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Abstract

This paper presents the continuous and discrete variational formulations of simple thermodynam-
ical systems whose configuration space is a (finite dimensional) Lie group. We follow the variational
approach to nonequilibrium thermodynamics developed in Gay-Balmaz and Yoshimura [2017a,b], as
well as its discrete counterpart whose foundations have been laid in Gay-Balmaz and Yoshimura
[2018]. In a first part, starting from this variational formalism on the Lie group, we perform an
Euler-Poincaré reduction in order to obtain the reduced evolution equations of the system on the Lie
algebra of the configuration space. We obtain as corollaries the energy balance and a Kelvin-Noether
theorem. In a second part, a compatible discretization is developed resulting in discrete evolution
equations that take place on the Lie group. Then, these discrete equations are transported onto the
Lie algebra of the configuration space with the help of a group difference map. Finally we illustrate
our framework with a heavy top immersed in a viscous fluid modeled by a Stokes flow and proceed
with a numerical simulation.
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Introduction

In Gay-Balmaz and Yoshimura [2017a] and Gay-Balmaz and Yoshimura [2017b], a new variational formal-
ism was proposed for nonequilibrium thermodynamics. This formalism is an extension of the Hamilton
principle that allows the inclusion of irreversible phenomena in discrete and continuum systems, by us-
ing a nonholonomic nonlinear constraint, the so-called phenomenological constraint, and its associated
variational constraint. In this formalism, the entropy of the system is promoted to a full dynamic vari-
able, and to each irreversible process corresponds a thermodynamic displacement, whose rate equals the
thermodynamic affinity of the process. Thanks to the introduction of these variables, together with the
phenomenological and variational constraints, this new variational formalism yields the time evolution
equations of the system in accordance with the two fundamental laws of thermodynamics, see, e.g.,
Stueckelberg [1974, Chapter 1].

Equipped with such a variational formalism, it is natural to try to devise new variational integrators
based on this approach, with the aim of developing new algorithms for the simulation of multiphysics
systems with the advantages that are known to variational integrators of Lagrangian mechanics, see
Marsden and West [2001]. Indeed, variational integrators were proved to be superior to more classical
algorithms thanks to the fact that they were designed to preserve as much as possible the geometric
structures underlying the mechanical system they discretize. Some important features are that the
discrete symplectic structure of the discrete Lagrangian system, as well as the discrete momenta in case
where there are symmetries, are all preserved, and the discrete total energy of the system remains bounded
and oscillates around its correct value during the simulation. In Gay-Balmaz and Yoshimura [2018],
variational integrators for the nonequilibrium thermodynamics of simple closed systems were developed.
Because of the presence of thermal effects, the flow of the continuous equations is not symplectic anymore,
but rather satisfies a generalized structure-preserving property, which reduces to the conservation of the
symplectic form if thermal effects are absent. The associated variational integrators satisfy a discrete
version of this structure-preserving property.

In this paper, we are still mainly concerned with simple closed systems, but whose configuration space
is a Lie group G. Such systems may possess symmetries, leading to the natural idea of performing an
Euler-Poincaré reduction to obtain the reduced time evolution equations of the system on the associated
Lie algebra g, and discretize the reduced variational principle accordingly. The paper is organized as
follows.

In the first part, starting from the thermodynamical variational principle presented in Gay-Balmaz
and Yoshimura [2017a] for a simple system with configuration space a (finite-dimensional) Lie group,
we perform an Euler-Poincaré reduction (Theorem 1.2), in the general case where there is an advected
parameter taking values in a arbitrary manifold as in Gay-Balmaz and Tronci [2010]. In this setting,
the group G does not act on the entropy variable .S, which is a natural assumption for simple systems.
As corollaries we obtain the (reduced) energy balance (Corollary 1.5) and an abstract generalization of
the well-known Kelvin-Noether of fluid dynamics (Corollary 1.6). Compared to the usual Euler-Poincaré
case, the presence of thermal effects is responsible for the presence of additional terms.

The second part deals with the variational discretization of such systems from the point of view of
Gay-Balmaz and Yoshimura [2018] for thermodynamical systems on one hand, and of Marsden, Pekarsky,
and Shkoller [1999] for Euler-Poincaré systems on the other hand. In Section 2.2 we follow Marsden,
Pekarsky, and Shkoller [1999] to obtain a discrete Euler-Poincaré reduction theorem (Theorem 2.4) for
simple thermodynamical systems. We then transport these equations onto the Lie algebra g with the
help of a group difference map, as introduced in Bou-Rabee and Marsden [2008, Section 4], obtaining in
this way an integrator on the Lie algebra g instead of the Lie group G, which is more practical from the
computational point of view.

Finally we illustrate our framework with one example: a heavy top immersed in a viscous fluid whose
flow is approximated by a Stokes flow for practical purposes. This example naturally involves the Lie
group SO(3) of rotations of the Euclidean space R?, which is the configuration space of the rigid body.
The viscous fluid represents the direct physical environment of the rigid body, however, it is actually
part of the system we consider, in a way which is similar to the example presented in Gay-Balmaz and
Yoshimura [2018, Section 5|. Indeed, in the model we will build, we only need one entropy variable
to describe the thermodynamics of both the rigid body and the fluid. We write down the continuous
system and its variational discretization, which yields an integrator with an interesting energy behavior,
as confirmed by our numerical simulations. This example only illustrates a simplified situation of the
general variational setting that we develop in this paper. We postpone the applications of the general
setting for future works in the context of fluid thermodynamics.



1 Euler-Poincaré reduction for simple thermodynamical systems

In this section we shall present a Lagrangian reduction process for simple thermodynamical systems with
symmetries, by focusing on the case when the configuration manifold of the mechanical variables of the
system is a Lie group. This process extends to simple thermodynamical systems the well-known process
of Euler-Poincaré reduction for mechanical systems on Lie groups.

1.1 Variational formulation of thermodynamics

We first review the main points of the variational formalism for nonequilibrium thermodynamics of simple
systems that has been introduced in Gay-Balmaz and Yoshimura [2017a]. Recall that by a simple system
we mean a thermodynamical system for which we only need one entropy variable S and a finite set
of mechanical variables (g,q) in order to describe entirely the state of the system. Moreover, we will
assume in the following that such systems don’t exchange matter with their environment, that is, they
are closed. Given such a closed simple system, let () be the configuration manifold associated to the
mechanical variables of the system, assumed to be finite dimensional. The Lagrangian of such a system
depends on the position, velocity and entropy of the system, and is therefore a map L : TQ x R — R,
(¢,4,5) — L(q,q,S). We also have forces that act on the system: external forces F**': TQ x R — T*Q
that do not derive from a potential and friction forces Ff : TQ x R — T*Q which ultimately encode
all the irreversible processes in the simple system and are responsible for internal entropy production.
These maps are assumed to be fiber preserving, that is, F*<t(q, ¢, S), F%(q,q,S) € T;Q for any q € Q,
g € T;Q and S € R. It is also possible that the system exchanges heat with its environment, and we will
denote by P§* : TQ x R — R the power due to heat transfer with the exterior of the system. Note that
both the external force and the external heat can also depend explicitly on time; however, for simplicity,
this will not be the case in this article. Now that the various entities have been set up, we can state the
variational formulation for nonequilibrium thermodynamics of simple closed systems Gay-Balmaz and
Yoshimura [2017a, Section 3].

