebras g = s0(3) and g = s[(2,R) was studied.

Let G be a Lie group, acting on a complex Hilbert space by a unitary left representation, Uy : H —
H. We denote by By, the associated infinitesimal generator, giving the Lie algebra representation, and
consider the self-adjoint operator i37,. We assume dim H < co. The following class of density matrices
is considered

1 .
pp = (B exp(—ify), (3.6)

for B € g, with partition function () = Tr(exp(—ify)). We have adopted in (3.6) a general form for
the class of density matrices, which includes the class considered in [73] and reference therein.

As in §2.1, we adopt the following definitions

®(p) = —log(p(p)),  Q(B) =DP(B),  K(p) = ~D*®(p)

corresponding to the Massieu potential, the thermodynamic heat, and the generalized heat capacity.
We note that

(Q(B),66) = Tr(pgidPr) = (i0Bu),,
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for all 68 € g, which gives the expectation value of the observable i6f4 in the quantum state pg. A
result analogue to (2.5) in the classical case. The generalized heat capacity is computed as

K(B)(6B1,0B2) = —D*@(B)(6B1,6B2)
= Tr (0pi(6B1)ni(6B2)n) — Tr (0pi(6B1)w) Tr (0pi(0B2)3),

thereby giving the covariance of the observables i(dB1)3 and i(dB2)3 in the quantum state pg. In [73],
K is called the Bogoliubov-Kubo-Mori metric and chosen as the quantum version to the Fisher metric.
Such a choice is geometrically natural in view of the result of Proposition 2 which identifies K with the
Fisher metric in the classical case.

The von Neumann entropy of the density matrix can be expressed in terms of & and Q as

—Tr(pglogpp) = Tr(ppifn) +log () = (Q(B), B) — P(B) = s(v), forv = Q(B) = (i(-)u)p € g™
This is analogue to the result of Lemma 1 giving the entropy as the Legendre transform of ®(p), thus
giving a quantum version of the Clairaut equation.

Using (Adg )y = UgBy U,-1, we have the following equivariance properties, which are obtained
as in Proposition 5,

¥(Adg B) = ()
D(Adg B) = P(B)
Padep = Ugopgo qu
Q(Adg ,3) = Ad;—l (Q(,B))
s(Ad;,l v) =s(v)

K(Adg B)(Adg 6p1, Adg 0B2) = K(B)(6p1,6B2),

for every ¢ € G. In particular ¢ and ® are constant on adjoint orbits and s is a Casimir for the
Lie-Poisson bracket on g*
of 98
— o] % 7
(Fshw = (n L, E]), 67)
where we identify g* with g using the duality pairing (v, 8) = Tr(v*B) and view g as a Lie subalgebra

of u(H). Note that with this pairing, we have Ad;,l = Adg and adg = [p, B, so adjoint and coadjoint
orbits are identified, and the Kirillov-Kostant-Souriau symplectic form on coadjoint orbits becomes

wo(pu)(adg p,ady ) = (u, (¢, 7)) -

Relation (2.51) and ad; u = [u, ] gives here the following expression of the Bogoliubov-Kubo-Mori
metric on (co)adjoint orbits

K() (adg p,ady 1) = (adz Q) ady i) = (QQu), &, In, #l]) = (. [1Q(w), &) m)) -

Casimir dissipation/production. The general equations for Casimir dissipation/production (2.40)
applied here with g C u(#), g* = g, and y(v, B) = (v, B) = Tr(v*p), become

s n (58] (5]
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for every f, with {f, g} the Lie-Poisson bracket (3.7). Since ad; p = [u, {], equations (2.41) yield

d oh ds Ok| ok
i el = ) ) o)

Such equations where proposed in [73] with h(p) = (iH, ), k() = (iT, ), s(u) = 1 (u, u), with T and
H two commuting self-adjoint operator [T, H| = 0, thereby yielding the system

Lyt ) = A [, 1), 7], (.10)

with energy conservation and entropy production (A < 0)

d d
Eh:o and Es:—/\”[y,T]

I
3.3. Souriau symplectic model for SE(2), Lie-Poisson equations with cocycle, and Casimir dissipation

In this paragraph, we illustrate many aspects of the geometric setting by considering the special
Euclidean group of the plane, as it allows explicit and relatively easy computations while having a
nonequivariant momentum map. We present the Lie-Poisson equations with cocycle (affine Lie-Poisson
equations) with Casimir dissipation/production associated to the entropy of the Souriau symplectic
model.

Momentum map and cocycle. Consider the special Euclidean group of the plane SE(2) = SO(2) ® R?
with semidirect product group multiplication

(Rg,a)(Ry,b) = (RyRy, Rpb +a),
where R, is a rotation of angle ¢. It acts on the plane R? as
P(6,0)(x) = Rox +a (3.11)

with infinitesimal generator
(A u)pe(x) =—AJx+u

for (A, u) € s5¢(2) = s0(2) ® R?, where we identify s0(2) with R and with

=%

We consider on R? the symplectic form w(x,y) = x - Jy. It is easy to see that the action (3.11) is
symplectic and admits the momentum map

0(x) = (— 52 ).

This momentum map is not equivariant, with nonequivariance cocycle given by

0(Rp,a) = (— %|a|2, Ja). (3.12)
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Gibbs densities, entropy, and Fisher metric. The generalized Gibbs probability densities are here
given on M = R? by

L —gwh) = L dahP-urx

9(B)° ¥(B)

00,0) x R? and the partition function and Massieu potential

pp(x) =

where = (A, u) € QO C se(2), withQ) =
are computed to be

p(p) =~ B, @(p) = ~log(2m) +log(~A) + oy luf, p=(Au) €O

From this, we get the thermodynamic heat Q : Q) C se(2) — O* C se(2)* as

QA1) = DDA, u) = (~ — 14

>~
N
=
N
>
=
N—

and we note that Q" = {(y, m) € se(2)* | u+ @ < 0}. The entropy s : ¥ — R is obtained as the
Legendre transform of @ : (3 — R as

2
s(u,m) =1+log(2m) +log ( — pu — @) (3.13)
We note the relation
9 s 9 _ (u+ %)—1
om _eu op W)

between the partial derivatives of s. From Proposition 2, the Fisher metric is found as

1(B)(6p1,0B2) = —D*®(B)(6B1,5pB2)
_ 1 Jul?