A curve (g, S) satisfies the variational formulation for nonequilibrium thermodynamics if and only if
it satisfies the variational condition

T T
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for all variations dq and 4.5 satisfying the variational constraint
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with d¢(0) = d¢(T") = 0 and if it also satisfies the phenomenological constraint
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Note that this variational formulation is an extension of Hamilton’s principle of classical mechanics
to the thermodynamics of simple systems. The constraint (1.3) on the curve (g, S) is nonlinear and
nonholonomic in ¢. The name of (1.3) comes from the fact that friction forces involve phenomenological
laws, which pertain nonequilibrium thermodynamics. The constraint (1.2) on the variations (dq,d.5)
follows from (1.3) by formally replacing the velocity by the corresponding virtual displacement, and by
removing the contribution from the exterior of the system. Such a simple correspondence between the
phenomenological and variational constraints still holds for more general thermodynamic systems, see
Gay-Balmaz and Yoshimura [2017a]. Taking variations in the variational condition (1.1) and using the
constraints (1.2) and (1.3), we obtain the following system of differential equations:
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Introducing the temperature T(q,§,S) = —g—g(q, q,S), which is assumed to be positive, the second

equation reads:

o —,l fr 3 J l ext .
S = T<F (q’q7S)7q>+TPH (qaq’S)a



whose first term is interpreted as the internal entropy production of the simple closed system. In case
the system is adiabatically closed, there is no heat nor matter transfer with the environment, therefore
it is necessary to have <Ffr(q,q, S)7q> < 0 for any (¢,¢,5) € TQ x R, meaning that friction forces are
dissipative, in order for this equation to agree with the second law of thermodynamics, which states that
entropy is always increasing for an adiabatically closed system.

The energy associated with the Lagrangian L is the function F : TQ) x R — R defined by

E(q.4.S) = <§j<q,q,s>,q>  L(0.4.S), (16)

for all (¢,¢,5) € TQ x R. Using (1.4) and (1.5), and defining the power of the external forces as
P§x(q,q4,S) = (F**(q,q, S), q), we recover the general energy balance, that is,

% = PR (0,0.5) + P (0.4, 9), (1.7
along a solution (g, S) of the thermodynamical Euler-Lagrange equations. Thus we recover the first law
of thermodynamics.

In a nutshell, the variational formalism reviewed above yields the time evolution equations for the
thermomechanical system considered, in accordance with the axiomatic formulation of thermodynamics
of Stueckelberg (Stueckelberg [1974, Chapter 1]). We refer the reader to Gay-Balmaz and Yoshimura
[2017a,b] for more details on this formalism, historical background, as well as numerous examples.

1.2 Euler-Poincaré reduction

In this section we consider simple thermodynamical systems on Lie groups, meaning that the configuration
space @ of the mechanical part of the system is a finite dimensional Lie group G. Given g € G, denote by
L, the left multiplication by g in the group G, g its Lie algebra, and wg € Q!(G, g) its left Maurer-Cartan
form Sharpe [1997, Chapter 3, Definition 1.3]. Recall that wg is the g-valued one-form on G defined by
wg(g) = TyLy-1(9) € TeG = g for any g € TyG. The left action of G on itself can be lifted to TG, and
we get TG/G = g, where the diffeomorphism is given by the Maurer-Cartan form wg.

Given a G-invariant Lagrangian L : TG — R on G, and the associated Euler-Lagrange equations,
it is natural to ask how one can obtain equivalent equations directly on the Lie algebra g, which is the
realization of the reduced velocity phase space TG/G. This process is called Euler-Poincaré reduction
and the equations obtained in this way are called the FEuler-Poincaré equations on g, see Marsden and
Ratiu [1999, Section 13.5] for details as well as an historical overview. Euler-Poincaré reduction is a
particular instance of Lagrangian reduction, Marsden and Scheurle [1993a,b] and Cendra, Marsden, and
Ratiu [2001], in which one considers a Lagrangian L : T@Q — R invariant under the tangent lifted action
of a free and proper group action of a Lie group on Q.

For finite dimensional simple thermodynamical systems, it is natural to assume that the group G
does not act on the entropy variable S. Therefore, the reduced (extended) velocity phase space will be
(TGxR)/G = gxR, the R factor being the space in which the entropy variable S of the system lives. In the
following, we are going to generalize Euler-Poincaré reduction by following the variational formalism for
nonequilibrium thermodynamics reviewed in the previous section. Instead of generalizing the basic Euler-
Poincaré equations that we just recalled, we will generalize the Euler-Poincaré equations with advected
parameters, which are very useful in applications. These parameters, initially fixed, acquire dynamics
after reduction in the form of an advection equation. In this case the Lagrangian is only invariant under
the isotropy subgroup of a given reference parameter. The case of advected parameters taking values
in (the dual of) a vector space has been studied in Holm, Marsden and Ratiu [1998, Section 3| and the
general case of advected parameters taking values in manifolds has been developed in Gay-Balmaz and
Tronci [2010]. We shall follow here this more general setting,.

Denoting by M the manifold in which the parameters live we consider a left action of G on M, simply
denoted by concatenation as (g,a) — ga. The infinitesimal generator associated to £ € g is the vector
field on M denoted &p;. Given a reference parameter a,of € M, we use the notation G, _, C G and
Orb(arer) € M for the isotropy subgroup and the orbit of a,f, respectively. Assuming G, -invariance,
the reduced (extended) velocity phase space is (TG x R)/G,,., = g X Orb(aef) X R C g X M x R, where
the isomorphism is the map [g, g, S] — (9713, g7 Larer, S). In what follows, unless necessary, all actions
will be typed with concatenations for the sake of simplicity.



Definition 1.1 (Reduced map): Let G be a Lie group acting on the left on a manifold M and let
aref € M a given element. A map @, : TG x R = R is left G, -invariant if and only if

(lxef(gh’ gh S) azef(h7has)7

for all g € Ga,.,, (h,h) € TG, and S € R. Left G
@ : g X Orb(arer) X R — R by setting

-invariance permits us to define a reduced map

Qref

@(g_lg,g_larefys) = q)arcf(gag’s)’

for all (¢9,9) € TG and S € R. In the case where @, , takes values in T*G instead of R and is fiber-
preserving!, we say that ®,, . is left G,,.,-equivariant if and only if

q)aref (gh, gil, S) =9 q)aref(hv ila 5)7

for all g € G, (h, h) € TG and S € R. Here g acts on ®(h, h,a, S) € TG as the cotangent lift of left
translation L,. Left G,, -equivariance permits us to define the reduced map ¢ : g x Orb(ayef) X R — g*
by setting

Gref

0(9719.9  arer, 8) = g7 @a, (9.9, 9),
for all (g,9) € TG and S € R.

We can now state and prove our extended Euler-Poincaré reduction theorem for simple thermody-
namical systems.

Theorem 1.2 (Euler-Poincaré reduction for simple thermodynamical systems): Let G be a Lie
group and g its Lie algebra, and let M be a manifold on which G acts on the left. For a fixed parameter
Qref € M, let:

o L, . TG xR — R bea G, -invariant Lagrangian,

o F&X' FIr TG xR — T*G be G,,,~equivariant exterior and friction forces?,

QAref?

o Py, . TG xR — R be a G, -invariant external heat power.