1
= ﬁ( 1 (sul : 51’[2/

u- 5”15)\2+M (51125)\1) 1

1
—)6A16A0 + 2 (

forevery p = (A, u) € Q C se(2), ie.,

11—l yT
1p) = Azllu ;‘12]-

Affine Lie-Poisson equations and Casimir dissipation. The affine coadjoint action associated to (3.12)
is found as

* 1
Ad(, -1 (pm) +0(g,a) = (4 —Rym - Ja— §|a]2,Rq,m + Ja),

from which we directly observe that the entropy (3.13) is constant on affine coadjoint orbits O® C se(2)*
and hence is a Casimir of the Lie-Poisson bracket with cocycle on se(2)*.

Using the expression O((A,u),(v,v)) = —w(u,v) of the associated two cocycle, we get the
Lie-Poisson bracket with cocycle

o= (| (555) (3 §fﬂ>}> o (55 5) (52 5m))

_ 9% Of of .08  Of o8
_@m T5m o' ]5m+ ]

_ % of v Of 08 5f (14
—@w(m,%) 5yw(m,5m)+w( ).
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Given a Hamiltonian / : se(2)* — R, one gets the Lie-Poisson equations with cocycle as the following

system of ODEs
- dt om
— ®
f=A{fn}" a o o (3.14)
dt ou om

These equations determine Hamiltonian dynamics on affine coadjoint orbits that are the level sets
of the entropy. From the point of view of thermodynamics, motion remaining on these surfaces is
non-dissipative, whereas motion transversal to these surfaces is dissipative. We apply below the
geometric approach to include dissipation and hence, motion through affine coadjoint orbits, as
considered in general in §2.3.3.

Given the entropy (3.13) and a function k : s¢(2)* — R which commutes with the Hamiltonian, i.e.
ok oh  Oh ok 0k 6h  oh ok
—_—— = — | — 5 _—— = — —
ou ém Sy om Sudm  Sudm

(for instance k = h), the Casimir dissipative/production equation (2.40) gives here

a, o Ok o6f Of Ok Ok bs  Os Ok
o/ =1n A(@I% o ) (@ S @]%)
ok 6f  Of Ok 0k 0s s Ok
— e _ RtV SV NN S0 W A
= {fn A(éyém 5;1(5711) (5;15711 (5;45171)
for every f, therefore, the following equations emerge
d oh ds ok ok . ok
it " Lo = e o) o (3.15)
4 0 e dk ok |
dt su’ T om Su - du om’ sy’

which have the property of preserving the Hamiltonian while dissipating/producing entropy as

d gkl b OkR | sk,

dt Suom Sudsm| " éu léu om
A ok ok |2

—— | —m— .

(g 0N om

They are the SE(2) version of the equations (3.9) proposed in the quantum context.

4. Variational principles and (multi)symplectic integrators

In this section we make use of the geometric setting presented above to propose geometric
integrators for some of the equations described earlier. Geometric integrators are numerical schemes
designed with the aime to preserve as much possible the geometric structures underlying the equations
they discretize [47]. One efficient way to derive geometric integrators is to exploit the variational
formulation of the continuous equations and to mimic this formulation at the spatial and/or temporal
discrete level. For instance, for the ODEs of classical mechanics, a time discretization of the Lagrangian
variational formulation permits the derivation of numerical schemes, called variational integrators, that
are symplectic, exhibit good energy behavior, and inherit a discrete version of Noether’s theorem which
guarantees the exact preservation of momenta arising from symmetries, see [69]. These methods are
especially well-suited for systems on Lie group, [67].
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Variational integrators were extended to PDEs in various ways, one way being given by
multisymplectic variational integrators ([30,32,62,66]) in which the starting point is a spacetime
discretization of the Hamilton principle. Here also, a discrete version of Noether’s theorem for
field theories is available in presence of symmetries. We refer to [29,32,40] for recent applications
of multisymplectic variational discretizations.

In this section we will present a geometric discretization of the Lie-Poisson equations with cocycle,
see §2.3, that is symplectic and preserves the affine coadjoint orbits. We will then extend this approach
to treat the case of the polysymplectic version of these Lie-Poisson equations with cocycle, see §2.4,
by constructing a multisymplectic integrator. In order to achieve these goals, we will first present the
variational principles attached to these equations, by looking at them from the Lagrangian side. Then
these variational principles will be discretized in time or in space and time.

4.1. Preliminaries on variational Lie group integrators

We very briefly recall the broad idea of variational integrators and refer to [69] for the detailed
description. They are based on a discrete version of the Hamilton principle given, for a Lagrangian
L:TQ — R, as

T
5/0 L(q(t),4(t))dt =0, @.1)
for arbitrary variations of the curve g(t) with fixed extremities att =0, T.

Euler-Poincaré and Lie-Poisson equations. We will be especially interested in the case where the
configuration manifold is a Lie group, Q = G, and the Lagrangian L : TG — R is right G-invariant. In
this case L induces a reduced Lagrangian ¢ on the quotient space (TG) /G identified with the Lie algebra
g,i.e, we get £ : g — R defined by the relation L(g,¢) = ¢(¢¢~'). The Euler-Lagrange equations for
L are equivalent to equations on g written in terms of the reduced Lagrangian ¢ : g — R, called the
Euler-Poincaré equations. They are obtained by computing the variational principle for £ induced by the
Hamilton principle (4.1). It is given by

(5/0T€(<§(t))dt =0, for 6¢=09m+[y,¢] 4.2)

and yields the Euler-Poincaré equations

d ol Y4
——+ad; = =0 4.3
dtog 2% s (43)
for the curve {(t) € g. In (4.2), 5(t) is an arbitrary curve in g vanishing at the extremities. If the
Lagrangian is hyperregular, one can rewrite the Euler-Lagrange equations and the Euler-Poincaré
equations in terms of the Hamiltonian associated to L or ¢. In terms of the Hamiltonian /1 : g* — R
obtained by the Legendre transform of ¢, equations (4.3) become the Lie-Poisson equations

d
iR adb, =0, (4.4)
t op

see [68].