Denote the corresponding reduced maps by £ : g x Orb(aye) x R — R, £t 1 g x Orb(ases) x R — g*
and p$* : g x Orb(aye) x R — R. Then the following assertions are equivalent:

(1) The curve (g(t), S(t)) € G x R is critical for the variational formulation of nonequilibrium thermo-
dynamics recalled in Section 1.1, i.e.,

T
5/ aret (9595 S dt+/ (F&*(g,9,85),0g)ydt =0
0

subject to the variational and phenomenological constraints

OL,,. g )
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where dg vanishes at ¢t = 0,7

(2) The curve (g(t),S(t)) € G x R satisfies the equations of motion for the simple thermodynamical
system, i.e., equations (1.4) and (1.5).

(3) The curve (£(t),a(t),S(t)) € g x Orb(awet) x R, defined by £(t) = g(t)~1g(t), a(t) = g(t) aet, is
critical for the reduced variational formulation

T T
i [ teasas [ (rcas) i =o

IThis will be the case of external and friction forces.
2As usual, forces are assumed to be fiber-preserving.



subject to the variational and phenomenological constraints
ol .
%(5, a,8)88 = (f*(&a,8),m),

(&a 98 = (f"(€.a,5).6) — ' (6. a,9),
and to the Euler-Poincaré constraints
6§=n+&n), da=—nu(a),
where 7 is any curve in g vanishing at ¢ = 0,7

(4) The curve (£(t), a(t), S(8)) € g x Orb(ager) x R, defined by &(t) = g(t)~19(t), a(t) = g(t) apes
satisfies the equations

d o¢ or

G =i G608 I (F6a9) +1NEaS) +fCas), ()
O €098 = ("(6,0,9),) ~ 1 (€,0.5), (1.9
i+ €ar(a) =0, (1.10)

where J : T*M — g* is the momentum map associated to the cotangent lift of the action of G on
T*M; it is defined by (J(w),&) = (g, &n(2)) for any @ € M, a, € Ty M and € € g.

Proof: The equivalence between (1) and (2) follows from a direct computation, see Gay-Balmaz and
Yoshimura [2017a, Section 2]. We now show that (3) and (4) are equivalent. Taking variations from the
left hand side of the variational condition in (3), we obtain using all the available constraints:

o T/ oe T oo T e
/0 < i 5§> dt+/0 <aa,5a> dt+/0 —6355dt+/0 (£, m) dt
T or . r ol T ex fr
- [ty - [(Sm@) ars [

T T
d o¢ ol ol o
B _+ad*_J( ) + eXt—’_ fr’ > dt+ |:<7 >:| ,
/0 < atoe e pe 9a) TS 2¢"/ |,
which yields equations (1.8), the last term in the right hand side being zero. The advection equation

comes from a slightly more technical computation. Denoting by o : G x M — M the left action of G on
M and by do(g q) : TyG x T, Orb(aret) — R its derivative at (g,a), we compute that

a= dO‘(g—lﬂref)(—g_lgg_l, 0).
Introducing for k € G the map Ej : G x M — G x M defined by Ey(h,n) = (hk~1, kn) we obtain
a= E;‘da(e,a)(—f, 0).

Since the pullback commutes with the differential and E}oc = o for any k£ € G, we get the advection
equation @ = do (e q)(—§,0) = =& (a).

The equivalence between (1) and (3) follows by observing that the constraints and action functional
in (1) and (3) are equal from the G,,_-invariance of the Lagrangian and external heat power, as well as
the G, -equivariance of the forces. For instance, we have

<F§j:tt(g,g'75),(5g> = <g : feXt(§7a7S)7ég> = <feXt<£7a7S)ﬂ77>'

The equivalence between the variations used in (1) and (3) follows exactly as in the case without ther-
modynamics. O

Remark 1.3: The theorem we just proved could be called the left-left Euler-Poincaré reduction for simple
thermodynamical systems because we used the left action of G on itself, as well as a left action of G on M,
but other combinations are possible, and are useful for applications. For the example presented in this



article (see Section 3), we will stick to this left-left version of the theorem. In absence of thermodynamics
and external forces, the system (1.8)—(1.10) reduces to the Euler-Poincaré equations

d o L Ol ot
agfg(f,a,s) = adga—g(f,a,S) -J (m(f,a,5)> J

a’+§M(a’):07

with advected parameter in the manifold M, see Holm, Marsden and Ratiu [1998], Gay-Balmaz and
Tronci [2010].

Remark 1.4 (Coadjoint orbits): We note that in general, the solution of (1.8)—(1.10) do not preserve
the coadjoint orbits in the dual of the semidirect product Lie algebra (g@® V)*, which are well-known
to be preserved in absence of friction forces and external effects, when M = V* is the dual of a vector
space on which G acts by a representation, see Holm, Marsden and Ratiu [1998]. It is however possible
to choose the friction force in such a way that the coadjoint orbits are preserved.

To simplify our discussion, let us assume that there are no advected parameters, so that we have
G-invariance, and assume that external effects are absent, f*' = 0, p&* = 0. We assume that the
Lagrangian is hyperregular and consider the associated Hamiltonian h : g* x R — R defined via the
Legendre transform as h(u,S) = (1,&) — £(£,S), where £ is such that g—f(&S) = p. In this case, the
thermodynamical system (1.8)—(1.10) reduces to

d N .

i =adbe g n £, 9), (1.11)
oh . oh

55818 = = (1) 51 0.5) ) (112)

where we have expressed the friction force in terms of the momentum pu. Recall that the tangent space
at p to a coadjoint O, = {Adyuo | g € G} C g* is T,0,, = {adgu | £ € g}, see, e.g., Marsden
and Ratiu [1999]. From this expression of the tangent space and from equation (1.11) it is clear that
the coadjoint orbits are preserved if and only if the friction force is of the form f&(u,S) = adz(#,s)u,
for a function ¢ : g* x R — g. In this case, we have (u(t),S(t)) € O,, x R for all t > 0, where
po = w(0) is the initial condition for the momentum. From the second law and equation (1.11), the

friction force must be dissipative. Since <ffr(u,S),%(u,S)> = — <ad’fgl(u S)/L,C(/L7S)>, the choice
" (u,

#
C(u, S) == Ay, S) {ad%(u’s)u] , for a positive function A : g* x R — R, yields a dissipative force, where

f:g* — g is the sharp operator associated to an inner product v : g x g — R on g, i.e., we have

£ (1, 8) = Ap, S)ad) i (1.13)

a
( LI

Note that the dependence of A on the entropy can be converted to a dependence on the temperature of
the system. In this case, the entropy equation reduces to

TS = Au, S)’ad*%ﬁ (1, S)(2

where the norm |- | is associated to . In absence of the entropy variable, (1.13) recovers the expression of
the dissipative external force obtained by double bracket dissipation in Bloch, Krishnaprasad, Marsden

and Ratiu [1994]. In our context, f% (1, S), as given in (1.13), is an internal force describing an irreversible
process occurring in the system, and leading to an increase of the entropy.

1.3 Energy balance

We are now interested in writing the reduced version of the energy balance (1.7). We will work with
the notations introduced in Theorem 1.2. From the definition (1.6) of the energy, we define its reduced
version as the map e : g X Orb(aef) X R — R given by

ot

e(¢,a,S) = <8§

(5,(1,S),£> 76(5,0475)) (114)

forall€ € g,a € M and S € R.



Corollary 1.5 (Energy balance): Suppose that (g,¢&, a,S) is a curve that satisfies the equations 1.2.(4).
Let p§it : g x Orb(arer) X R — R be the reduced power of the external forces, defined by p§it(¢,a, S) =
<fe"t(§ a,S),&). Then along the curve (g,&,a,S) we have

de
a —p%t(f,a,S) +p‘;~}(t(£aa7s)'

Proof: Using the equations 1.2.(4) we have:

de <d or

or or .
o dtag(g,a ,S) + <&L(§,a,5))7§>—as(§:avs)5

= (st 5e(6.0.9).€) + (7(€.0.8).€) + 1 (€.0.5)

=P (& a,8) +pF (€ a, 9).

1.4 Kelvin-Noether theorem

The Kelvin-Noether theorem is a version of Noether’s theorem that holds for solutions of the Euler-
Poincaré equations, see Holm, Marsden and Ratiu [1998, Theorem 4.1]. It is especially useful to under-
stand the Kelvin circulation theorem in fluid dynamics. We shall give here an extension of this theorem
which includes thermodynamics, in the finite dimensional case.

Let C be a manifold on which G acts on the left and let K : C x Orb(ayef) — g** 2 g be a G-equivariant
map, where the action on g** = g is the dual of the coadjoint action of G on g* (we do identify g** with
g because our examples will be finite-dimensional). The Kelvin-Noether quantity associated to C and K
is the map I : C x g x Orb(ayer) X R — R defined by

I(c,&,a,8) = <IC(c a), (f,a S)>

23
forall ce C, £ € g, a € Orb(ayer) and S € R.

Corollary 1.6 (Kelvin-Noether theorem): Let c.of € C fixed and let (g,&,a,S) be a curve satisfying
the reduced equations (1.8)—(1.10). Let ¢ = g~ !¢t Then along the curve (g, ¢, a,S) we have:

dr ol oxc .

G = (ke =3 (Gei6as) ) + (4 )6 0.5 ).

Proof: Write a = g~ ayef, With ayer = g(0)a(0). First, using the G-equivariance property of K, we have
that

K(e, )7 (é‘,aS) K(cref,aref),Ad}l%(g,a,S).
o€ o

Then, using the formula for the differentiation of the coadjoint action as well as equations (1.8), we
obtain:

dI ) da
dt_<’C(Crefaaref)7Adg1|: adgag(f’ ) ) dtaié-(é.a ) ):|>

= <ic<cref, ref), Adg s [—J (8a<£,a,5>) + (0 ffr><£,a75>}>

~ (e 3 (Ge6.08)) + (1 + /) €.0.5) )
O

2 Variational discretization of simple thermodynamical Euler-
Poincaré systems
In this section we first review from Gay-Balmaz and Yoshimura [2018] the variational discretization for the

thermodynamics of simple systems. Then we develop the discrete version of the Euler-Poincaré reduction
for thermodynamics carried out in Section 1.2.



2.1 Variational discretization of thermodynamics

Variational integrators are numerical schemes that arise from a discrete version of Hamilton’s principle, or
Lagrange-d’Alembert’s principle in the case external forces act on the system. These geometric integrators
are thoroughly reviewed in Marsden and West [2001], we simply recall the broad idea hereafter. Let @
be a configuration manifold and L : TQ) — R be a Lagrangian. Given a time step h, [0,T] is discretized
into the sequence t;, = kh, k € {0,...,N}. A curve ¢ in Q is discretized into a sequence g4 = (qx)o<k<n,
and a variation dq of ¢ is discretized into a sequence dqq = (dgx)o<r<n, such that dg, € Ty, @, for any
k € {0,...,N}. The Lagrangian L is discretized into a discrete Lagrangian Lq : Q X @ — R such that
we have

trk41

Ligeae) > [ Lla(0).d(0)at

k
where the curve ¢(t) is the solution of the Euler-Lagrange equations with endpoints ¢ and gx41. Usually
this approximation is related to some numerical quadrature rule of the integral above. Then the discrete
analogue of Hamilton’s principle for the discrete action defined by

N—

Salqa) = Lq(qr, qr+1)
k=0

Ju

is 084(qq) - 6ga = 0 for all variations dgq of g4 with vanishing endpoints. After taking variations and
applying a discrete integration by parts formula (change of indices), we obtain the discrete Fuler-Lagrange
equations:

Dng(qkfl,qk) + DlLd(qk,q;Hl) =0, Vke {1, ..., N — 1}.

For more details see Marsden and West [2001, Section 1.3.1]. These equations define, under appropriate
conditions, an algorithm which solves for gx4+1 knowing the two previous configuration variables g; and
qr—1- The fact that these integrators are symplectic will be reviewed later on.

We now review the variational discretization of thermodynamical simple systems as introduced in Gay-
Balmaz and Yoshimura [2018, Section 3.1]. The entropy curve t € [0,T] — S(¢) € R is discretized into a
sequence Sq = (Sk)o<k<n, k € {0,..., N}. The discrete Lagrangian is now amap Lg : @ X Q@ xRxR — R
such that:

tet1
Lalaws g, S Sea) = [ Lia(0)d(e), 5(0) dt.
12
As recalled in Section 1.1, we have two kind of forces that act on the system: external forces F®*' (that
do not derive from a potential) and friction forces F™*. The discrete counterparts of these forces are given
by four maps FSXH, Fj"t_, Fé“', Fflr— QX Q xR xR — T*Q such that the following approximation
holds:

tht1
/ <FeXt (Q(t)? q(t)v S(t)), 5(](t)> dt ~ <F§Xt7(qu qk+1, Sk, Sk+1)7 5Qk>
+ <F§Xt+(%, Qit1> Sk Sk+1)s 5qk+1>

and similarly for Fir. These discrete forces are required to be fiber-preserving in the sense that mr«g o
F;Xti = 7r$ and similarly for Fl?, with mp«g : T*Q — @ being the canonical projection and the maps
775 1@ X Q@ x R xR — @ being defined by 7 (g0, ¢1, 50, 51) = qo and wg(qo, q1,50,51) = ¢1. Concretely
this means, for instance, that F5**"(go, ¢1,50,51) € T; Q. See also Marsden and West [2001, Section
3.2.1] for a description of forces in the discrete setting.

We now need to discretize the phenomenological constraint. As stated in Gay-Balmaz and Yoshimura
[2018, Section 3|, this is done with the help of a finite difference map ¢ : Q@ x @ X R x R — TQ x TR,
a notion which was introduced in McLachlan and Perlmutter [2006, Section 4] for the development of
variational integrators for systems with nonholonomic constraints. Essentially, such maps are directly
responsible for the discretization of ¢(t), ¢(t), S(t) and S(t) in terms of g, qrt1, Sk and Syy1, therefore
their use is not limited to the discretization of constraints and they are also used for the discretization of
the Lagrangian, as we will see later.

The phenomenological constraint can be seen as the zero-level set C of the map P : T(Q x R) - R
defined by:

e 0L e . ext/ s
P(CLQ’S,S):%(%%S)S_<Ff(q7QaS)7Q>+PHt(q7q7S)a



for any (¢,4) € TQ and (S, S) € TR. Note that since g—g = —T # 0, P is a submersion and C is a

codimension one submanifold of T(Q x R). The discrete counterpart of C is Cy, defined as
Ca=¢ '(C)cQxQxRxR. (2.1)
Therefore, C4 can be seen as the zero-level set of the map Py =Pop: Q@ xQ xR xR = R.