Variational integrators. Let Q be a configuration manifold and let L : TQ — R be a Lagrangian.
Suppose that a time step At has been fixed, denote by {f; = kAt | k =0, ..., N} the sequence of time,
and by g, : {tk},]j:o — Q, q4(tx) = qx a discrete curve. A discrete Lagrangianisamap L; : Q x Q — R,
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Ly = L;(qx, gx+1) that approximates the action integral of L along the curve segment between g and
Jr+1, that is, we have

Lamonn) ~ [ L), 40,

where g(t;) = g and g(tx11) = qrr1- Usually this approximation is related to some numerical
quadrature rule of the integral above. The discrete analogue of Hamilton’s principle (4.1) reads

N-1

6 Y La(qe, 9ks1) =0 (4.5)
k=0

for all variations dq; of q; with vanishing endpoints. After taking variations and applying a discrete
integration by parts formula (change of indices), we obtain the discrete Euler-Lagrange equations:

DaLi(qk-1,9x) + D1La(qk, qka) =0, Vke {l,...,N—1}. (4.6)

These equations define, under appropriate conditions, an algorithm which solves for g1 knowing the
two previous configuration variables g; and gx_1.

To define the discrete momentum maps, one first needs to consider the discrete Legendre
transforms defined by
F*La(qr, qks1) = D2La(qr 9x41) € Ty, Q

- . 4.7)
F~Li(qx, 9x+1) = —D1La(qr, qr+1) € T;,Q.

Then, given a Lie group action ® : G x Q — Q, the discrete Lagrangian momentum maps ]zrd,]gd :
Q x Q — g* are defined by

<de (qkr G+1), C> = (D2La(k, G+1), E0(qk+1))

(4.8)
<JZd(ﬁlk, qk+1)/£§> = (=D1Lg(qx, qe+1). S () -

If the discrete curve {g/} ]Ii o satisfies the discrete Euler-Lagrange equations then we have the equality

Vi, (@e-1.96) =1, (K, ), forallj=1,. N1 (49)

If the discrete Lagrangian L; is G-invariant under the diagonal action of G induced by ® on Q x Q,
then the two discrete momentum maps coincide, sz = ]Zj =:]J1,, therefore from (4.9), we obtain that
J1, is a conserved quantity along the discrete curve solution of (4.6), that is,

Ji,(qr 9k1) = I, (Gk—1,9x), forallj=1,.,N -1 (4.10)

This result is referred to as the discrete Noether’s theorem.

The symplectic character of the integrator is obtained by showing that the scheme (gx_1, q¢) —
(G, gx+1) preserves the discrete symplectic two-forms Qi’ = (F + Li)*Qcan on Q X Q, where Qcap, is
the canonical symplectic two-form on T*Q, see [69].

Discrete Euler-Poincaré equations. For Lie groups, variational discretization and the associated
discrete Lagrangian reductions, was started in [24,67], and referred to as Lie group variational integrators.
The essential idea behind such integrators is to discretize Hamilton’s principle and to update group
elements using group operations. For the case of invariant systems on Lie group, on chooses a discrete
Lagrangian that inherits the invariance of the continuous Lagrangian, i.e.,, L; : G x G — R satisfies

Ly(gkh, k1) = La(8k, &k+1), forall h € G.
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From this invariance, one defines the reduced discrete Lagrangian L; on the associated quotient
space (G x G)/G identified with G with quotient map (g, gk+1) € G X G — gx118; | € G, i.e,, the two
discrete Lagrangians are related as L;(gk, gk+1) = La(Sk+18% 1), this is the point of view developed in
[67]. The discrete Hamilton principle (4.5) for L; induces a discrete Euler-Poincaré variational principle
for L, that yields the discrete Euler-Poincaré equations on G. Numerically speaking it is desirable to
obtain the algorithm on a vector space rather than on a Lie group. For this aim, a local diffeomorphism
T : g — G with 7(0) = e is introduced to express small discrete changes in the group configuration
through unique Lie algebra elements. Such a map is referred to as a retraction map ([25,51]). The discrete
reduced Lagrangian is transported into a discrete Lagrangian ¢; defined on a neighborhood of 0 in g
via the relation

lo(Zk) = La(grr1g, ), with T(AKG) = grrgy - (4.11)
The relation on the right in (4.11) is thought of as a discrete version of ¢ = ¢g .

The discrete Euler-Poincaré equations for /; are obtained by computing the discrete variational
rinciple induced on the discrete action YN_!/;(&) from the discrete Hamilton principle
p p k=0 p p
SY N1 L(gk, gx11) = Orecalled above in (4.5). The main step in this process is to compute the variations
k=0 =\8ks 8k+ P P P
88 of & = L1 (g4.197 1) induced by arbitrary variations 8¢;. One finds the expression
Af Sk+18k y y 8 p

1 _
68k = EdLT (A1) - (Ady(arg) 1 k1 — 1) (412)

where 17 = ¢ gkgk_1 and d't~1(&) : g — g is the inverse to the left trivialized derivative of T, d"7 (&) :
g — g defined by
d'(g) - = 7(5)"'DT(C) 1. (4.13)

The discrete Euler-Poincaré variational principle thus reads

N-1
5 ) La(Ck) =0, (4.14)
k=0

with respect to variations 6¢ of the form (4.12) with #; vanishing at the endpoints. It yields the discrete
Euler-Poincaré equations.

x _ . 0l
A e i1 — e =0, = dh (At o (4.15)
Here dlt=1(&)* : g* — g* denotes the dual map to d-t~1(&) : g — g. We refer to [24,25,56,67] for the
discrete Euler-Poincaré equations.