Remark 2.1: Note that the way in which the entropy is discretized in the discrete Lagrangian L; is not
necessarily the one used for the discrete phenomenological constraint P,.

We can now state the discrete version of the variational formulation of Section 1.1. A discrete curve
(qa, Sq) satisfies the discrete variational formulation for nonequilibrium thermodynamics if first it satisfies
the discrete variational condition

N-1
0> La(qk, qk41, Sk, Skr1)
k=0
N-1
+ Z (F7 (i Qht1> Sks Skt1), 0a) + (F7 (i, Gt Sks Skg1), 01y =0, (2.2)
k=0

for all variations dqq and §.5; satisfying the discrete variational constraint

D3La(qk, Gk+1, Sk Sk+1)0Sk + DaLa(qk, Gkt1, Sks Sk+1)0Sk+1
= (F¥ (q qos1, Sy Sws1), 0ax ) + (F T (an, Gt 1y Sk Ska1)s 0air1 ), (2.3)

for all k € {0,...,N — 1}, where dgq vanishes at the endpoints, and if it also satisfies the discrete
phenomenological constraint
Pi(qk;s qk+1, Sk Sk+1) = 0, (2.4)

for all £ € {0,...,N — 1}. Taking variations and applying a discrete integration by parts (change of
indices) yield the discrete equations for the thermodynamic of simple closed systems:

D1Lq(qx, Gr+1, Sks Skt1) + DaLa(qe—1, qrs Sk—1,Sk)
+ (FS 4+ FE)(qry @is1, Sk Skev1) + (FST + FEN) (g1, qr, Sk—1, Sk) = 0, (2.5)

Pa(aqr, @e+1, Sk Sk+1) = 0, (2.6)
for all k € {0,..., N — 1}, see Gay-Balmaz and Yoshimura [2018].

2.2 Discrete Euler-Poincaré reduction for simple thermodynamical systems

Starting from the discrete variational formalism reviewed in the previous section in the case where @ is a
finite-dimensional Lie group G acting on itself via left multiplication, we perform a discrete analogue of
the Euler-Poincaré reduction for simple thermodynamical systems developed in Section 1.2. The tangent
space T'G is discretized into G X G as usual, and the analogue of the projection map 7 : TG — TG/G = g
is given by one of the two maps 7% : G x G — (G x G)/G = G defined by 7 (go,91) = gy ‘g1 and
7 (90,91) = gflgo. In what follows we choose to only work with 7 and will write Zj, for g;lgkﬂ; this is
the discrete analogue of TG /G being identified with g with the help of the left Maurer-Cartan form. Note
however that this is just a matter of choice. In the case where the Lagrangian is G-invariant with respect
to the right multiplication, we would define the maps 7+ by 71 (go, g2) = glgo_1 and 7 (go, 1) = gogy -
Also note that contrary to the continuous Euler-Poincaré reduction, the discrete reduced tangent space
is represented by the manifold G rather than the vector space g.

Definition 2.2 (Discrete reduced map): Let G be a Lie group acting on the left of itself as well as
on a manifold M. A map @44, : G x G xR xR = Ris left G, -invariant if and only if

Qref
Qg q,.(9ho, gh1, S0, 51) = Pa,q,.; (ho, 1, S0, 51),

for all g € G,,.,, ho,h1 € G, and Sy, 51 € R. Left G
©wd : G x Orb(ag,.,) X R xR — R by setting

aes-ilvVariance permits us to define a reduced map

0a(95 91,9 aret, S0,.51) = Pa,are; (90, 91, S0, S1),
for all gg, g1 € G and Sy, 51 € R.
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Definition 2.3 (Discrete reduced forces): Let Ff :G X G xR xR — T*G denote a pair of discrete
external forces as explained in Section 2.1. This pair is left G, -equivariant if and only if

Fi,.(gho, gh1, So, 1) = g Fy,  (ho, h1, S, S1),

for all g € Gq,.;, ho,h1 € G, and Sy, 51 € R. Note that g acts on Fy(ho, h1,a,So,51) € Ty G as the
cotangent lift of L,. Then we define two reduced discrete forces Fj : G X Orb(aef) X R x R — g* by
setting

Flarcf(go_lglvgo_lareﬁ 507 Sl) - g;lF;arcf(QOa 91, 507 Sl)

Frai(90 91,90 "aver, So, S1) = 95 ' Fy,. (90, 91, 50, 51),

for all gg, g1 € G and Sy, 51 € R.

The following theorem extends the discrete Euler-Poincaré reduction developed in Marsden, Pekarsky,
and Shkoller [1999], Bobenko and Suris [1999] to include thermodynamics.

Theorem 2.4 (Discrete Euler-Poincaré reduction for simple thermodynamical systems): Let
G be a Lie group and let g be its Lie algebra. Suppose that G acts on the left on a manifold M. For a
fixed parameter a,of € M, let:

® Lga,.:GxGxRxR =R be a discrete G, _.-invariant Lagrangian,
FQ= Fir :Gx G xRxR— TG be discrete G

d,arer’ d,ayet

® Pja.:GxGxRXR—= R the discrete G

arer-€quivariant external and friction forces,

a,er-invariant phenomenological constraint.

Let Ly : GxOrb(ayer) xRXR — R, F&¥ FIE - Gx Orb(ayer) xRXR — g* and Py : Gx Orb(ayer) xRxR —
R be the associated reduced maps, given by Definition 2.3. Then the following assertions are equivalent:

(1) The discrete curve (gq, Sq) is critical for the discrete variational formulation for nonequilibrium
thermodynamics, i.e.,

N-1
5> Lasares (g Gs1: Sk Sks1)
k=0
N-1
+ <F;i(:f_ (gkvgk-‘rl; Sk7 Sk?-‘rl)a 5gk> + <F§::Ef+ (gka Gk+1, Sk; Sk+1)7 5gk+1> = 0)
k=0

subject to the discrete variational and phenomenological constraint

D3Lq (ks Glt15 Sky Sk+1)0Sk + DaLa g, (Gks Glt1, Sks Skt1)0Sk41
= (F™ (g Get1, Sy Skr1), 691 ) + (F(gre, Gos 15 Sty Sk1)s 69n+1 )
Py a9k, Gt+1, Sky Sk1) = 0,

where dgy vanishes at endpoints.

(2) The discrete curve (gq,S4) on G X R satisfies the equations (2.5) and (2.6) for the thermodynamic
of simple closed systems.

(3) The discrete curve (E4,aq,Sq) on G x Orb(arer) x R defined by Z; = g5 'grt1 € G and aj =
gk_larcf € Orb(ayrer), is critical for the reduced discrete variational formulation of nonequilibrium
thermodynamics, given by the variational condition

N-1
5> La(Ek, ax, Sk, Sky1)
k=0
N1
+ Z (F& (Ek, ak, Sks Skr1), me) + (F&H (B, ak, Sk, k1), Mig1) = 0,
k=0

11



subject to discrete variational and phenomenological constraints
DsLy(Zk, ak, Sk, Sk+1)0Sk + DyLa(Zk, ak, Sk, Sk+1)0Sk+1
= (F&™ (Zks aky Sk, Skr1)s M) + (F5 T (En, an, Sks Skr1)s M1 )
Pu(Ek, ak, Sk, Sg+1) = 0,
and the discrete Euler-Poincaré constraints
0% = —TeRz, ok + TeLe,Mit1,  ar = — () mak,
where 74 is any discrete curve in g with vanishing endpoints.

(4) The discrete curve (24, a4,S54) on G x Orb(awef) X R is solution of the discrete Euler-Poincaré
equations for simple thermodynamical systems

D L4(Ek, ag, Sk, Sk+1)Te Rz,
= D1L4(Zk—1, ak—1,Sk—1,Sk)Te Lz, , — I(D2La(Ek, ak, Sk, Sk41)) (2.7)
+ (F& + F57)(Ex, ak, Sk, Skg1) + (F& T + FIFY(Ex_1, ap—1, Sk—1, Sk),

Pd(Ek, Qg , Sk, Sk+1) = O, (28)

Apt1 = E;lak. (2.9)

Proof: The equivalence between (1) and (2) is given in Gay-Balmaz and Yoshimura [2017a, Theorem
3.8]. Showing that (3) and (4) are equivalent is done as usual; note that the reconstruction equation
comes from the definition of Z; and that the advection equation comes from the definition of ay:
ap4+1 = gk_ilaref = gk_jlgkgizlaref = E;Zlak-

It remains to show that (1) and (3) are equivalent. Firstly, given a variation dgx of gi, we have by

setting n, = gkflégk = TeLg;égk that
0%k = — g5 09y k41 + Gy Gh+1954109k41
= —TeRz, e + TeLz, N1

Secondly we find that dap = —(nx)amar using a computation similar to the one we did in the proof of
Theorem 1.2.

Conversely, suppose that we are given the curve Z; and a variation dZ5. We want to find a discrete
curve g4 and a discrete variation dgg of gg4 starting from curves =; and 7, as above. This is achieved
by computing successively gx+1 = gr=k, and by setting dgr = gk_lnk. Since ny is arbitrary and zero at
endpoints, dg4 is arbitrary and zero at endpoints. We conclude using the left G,,_-invariance (respectively
equivariance) to obtain the variational principle (1) from the variational principle (3). O

2.3 Discrete Kelvin-Noether theorem

We use the notations of Section 1.4. As a discrete analogue of the Kelvin-Noether quantity I, we consider
the map I : C X G X Orb(apet) X R x R — R defined by:

Id(C, Ea a, SO? Sl) = <K:(Ca a/)v DlLd(E7 a, SO» Sl)TeRE>;
for all c€ C, 2 € G, a € Orb(ayet) and Sy, S1 € R.

Corollary 2.5 (Discrete Kelvin-Noether theorem): Let ¢ € C fixed and let (24, a4,54) be a
discrete curve solution of the equations (2.7)—(2.9). Define ¢ = gglcref and Iy = Iy(ck, Zk, ak, Sk, Sp+1)-
Then, for any k € {1,..., N — 1}, we have

Iy — In—y = (K(ck, ar), —I (D2La(Ek, ak, Sk, Sk+1))
+ (FS + FF ) (2, aks Sk Skr1) + (FST + FF ) (Sr—1, ak—1, Sk—1, Sk)).-

Proof: From the equivariance property of K we deduce that K(cg_1,ar—1) = Adg, K(ck, ar). Therefore
we obtain:

I, — Ii—1 = (K(ck, ar), D1La(&k, ak, Sk, Sk+1)Te Rz, ) — (K(ck, ar), DiLa(Ex—1, ap—1, Sk—1, Sk)Te Lz, _, ),

from which we conclude using equation (2.7). O

12



2.4 Group difference maps and reformulation of the discrete evolution equa-
tions

As can be seen from Theorem 2.4, the reduced discrete evolution equations now take place on GxOrb(ag) x
R, considered here as the discrete reduced extended tangent space (GXGxR)/G,,. ... However, numerically
speaking, solving differential equations on manifolds is more difficult that solving differential equations
on vector spaces, as it is difficult to design a numerical scheme which ensures that the discrete evolution
actually takes place in the manifold. The aim of this section is to transport the equations obtained
in Theorem 2.4 to the Lie algebra g. We will do so by using a group difference map as introduced in
Bou-Rabee and Marsden [2008, Section 4]. Simply put, these maps are approximations of the exponential
map exp : g — G, but that still share its main algebraic properties.

Definition 2.6 (Group difference map): Let G be a Lie group and denote by g its Lie algebra. A
group difference map is a local diffeomorphism 7 : g — G mapping a neighborhood Ny of 0 € g to a
neighborhood of e € G, and such that 7(0) = e and 7(£)~! = 7(=¢), for any £ € Np.

Definition 2.7 (Right trivialized tangent of a group difference map): Let G be a Lie group, g
its Lie algebra and 7 : ¢ — G a group difference map. The right trivialized tangent of 7 is the map
dr : g x g — g defined by

D7(£)(6) = Te Rr(¢)de (),

for all £, 6 € g. The inverse right trivialized tangent of T is the map d7—' : g x g — g defined by
D7 (7(€))(9) = drg {(T.Rr(—)9),

for all £, 6 € g. Thus dTg(dTgl(é)) =4, for all ¢, § € g. Note that d7 and d7—! are always linear in their
second argument, but not necessarily in the first.

Proposition 2.8 (Bou-Rabee and Marsden [2008, Section 4]): Let G be a Lie group, g its Lie algebra
and 7 : g — G a group difference map. The right trivialized tangent d7 of 7 satisfies the following
properties:

(1) dTE((S) = Ad'r(&)d,r*§(5)7
(2) A7 (Ad(_g)6) = drg 1 (0).

Proof: For the first property, for any £ € g we have u(7(£),7(=¢)) = e, where u denotes the multiplica-
tion law in G. Differentiating this relation we obtain for any § € g:

Tr(e)Rr(—)D7(§)(0) — Tr(—¢) Lr(eyD7(=€)(5) = 0,
and finally using the definition of the right trivialized tangent of 7 we obtain
d7¢(8) = Tr(—g) Lr(e) TeRr(—g)dT—¢(9)-
The second property results from an application of the first one, with ¢ replaced by dr.” L(5). O

Approximations of the exponential map are available in terms of rational fractions, these are the well-
known Padé approximants of the exponential. The (1,1) Padé approximant of the exponential is also
known as the Cayley map, and is widely used in computational geometric mechanics. For more details,
see Hairer, Lubich and Wanner {2006, Section III.4.1 and IV.8.3] and Bou-Rabee and Marsden [2008,
Section 4.6].

Let 7 : g — G be a group difference map and h > 0 be a time step. We are now going to transport
the reduced discrete variational formulation 2.4.(3) and the associated discrete equations 2.4.(4) to the
Lie algebra g using this group difference map 7. We define a new discrete Lagrangian £; : g X Orb(ayer) X
R xR — R by

_ i 1
Lq(&k, ak, Sk, Sk+1) = La(Zk, ak, Sk, Sk41), with & = 7T L(ER).