Being equivalent to the discrete Euler-Lagrange equations on the Lie group, this scheme is
equivalent to a symplectic scheme (gx_1,9x) — (8k Sk+1) on G X G. From the discrete Noether
theorem, the scheme also preserves the discrete momentum map and the coadjoint orbits O C g*.
Moreover, the scheme y;_1 € O — . € O is symplectic on coadjoint orbits with respect to the
Kirillov-Kostant-Souriau symplectic form, see [67]. Note that the discrete momentum map is computed

as
1 AN
T, (8K 8k+1) = EAdgk (d T (AtGy) @) = a7 Adg He

which is readily seen to be preserved, J1,(gx—1,8x) = J1,(8k, Sk+1), along the solutions of (4.45)
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4.2. Central extensions and variational principle for the Lie-Poisson equations with cocycle

We have considered in (2.36) the Lie-Poisson equations with cocycle given by

d oh
- dpp=0(—,), 4.16
associated to the Souriau symplectic model. Our aim is to derive a geometric integrator for this system
that is symplectic and preserves the affine coadjoint orbits for general Hamiltonian. One systematic step
is to look at equations (4.16) from the Lagrangian side, as it has been done for the ordinary Lie-Poisson
equations above. Assuming that & is hyperregular, we can take the associated Lagrangian ¢ : g — R

and rewrite the equations as
d ol « 0l

S yadr s =
dtog A% 5z

for a curve ¢(t) € g. However, in general (i.e. for arbitrary ¢, arbitrary g, and arbitrary ®) there is no

natural variational principle for these equations, in the sense of a variational principle induced from the

ordinary Hamilton principle for a Lagrangian L : TG — R.

Q(,-), 4.17)

Nevertheless, there is a way to interpret the system (4.17) as being induced by an ordinary
Euler-Poincaré equations on a central extension of the Lie group G, integrating the Lie algebra cocycle
. This is related to a well-known fact that affine coadjoint orbits can be seen as ordinary coadjoint
orbits of a central extension. We recall this fact below.

Lie group operations on central extensions. We shall focus on topologically trivial central extensions
of finite dimensional Lie groups by R. The central extended group is thus of the form G = G x R with
group multiplication

(g a)(h, B) = (gh,a + p + B(g, 1))

where B : G x G — R is a group two-cocycle, i.e., it satisfies

B(f,g) + B(fg h) = B(f,gh) + B(g, h)

forall f,g,h € G. It can always been chosen such that B(e, g) = B(g,e) = 0, in which case we have

B(g,¢7 ") = B(g71,¢)and (g,a) ' = (g7, —a — B(g71,£)). One obtains from this the expression of

the adjoint and coadjoint actions as

Ad(ga)(1,0) = (Adg 0+ (657, 1)) (4.18)
Ad{g o (1,0) = (Adg i +ab(g™"), a) (4.19)

where the group one-cocycle 6 € C*(G, g*) is defined by

(6(3),1) = D2B(g™",8) - ng — D1B(g,87") - 8. (4.20)

Formula (4.19) shows that the ordinary coadjoint orbits of G through (y, 1) are affine coadjoint orbits of
G. We have the corresponding formulas

ad(g) (17,0) = ([&,71], —O(&,7)) (4.21)
ad(z ) (1,a) = (adg p —a@(¢, -),0). 4.22)
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Euler-Poincaré and Lie-Poisson equations on central extensions. From (4.22), the Euler-Poincaré
equations for a reduced Lagrangian £ : g = g x R — R take the form

d 50 L o0 o0
%%—Fadé % 56(‘;') (4.23)
d 50 '
E% - 0.
They are the critical conditions for the Euler-Poincaré variational principle
T
5/0 W&, u(t))dt =0, for 6&=am+[n,c, ou=aw—0(,d), (4.24)

which is just a special instance of (4.2) applied to central extensions. In (4.24) 5(t) € g and v(t) € R are
arbitrary curves vanishing at the extremities.

Given a Lagrangian ¢ : g — R, one can then define the Lagrangian
~ 1
(G u) = €(5) + 51 (4.25)

on g for which (4.23) does reduce to (4.17) if the initial condition for the curve u(t) is #(0) = 1. This
means that equations (4.17) have a natural Euler-Poincaré variational formulation, if one interprets
them as an invariant subsystem of an Euler-Poincaré equation on a central extension of G via a group
two-cocycle B that integrates the one-cocycle 6 as in (4.20).

The same reasoning also directly applies on the Hamiltonian side, in which case the Lie-Poisson
equation with cocycle (4.16) is an invariant subsystem of an ordinary Lie-Poisson equation associated
to a central extension of G.

All these considerations are standard, see, e.g., [63,68].

4.3. Variational symplectic integrators for the Lie-Poisson equations with cocycle

Here we shall present a geometric symplectic Lie group integrator for Lie-Poisson equations with
cocycle (2.36) that preserves the affine coadjoint orbits for general Hamiltonian. In particular, the
scheme preserves the affine Kirillov-Kostant-Souriau symplectic form on these affine coadjoint orbits.
We shall use the Euler-Poincaré variational formulation on central extensions presented in §4.2.

Some useful identities. Given a central extension G = G x R, we shall consider the retraction map
T : g — G defined by

(&, u) = (T(8),u) (4.26)
where T : g — G is a retraction map for G. To derive the discrete Euler-Poincaré equations we shall
need several identities involving dlt and d1, see (4.13), that are shown in the next Lemma.

Lemma 14. For a local diffeomorphism of the form (4.26) on central extension, we have the following identities

(@) d*t(g,u) - (7,0) = (d"2(Z) - 17,0 — DaB(T(§),€) - (d“T(Z) - 7))
(b) dL(g,u)* - (w,a) = (d2(8)" (4 —aD,B(2(Z), €)),a)

(©) drt=H(g,u) - (gw) = (d"771() - {,w+ DaB(T(¢),e) - )

(d) dtt=1(&,u)* - (p,a) = (dET71(&)* - u+aDyB(T(E),€),a),

where B : G x G — R is the group two-cocycle.

Proof. These identities are proven as follows.
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(a) Using the definition of d-T, we compute

F2(g,u) - (,0) = T(&,u) " (DT(E,u) - (1,0))

T(6)u)” ( (€),DT() - 17, u,0)

(©)7'D(?)- 77,0+DzB( )71 2(2) - (DT(E) 1))
T(¢)- 77/0+DzB( ()71 (8) - (2(©)d (&) - 7))

where in the third equality, we used the formula for the tangent lift of left translation on G. Using
the properties of the group two-cocycle B, we get the identity

(
= (7
— (d*

D:B(g7',8) - (g7) = —D2B(g¢) 1,

forall g € G and 7 € g. Hence we get the result.
(b) Taking the dual map and using (a), we get

<dLr<c u)*-( a), (1,0))

((n,a),d-c(&,u) - (n,0))

= (n d%@ >+a(U—DzB( (&) €) - (d"2(2) - 1)
= (d“2(&)" - p— ad"2(8)" DaB(2(8),¢), ) +av,

which proves the result.
(c) It follows by (a) and by inverting the relation (J,w) = d"t(¢&,u) - (y,0)

(¢,w) =d't(g,u) - (n,0) = (d"T(§) -, 0+ D2B(T(8) ", T(8)) - (1(§)d"1(¢) - 7))

is equivalent to
(,0) = (d"T71() - ¢, — D2B(2(8) 1, 7(8)) - (T(§)0))
(d) This follows by taking the dual map and using (c) as earlier. |

Variational discretization of the Lie-Poisson equations with cocycle. With the previous result, we
first give below a symplectic integrator for the Euler-Poincaré equations on central extensions. Then we
will show how this provides a symplectic integrator for the Lie-Poisson equations with cocycle.

Proposition 15 (Discrete Euler-Poincaré equations on central extensions). The following are equivalent:

(a) The discrete curve (Cy, uy) is critical for the discrete Euler-Poincaré variational principle
6Y 0(&, ux) =0,
k
with respect to variations
58 = — gl d
Gk = 274 T (A1Gk) - (Ad(arg)-1 ks — 1k)

Su = Alt (Vi1 — vk — D2B(T(AtGy), ) - ik + D1B(e, T(AEk)) - Mky1)

where 1, € g and vy € R are arbitrary discrete curves vanishing at the endpoints.

d0i:10.20944/preprints202003.0458.v1
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(b) The discrete curve (G, uy) is a solution of the discrete Euler-Poincaré equations

Ady -1+ ag_10(T(At_q)) = =0
T(Atgg_q) 7! (4.27)
Aj—1 — A = 0
with
__ 50 50
e = d- T (AR A 5 DzB( (Atck),e)
~ (4.28)
u P — Le
k= 5uk'

Proof. We use the discrete Euler-Poincaré formulation (4.14)—(4.45). For (a), we use (4.12) and Lemma
14, and we compute

6(C 1k
- idLT_l(Atgkat”k) “(Adr(arg atug) -1 Tk, Okg1) — (7k, 0k))
- idLT?l(Atgk’Atuk) - (Adearg) -1 Tkt = Mk Okt — Ok + (B(T(ALER)), Tis1) )
= i (de_l(Aka) “(Adriarg) 1 Tkl — 1K),
V41 — Ok + (O(T(ALEL)), M) + DaB(T(AHGK),€) - (Adpagg)-1 kst — ﬂk))

Using the identity (6(g), &) + D2B(g,¢€) - Adg-1 ¢ = D1B(e, g) - 17, we get the desired result.
For (b), we use the formula for the coadjoint action on central extension to get

Ad*(At@’k 1A _1) 1 (-1, ax-1) — (b, ax)
= (AdZ(arg, )1 Hk—1 + ax—10(T(AtG—1)), k1) — (pr k)

which proves (4.27). Then, to get (4.28), we note that

[V
(uroa) : = d"t (AL, Atuy)* (‘;Sff' (5(5uk>
5@ M (SE

by Lemma 14. u

We note that the relation with the solution (g, ax) of the discrete Euler-Lagrange on the Lie group
G is given as
1 _ _
(G 1) = 13T Y((gkg1s 1) (8o i) ™)

which is explicitly given by the relations

1
=27 (8k18ic )

1 (4.29)
U = At("‘kﬂ—ﬂék— (885 ) + B8k, 8 1))-
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Similarly, the variations 7, v, used in discrete Euler-Poincaré variational principle are related
to the variations dgx, day used in the discrete Hamilton principle via the equality (1, vx) =

(88K, 00k) (gkr ) ™1 = (68k8; ' Ok + D1B (8K 8 1) - 08k)-

The discrete momentum map J, : G x G — §* is computed as

1 " _
Vi, ((8k k), (8ks1s i) = 55 (Ady i +arb(gy b, ax)

where (j, ai) are given in (4.28) and relation (4.29) are assumed. It is readily seen that J; , is preserved
along the solutions of (4.27).

The symplectic integrator for the Lie-Poisson equations with cocycle is deduced as follows.

Proposition 16. (Symplectic integrator for Lie-Poisson equations with cocycle) Let h : g* — R be a
Hamiltonian assumed to be hyperregular, with associated Lagrangian £ : g — R. Then the numerical scheme

Ad7 (e, -1 M1 +0(T(ARGk—1)) — e =0 (4.30)
with 50
pr = de*(Atck)*g + D2B(T(Atg), ¢) (431)
k
is a symplectic scheme for the Lie-Poisson equations with cocycle
d . oh
T ad% p=0 (5”, ) / (4.32)

It preserves the affine coadjoint orbits
0= {Ad;—l n+6(g)| GeG}
and py_1 — Wy is symplectic relative to the affine Kirillov-Kostant-Souriau symplectic form

wo(p)(ad; u—0(g,-),adyu—0(y,-)) = (1 [ 1)) — O 7).
Proof. It is a direct consequence of Proposition 15, by choosing the reduced Lagrangian (4.25), taking
the initial condition a9 = 1 and noting that a; ;1 = a; = 1. ]

It is possible to rewrite the scheme in a way that is more advantageous from the point of view of
implementation. By inserting (4.31) in (4.30) and using the identity
Adg 1 D2B(g,e) +6(g) = D1B(e,g)
we get the scheme in terms of &y as

ol 50
* L-—1 " IL-—1 .
AdT(At§k71)71 d~T (At(:kfl) @ —d T (At‘:k) 576](

+ DlB<€, T(At(:kfl)) — D2B(T(At§k),6) =0.