This can simply be considered as a change of variable. This definition naturally extends to other quanti-
ties: the external and friction forces as well as the map giving the discrete phenomenological constraints;
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we obtain maps fgxci, éri 2 g X Orb(arer) x R x R — g* and pg : g X Orb(aer) X R x R — R. There-

fore, using Proposition 2.8, the discrete variational formulation 2.4.(3) can be reformulated for a curve
(&4, aq, Sq) as:

N-1 N-1
0> La(Cky ar, Sy Skr1) + D (F5™ (& iy Sk Skrn) ) + (£ (ks aks Sk Skr1), mir1) = 0, (2.10)
k=0 k=0

subject to the discrete variational and phenomenological constraints

D3lq(&k, ax, Sky Sk+1)0Sk + Dala(Ek, ar, Sk, Sk41)0Sk+1
= (f (v ar, Sky Skt1)s M) + (LT (Eky ary Sy Si1)s Mt ) (2.11)

pd(gk, g, Sk, Sk+1) = Oa

and the discrete Euler-Poincaré constraints

1. _ 1. _
68, = —EdThé () + ﬁdT—isk (Mk+1)s  dak = — () may, (2.12)

where 74 is any discrete curve in g with vanishing endpoints. By applying the discrete variational
formulation (2.10)—(2.12) we get the following reformulation of equations 2.4.(4):

(A7t )" D1la(Ers an, Sk, Skr1)
= (A2, )" Dila(€k—1, k-1, Sk—1, Sk) — hI (D2la(&k, ak, Sk, Skt1))
+ h( SXt_ + f;r_)(gk, Ak Sk’ Sk+1) + h(f§Xt+ + §r+)(§k—17 Af—1, Sk—h Sk)a
pd(&ka ag, Ska Sk-i—l) - Oa

ag+1 = T(*hfk)ak.

Remark 2.9: For the kind of variational integrators that we have presented, if we want to define energy
properly at the discrete level, then the time step h has to be promoted to a full dynamic variable as well,
meaning that the discrete Lagrangian of the system is interpreted as being time-dependent and thus the
discrete Euler-Lagrange equations decompose into the usual dynamical part and an equation enforcing
energy conservation in addition. See Kane, Marsden and Ortiz [1999] and De Leon, and Martin De Diego
[2002] for such an approach in the case of mechanical systems without thermal effects.

Finally the Kelvin-Noether quantity introduced in Section 2.3 can be reformulated as:
Id(ca ga a, 507 Sl) = <IC(Ca a)v (dTh_gl)*Dlgd(Ea a, So, Sl)>a (213)
for any c € C, € € g, a € Orb(ayef), So, 51 € R; and the discrete Kelvin-Noether Theorem 2.5 now reads:

I — Ix—1 = (K(ck, ar), —hI (D2lq (&, ak, Sk, Sk+1))

_ _ (2.14)
+R(FSY + £ (s any Sk Skan) + AP 4+ FE) (Gom1s ak—1, Sk—1, Sk))-

3 An heavy top in Stokes flow

We now illustrate the variational discretization developed above with the example of a heavy top moving
in a Stokes flow. In the situation we consider, the motion of the top completely determines the motion
of the Stokes flow, through the no-slip boundary condition at the fluid-body interface, as determined in
Lamb [1975], Brenner and Happel [1983], Kim and Karrila [1991]. The torque exerted by the viscous
fluid is interpreted as a friction force responsible for entropy production, at the origin of the irreversible
character of the system. Since the system is isolated, the total energy, composed of the mechanical energy
and the internal energy, is conserved. Note however that this conservation law is not due to the existence
of a Hamiltonian structure, but is rather the reflection of the first law of thermodynamics applied to the
system. As we will observe, our numerical scheme reproduces notably this energy conservation at the
discrete level, whereas a standard discretization, possibly of higher order, will not do so, in general.

Remark 3.1: The considered example here is a toy model whose main purpose is to illustrate our
integrator in the simplest possible situation, and serves as the basis for forthcoming developments.
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3.1 The system and its variational formulation

We consider a simplified example of a heavy top rotating in a viscous fluid modeled by a Stokes flow. The
top is composed of a ball of radius a, total mass m and moment of inertia tensor I (diagonalized in the
body principal axes). This rigid body will be denoted by B, and its boundary 9B is the sphere bounding
the ball. Let (C,e1, es, e3) be the canonical orthonormal frame of R?, C being the fired geometric center
of the ball, around which the ball rotates. The center of mass of the ball will be denoted by G; in the
case where I is not proportional to the identity, then G does not coincide with C.

Forgetting gravity for the moment, remembering that the center of the ball C' is fixed, the configuration
space of B is the Lie group G = SO(3), so a configuration of B is a rotation matrix R in R? and the
kinematics of B is given by a curve t € [0,T] — R(t) € SO(3). We recall a few elementary facts concerning
the Lie algebra s0(3) of the configuration space:

e The vector spaces s0(3) and R?® are isomorphic, the isomorphism being given by the hat map

"1 R3 5 50(3),
R 0 W5 Ws
W = (W17W2,W3) —W=Wx-= W3 0 Wil . (31)
Wy Wi 0
e The Lie algebras s50(3), with matrix commutator [-, -], and R3, with cross product x, are isomorphic,

meaning that Vx W = [V,W], for all V, W € R3.

e We endow R3 with the usual inner product V- W = VTW and s0(3) with the inner product
(V,W) = I Tr(VTW). Then the hat map is isometric: (V,W) =V - W, for all V, W € R,

e If the Lie group SO(3) acts on R? by left multiplication and on so(3) by the adjoint representation

which is matrix conjugation, then the hat map is equivariant: RW = RWR™! forall R € SO(3)
and W € R3.

If X € B is a point of the reference configuration, X is transformed after ¢ units of time into a
point x(t) = R(t)X € R(B) of the actual configuration. The material velocity of X (in the reference
configuration) is RX, whereas the spatial velocity of x (in the actual configuration) is RR'x. Since
R € SO(3), we can write RR™' = & for the curve t € [0,T] — w(t) € R? called the spatial angular
velocity of B. Let (C, by, by, bs) be the so-called body frame, that is, the orthonormal frame associated
to (C, ey, e, e3) that moves according to the motion of B, meaning that b;(t) = R(t)e;, for ¢t € [0,T] and
i € {1,2,3}. The body angular velocity is @ = R~*w, or & = R~ R in matrix terms. For more details
about rigid bodies, see Marsden and Ratiu [1999, Chapter 15].

The kinetic energy of B is given in the material formalism by
Ki(R.F) = § [ |RX) X,
B

for any (R, R) € TSO(3), and where p is the volumetric mass density of B. The kinetic energy is clearly
SO(3)-invariant.

In order to take into account gravity, we introduce x as the unit vector of the line going from the
fixed point C' to the center of mass G. The potential energy of 5 is given in the material formalism by

Vs(R) = mgles - Rx = mglR e - X,

where g is the gravitational acceleration constant, and £x is the vector from the fixed point of the top to
its center of mass (at time zero). However, we see that the SO(3)-invariance is broken upon introducing
gravity, as the potential energy is only invariant with respect to rotations that preserve es, resulting in a
SO(2)-invariance instead. Thus, instead of the SO(3)-invariance, we will consider invariance relatively to
SO(3)e, the subgroup of SO(3) that preserve ez, and consider es as a parameter of the full Lagrangian
(so we choose M = R? for the space of advected parameters).