(4.33)

It is also often assumed that the retraction map 7 satisfies T7(—¢)7(¢) = e. In this case we have the
identity Adi(g) dlr=1(—&)* = dlt=1(¢), see [25], and the scheme (4.33) takes the form

dLT_l(—Atcjk_l)*(sgfl — alLf—l(Atgk)*(5‘5{;c + D1B(e, T(Até_1)) — D2B(T(AtF),e) =0.  (4.34)
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In absence of the last two terms, we recover the most practically used form of the ordinary discrete
Euler-Poincaré equations, e.g., [25]. The last two terms correspond to a discretization of the cocycle
which ensures that the resulting scheme is symplectic on each affine coadjoint orbit. It is clear that such
a form is not likely to be guessed from the continuous equations without having at hands the discrete
variational principle.

Remark 17 (Choice of retraction map). For an exposition of retraction maps, such as canonical
coordinates of the first and second kind, and their applications to Lie group methods, the reader
is referred to [51]. A possible choice is the exponential map exp : g — G. In this case d* exp(¢) - 7 and
dL exp~1(¢&) - y7 are given as series which are truncated in order to achieve a desired order of accuracy,
[47]. A standard choice is the Cayley map cay : g — G defined by cay (&) = (e — &/2) (e +¢/2)
which is valid for a general class of quadratic matrix groups (which include the groups SO(3), SE(2),
and SE(3)). Based on this simple form, the derivative maps become

dbcay(¢) - n=(e+¢/2) 'y(e—¢/2)"!
dhcay (&) = (e +E/2)n(e—E/2),

foreach¢,n € g.

Example. Consider the Lie-Poisson equations with cocycle for SE(2) derived in §3.3. The central
extension integrating the group one-cocycle (3.12) is SE(2) = SE(2) x R with group two-cocyle B :
SE(2) x SE(2) — R given by
1
B((g,a), (9,D)) = 5o~ Ryb

This group is referred to as the oscillator group. To apply the scheme (4.34) to this case, we use the
identities 1 1
D1B((1,0), (¢,a)) = (0, EM) and DyB((¢,a),(1,0)) = (0, —EIRq)—lﬂ)

as well as the Cayley map for SE(2) given by

1

cay(A, uy,up) = (R(A) (—Aup +2uq, Aug +2uz)), R(A) = it

A2_4 —4) ]

2
"4 4 )2 4\ A2 4

and the expression d* cay ! (A, uq, up) : 5¢(2) — se(2) given in matrix representation as

, 0 0 0 A2 00
I+ 5 Un 0 A |+ Au; 0 O
—Uuq A O Auz 0 0

see [56].

4.4. Multisymplectic Lie group variational integrators

In this paragraph, we briefly indicate how the discrete variational setting of the previous section
can be extended to variational discretization in several independent variables, i.e., when the unknown
is a field rather than a curve. At the continuous setting, the underlying geometric variational setting is
the multisymplectic framework of field theories, see, e.g., [45]. Discrete multisymplectic variational versions
of this setting have been developed and applied in [62,66]. Multisymplectic variational discretization
on Lie groups and the discrete Euler-Poincaré field equations have been carried out in [30,32].
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We will focus on the special case of fields defined on an open subset U of R” with smooth
boundary, with values in a configuration manifold Q. We also assume that the Lagrangian only depends
on the values of the fields and their first derivatives, not on the parameter x € R", so it is a map
L:TQ®..®TQ — R. Hamilton’s principle for a field g : U C R" — Q is

(5/ x),014(x), ..., 9xq(x))dx = 0,

for arbitrary variations of the field g that vanish on the boundary of U, from which the Euler-Lagrange
equations for the field q(x) are obtained.

We shall focus on the case Q = G a Lie group and for right-invariant Lagrangians, i.e.

L(gh,v1h, ..., vsh) = L(g,01,..., 0n),

for every vy,..,v; € TyG and every h € G. In this case, L induces the reduced Lagrangian ?
gD ... g — Rdefined by {(v1g7, ..., 0087 1) = L(g,v1,...,vn). As in the ordinary Euler-Poincaré case
recalled above, Hamilton's principle yields the reduced variational principle

6 [ @ t)dx =0, 0=+ I8 (@.35)
for an arbitrary field # : U — g vanishing on the boundary, which results in the Euler-Poincaré field
equations

Lot & Y4
dk— + ) ad: — =0. (4.36)
Lo g

To guarantee the existence of a field g : U — G such that ¢} = akgg_l, k=1,...,n, the fields ¢; in (4.36)
must satisfy the relation 9;¢; — 9;8x = [Ck, §;]. In terms of the associated Hamlltoman h:g°®..0g" —
R, these equations give (2.49) without cocycle, i.e., with OF =0.

To include the case with cocycle in a variational setting, we shall proceed exactly as in §4.2, by
passing to a central extension of G. This is here done in the context of the Euler-Poincaré field equations,
rather than for the ordinary Euler-Poincaré equations. This is the content of the next paragraph.

Variational principle for the Lie-Poisson field equations with cocycle. The goal of this paragraph is
to obtain a variational principle for the Lie-Poisson field equations with cocycle (2.49) associated to
Souriau’s polysymplectic model. By considering the Euler-Poincaré field equations (4.36) on a central
extension, we get the system

Zak 5,: Zadék 56 2 (5”k O(Sk, )

(4.37)
50
d .
Z Kouy ou k =0
They are the critical conditions for the variational principle
) / U ,Un))dt =0,
((G1,u1), s (Enstin)) (4.38)

for variations 6 = ok + [1,8x], Sup = okv — O(17, &),

which is just a special instance of (4.36) applied to central extensions. The existence of a field (g, ) :
u—G imposes the conditions 9y&; — 9;Gx = [Ck, G| and Jxu; — djuy = —O(Cy, &;).
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Given a Lagrangian ¢ : g @ ... ® g — R, one can define the Lagrangian

Z((glrul)r s (Cﬂr un)) = E(é‘l, ceer ‘:n) + Zuk (439)
k

ong® ... g for which (4.37) does reduce to a Lagrangian version of the Lie-Poisson field equation
with cocycle (2.49), as desired, where it is assumed that ©F = Q, forall k.

The same reasoning also directly applies on the Hamiltonian side, in which case the Lie-Poisson
field equation with cocycle (4.16) is an invariant subsystem of an ordinary Lie-Poisson field equation
associated to a central extension of G.

Multisymplectic Lie group integrators. To present multisymplectic integrators, we shall focus on the
two dimensional case and assume that the fields are defined on a rectangle U = [0, A] x [0, B] C R2.
We shall write (x1,x2) = (x,y). Let Q be a configuration manifold and let L : TQ & TQ —
R be a Lagrangian. We shall consider the very special case of a discrete grid determined by
{(xx,ya) = (kAx,aAy) | k =0,..,N1, a = 1,..,N,} with given Ax and Ay. We shall denote by g, :
{(xk,y,l)},](\]:0 — Q, 94(Xx, ya) = q a discrete field. A discrete Lagrangianisamap L;: Q x Q x Q = R,
Ly = La(9%, 95,1/ 7 1) that approximates the action integral of L on the rectangle [xy, Xx11] X [Ya, Yot 1]
for a field interpolating the values gy, g7, 7 41~ The discrete Hamilton principle reads

Ni—1N,-1

o Z Z Ld(‘ﬁf’ﬁﬂr‘?ﬁﬂ) =0, (4.40)
k=0 a=0

for all variations dq, of q; with vanishing boundary values. The discrete Euler-Lagrange equations are
obtained as the critical point condition for a discrete field g;.

Given a Lie group action ® : G x Q — Q, the discrete Lagrangian field momentum maps Jid,:
QxQxQ—g"i=1,2,3are defined by

L@ gt a™),€) = (DiLa(a ai a8, Sola))
(O, (@ g 027),€) = (DaLalal a9 S0(i) ) (4:41)
08, @ atenat ™), &) = (DaLa(al ai a8, S0l ™)

which satisfies J; +J7 +J7 =0.

We refer to [66] and [62] for an introduction to multisymplectic variational integrators, including
the notion of discrete multisymplecticity, discrete Cartan forms, and discrete field momentum maps,
see also [31]. These integrators, also satisfy a discrete Noether theorem in presence of symmetries, as
we shall see below in the special case of Lie groups.

Multisymplectic variational integrators on Lie groups were developed in [30] and [31], for
application to geometrically exact (Cosserat) rods. As above, we shall focus on the two dimensional
case and U = [0,A] x [0,B] C R% For Q = G a Lie group, the discrete Lagrangian is a map
L;: G x G x G — R. We assume that the continuous Lagrangian is G invariant and that the discrete
Lagrangian L; inherits this invariance, i.e.,

L(gth, g$+1h18§+1h) = L(nggllz-H'glr;-&-l)/

for every h € G. Hence, by passing to the quotient associated with this action we get a reduced

LagrangianL; : G x G — R, La(gf., (gl”é)fl,gzJrl (g™ = L(g,‘;,gl‘éﬂ,glgﬂ). As mentioned earlier, it
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is advantageous to introduce a retraction map 7 : g — G, 7(0) = e, from which the discrete reduced
Lagrangian can be defined on a neighborhood of (0,0) in g x g via the relation

lo(ZR, ) = La(gha (8D 8 (8D

. a a ay—1 a a+1/ _a\—1 (4'42)
with  T(Ax¢y) = 8k11(8k) and  T(Aygy) = g¢ ' (8x) -

The last two relations are thought of as discrete versions of & = 9;¢¢™!, { = 9,99 "

The discrete Euler-Poincaré field equations for ¢; are obtained by computing the discrete variational
principle induced on the discrete action Z]I(V:la ! Z[];]ial £4(&%, C}) from the discrete Hamilton principle

) Z,Ic\]:lal Efl\]i 61 L(g% 8fs1/ g¢™) = Orecalled above in (4.40). The main step in this process is to compute
the variations 6¢ 6} induced by arbitrary variations §gj. One finds the expression

1,
0%f = - dt TN (AxG]) - (Ady(angny 1 Mia — 1F)

a 1 L -1 a a+1 a (4.43)
oC = Fyd T (AYZE) - (Adgayen 1 g — 1)
The discrete field Euler-Poincaré variational principle thus reads
Ni—1Np—1
5y, Y =0, (4.44)
k=0 a=0

with respect to variations ¢}, 6} of the form (4.43) with 77f vanishing at the boundary. It yields the
discrete Euler-Poincaré field equations.

1 1 y
Ax (Adi(Ax§£71)71 }471 - 141?) + A—y (Adi(qu1)1 Vl? . v,f) _0,
4.45
i dle (axgn) 2L e b (A L (4.45)
k k (SC'Z k k 5gz

We refer to [30,31] for details, including the treatment of boundary conditions, the description of the
associated discrete Cartan forms, the discrete field momentum maps, as well as the symplectic and
multisymplectic characters of the scheme.

We just recall below the expression of the field momentum maps (4.41) which take the following
form:

1 « 1 *
I sh gl sf™) = — 3 AdG i - 50 AdG

1 *
J%d(gifgiﬂng“) ~ Ax Adg, p

1
gk st g1 ™) = 2 AdG 1

The discrete Noether theorem, then asserts that a certain g*-valued discrete integral of ]iLd along the
boundary of any subgrid domain is zero, see [31].

Multisymplectic variational discretization for Lie-Poisson field equations with cocycle. Based on
the previous result, we first give below a multisymplectic integrator for the Euler-Poincaré field
equations on central extensions. Then we deduce a multisymplectic integrator for the Lie-Poisson field
equations with cocycle appearing in the polysymplectic Souriau model. The next proposition is the
multisymplectic version of Proposition 15.
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Proposition 18. (Discrete Euler-Poincaré field equations on central extensions) The following are

equivalent:

(@) The discrete curve (., uy) is critical for the discrete Euler-Poincaré field variational principle

5[}?((5;‘9 up), (Cgw)) =0,

with respect to variations

e =

0, =

a
ouy

1
= Ax (U1 —

1 __

Bd% H(AxER) - (Ady(axer) 1 M1 — %)
1,

A—ydLr H(AYEE) - (Adyayep1 ™ = )

vf — DoB(T(AxEE), e) - 17f + D1B(e, T(AXEE)) - 1i14)

k= Ay(l’ZH—vZ—DzB(T(AyEi) e) -1 + D1B(e, T(AyZR)) - i)

where ;. € g and v € R are arbitrary discrete fields vanishing at the boundary.
(b) The discrete curve (i, uf, C, wy) is a solution of the discrete Euler-Poincaré field equations

with

1 N )
E(AdT(Axgzq)*l Hp_1 T+ ag_10(T(Axgp 1)) — yﬁ)
1

* a—1 _oa)
+Ay< Adzaygr)- 0Ty ) vk) =0 (4.46)
1 —
A—xwi,l—a%@(bz t-p) =0
- o0 ol _
HZZdLT 1(Ax§k) W+7D2 (T(AxCE),e)
- 5@ 56 _
Ve = dLe=(Aygt)* 55“ DZB(T(Aygk) e) (4.47)
a? = 57? a_ 5€
k 61/[]“(, k éwla(

Proof. The proof can be obtained by appropriate extension of the proof of Proposition 15, by using the
multisymplectic variational setting recalled in the previous paragraph. |

We note that the relation between the solution of the discrete Euler-Poincaré equations and the
solution (g}, «f) of the discrete Euler-Lagrange field equations on the Lie group G is given as

1 _
(&) = 57 (8 o) (g a) )

1
(@ wf) = 5,7 (&) et ™)

d0i:10.20944/preprints202003.0458.v1
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which is explicitly given by the relations

1
G AT @ e ™
= (a1 — o — Bl (D)) + Blghars (6)) 048)

a 1 a ot a ay\— a aN\—
wi = 55 (47 —af = Bls, (s)7) + Bt (sD)7).

Similarly, the variations 7{,v{ used in discrete Euler-Poincaré variational principle are related
to the variations dgf, daf used in the discrete Hamilton principle via the equality (7{,v}) =

(d8f, 0af) (g, o)~ = (g7 () ™, daf + D1B(gf, (8F) 1) - 08f).

The discrete field momentum maps are computed as

a a a a 1 * a a a\— a
JL, (85 4R, (8hyn i), (877 ™)) = —E(Adgg ui +ago((gh) "), ap)
1 « _
- @(Adgg vi -+ bEo((g0) ), bf)
a a 1 * a a\— a
I, (8 00), (81,0, (857 a0 ™1)) = ?(Adgi ui +ago((gf) ), ap)
1

12, (85 a0, (8hyn 4k ), (877 ™)) = @Ad§k (Adg vi +5g0((g8) ™), bi).-

from which the discrete field Noether theorem can be stated for the solutions of (4.46).

The multisymplectic integrator for the Lie-Poisson field equations with cocycle is obtained in the
next Proposition, which is the multisymplectic analogue to Proposition 16.

Proposition 19. (Multisymplectic integrator for Lie-Poisson field equations with cocycle) Let h : g* x
g" — R be a Hamiltonian assumed to be hyperreqular, with associated Lagrangian £ : g X g — R. Then the
numerical scheme

Ax (Ad t(axgn )t Heo1 T O(T(AxGE 1))—P‘Z> w19
1 * _ _ _ :
(Ad " gz VE L4 o(7(Aye 1))—v;;) -0

T Ay
i = dlt (Axgl)* 5 + D2B(T(AxCy),e)
; (4.50)
o = dhe (Ayp)* jé.k + D2B(2(8yZ}) ¢)

is a multisymplectic scheme for the Lie-Poisson field equations with cocycle

oh
axy+8yv+ad§h y+ad‘,hv—® <(5;4"> + O

oh
<(51/' ) . (4.51)
Proof. This follows from Proposition 18 and the choice (4.39). |

If the retraction map T satisfies T(—¢)7(¢) = e, the scheme can be rewritten in a simpler way, as
done in (4.34) in the symplectic case.


https://doi.org/10.20944/preprints202003.0458.v1
https://doi.org/10.3390/e22050498

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2020 d0i:10.20944/preprints202003.0458.v1

The benefit of the structure preserving properties of the proposed numerical schemes will be
exploited in a future work.

5. Conclusion

In the context of Artificial Intelligence, machine learning algorithms use more and more
methodological tools coming from Physics or Statistical Mechanics. The laws and principles that
underpin this Physics can shed new light on the conceptual basis of Artificial Intelligence. Thus, the
principles of Maximum Entropy and Francois Massieu’s notions of characteristic functions enrich
the variational formalism of machine learning. Conversely, the pitfalls encountered by Artificial
Intelligence to extend its application domains, question the foundations of Statistical Physics, such
as the generalization of the notions of Gibbs densities in spaces of more elaborate representation like
data on homogeneous symplectic manifolds and Lie groups. The porosity between the two disciplines
has been established since the birth of Artificial Intelligence with the use of Boltzmann machines and
the problem of robust methods for calculating partition function. More recently, gradient algorithms
for neural network learning use large-scale robust extensions of the natural gradient of Fisher-based
Information Geometry (to ensure reparameterization invariance), and stochastic gradient based on the
Langevin equation (to ensure regularization), or their coupling called “Natural Langevin Dynamics”.
Concomitantly, during the last fifty years, Statistical Physics has been the object of new geometrical
formalizations (contact, Dirac, or symplectic geometry, variational principles, ...) to try to give a new
covariant formalization to the thermodynamics of dynamical systems, as Lie Groups Thermodynamics.
Finally, the study of geometric integrators as symplectic integrators with good properties of covariances
and stability (use of symmetries, preservation of invariants and momentum maps) will open the door
to new generation of numerical schemes. Machine learning inference processes are just beginning to
adapt these new integration schemes and their remarkable stability properties to increasingly abstract
data representation spaces. Artificial Intelligence currently uses only a very limited portion of the
conceptual and methodological tools of Statistical Physics. The purpose of this paper, was to encourage
constructive dialogue around a common foundation, to allow the establishment of new principles and
laws governing the two disciplines in a unified approach.
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