The environment of the heavy top is modeled by an unbounded fluid F, supposed to be of constant
volumetric mass density pr, incompressible, Newtonian with dynamic viscosity p, and at rest far from
the top. Its flow is governed by the Navier-Stokes equations, however, we will make use of the Stokes
approximation, that permits us to find an analytical expression for the velocity field of the fluid as well
as the total force and torque exerted by the fluid on the heavy top in this particular setting of a spherical
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geometry. Let u(t,x) be the velocity field of the fluid and 6 = —plds + 2uD(u) its Cauchy stress tensor,
p = p + prgz being the pressure and D(u) being the strain rate tensor. Then the Stokes equations
together with the appropriate boundary conditions read:

dive =0 <= Au(t,x) = iVﬁ(t, X)

V-u(t,x) =0

u(t,x) = w(t) x x for any x € 98B

u(t,z) — 0 when ||x|| = +o0
Recall that the Stokes approximation is a quasi-stationary approximation and that physically speaking,
this approximation is valid at low Reynolds numbers only. Let f(¢) be the total force and 7¢(¢) the total

torque with respect to the origin C' exerted on the sphere by the fluid, in the spatial formalism. Denoting
by OB the boundary sphere oriented by the unit normal n* pointing from the ball towards the fluid,

these are defined by:
f:/ g-ntdS, TC:/ x X (7-n")dS.
B+ oB+

Using the general solution of Lamb for a spherical coordinate system, as well as the boundary condition
u(t,x) = w(t) X x at any spatial point x of 9B, we can compute that (see Brenner and Happel [1983,
Chapter 3], Kim and Karrila [1991, Example 4.2], or Lamb [1975, Article 337] for the full computation,
which is not straightforward):

a3

u(t,x) = (t) x x, for all x| > a, f(t) =0, To(t) = —8ruaw(t).

w
[1x1?

Note that since f = 0, the total torque with respect to the center of mass G is equal to 7¢ and will be
denoted simply by 7. In the material formalism we will denote this torque by Fe,, it is given by

Fo,(R,R,S) = ¥R = —8mpua®R. (3.2)

This torque is the result of the viscosity of the fluid. Thermodynamically, the simple system we want

to consider is composed of both the top and the fluid, therefore we introduce one entropy variable S € R

that describes the entropy of both the top and the fluid. Remembering that the kinetic energy of a fluid in

Stokes flow is always neglected, the full SO(3)e,-invariant Lagrangian of the system Le, : TSO(3) xR — R
is given by _ _

Lea(R7 R, S) = KB(R7 R) - VB(R) - UB(S)7 (33)

where Ug(S) denotes the internal energy of the top B, which we will make more explicit later. The reason
why the internal energy of the fluid is neglected is because the change in the internal energy of the fluid
happens only locally, around the ball, whereas the fluid is considered as infinite. The temperature of the
system will be denoted by T' = —85583 = 88%; it is the temperature of the top as well as of the fluid, in
that particular simplified model. Additionally, there are no external forces, but there is a friction force
already mentioned above and that will be the sole friction force acting on the system, and therefore the
one that creates entropy. Note also that since the system we consider is composed of both the top and the
fluid, there is no external heat transfer. Therefore, the full variational formulation 1.2.(1) in the material
formalism reads:

T
5/ {/ |RX||?dX — mglR Yes - x — Up(S)| dt =0, (3.4)
0 B
subject to the variational and phenomenological constraints

Smua’

3
U (RR) and 8= TR )

08 =

Now we can proceed to the reduction of the system as developed in Section 1.2. The kinetic energy
of the top is reduced to

. 1
3/ |RIRX|*dX = 3/ 2 x X|?dX = -1 - Q,
2 /g 2 /g 2
where I is the inertia tensor of the body. Introducing the reduced variable I' = R~ les for es, which can
be interpreted as the direction of gravity as seen from the heavy top, we obtain from (3.3) the reduced

Lagrangian ¢ : 50(3) x Orb(es) x R — R given by:

. 1
UQ.T,S) = JIN - —mglT - x — Us(S).
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The friction force due to viscosity now reads:
f(Q,T,8) = F.,(e,Q,5) = R Fo, (R, R, S) = —8rpua’Q.

Hence the reduced variational formulation 1.2.(3) in body coordinates is:
!
(5/ [2]IQ-Q—mg€F-X—UB(S) dt =0,
0

subject to the variational and phenomenological constraints

- 8 ua’ - 8 ua’

Q-2 5=

65 2],

and the Euler-Poincaré constraints
N=+Qx3%, '=-XxT,

where X : [0, 7] — R3 is an arbitrary curve vanishing at ¢t = 0, 7.
This variational principle yields, after extremizing the action functional above, the reduced equations
1.2.(4) in body coordinates for our system. Introducing the angular momentum in body coordinates

II = H/ﬁ, these equations are:

I+ Q x IT = —8rua®Q + mglT x x

(_ 8rpa® oo . (3.5)
5=
=-QxT

We will assume that the internal energy Up(S) of the rigid body follows the Dulong-Petit law (see
Petit and Dulong [1819]): Ug(S) = 3NoRT(S), where Ny is the number of moles of the rigid body and
R is the universal gas constant. From this expression and the definition of temperature we deduce that
the rigid body temperature depends on its entropy in the following way:

S-S
T:TOQXP(BNO.R())'

The total energy of the system is given in body coordinates by:

A 1
e(Q,T,5) = 5]19 Q4+ mglT - x + Up(S)
and the energy balance is simply % = 0 (see Corollary 1.5). Finally concerning the Kelvin-Noether
quantity (see Corollary 1.6), we choose C = s0(3) and K : so(3) x R? — s0(3), (W,T') = W. Then
the Kelvin-Noether theorem in the particular case where W = T" yields the rate of change of the spatial
angular momentum 7 = RII of the heavy top:
d7T3 d

_ = . = — 3 .
o = @ T=-8mua’T-Q. (3.6)

3.2 Variational discretization

We will work directly from the setting introduced in Section 2.4. Let h > 0 be the time step. We
need to choose a group difference map 7, a finite difference map ¢, and use these to build the discrete
Lagrangian ¢4, the discrete friction forces fj[, and the discrete phenomenological constraint pg. The
curve t — R(t) € SO(3) is discretized into a sequence R, € SO(3), k € {0,..., N}. The intermediary
variable that was previously denoted by Zj is actually R;leH. The body angular velocity curve
t— Q(t) € s0(3) is discretized into a sequence €, € s0(3), k € {0,..., N}; recall from Section 2.4 that
the Qk are related to the Ry through the relation

~ 1 _
Q= Er_l(Rk 'Rii1). (3.7)
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The advected parameter curve t — I'(t) € R3, is discretized into a sequence T'y € R3, and the entropy
curve ¢t — S(t) is discretized into a sequence Sy € R, for k € {0,...,N}.

For the group difference map, we choose 7 = cay : s0(3) — SO(3) the Cayley map given by (see
Hairer, Lubich and Wanner [2006, IV.8.3] for details):

cay(Q) = <Id — 2)1 <Id+ 2) deay ! (W) = <Id — ?)@(Id + g)

Remember that the group difference map is responsible for passing from the Lie algebra s0(3) to the Lie
group SO(3), and as such, constitutes an approximation of the exponential map. Also remark that since
the Cayley map is expressed in matrix terms only, at the discrete level we will work on s0(3) rather than
R3 exclusively.

For the finite difference map ¢ : SO(3)? x R? — T'SO(3) x TR we choose:

Sk41 — Sk )

©(Rpy Ri41, Sks Skt1) = (Rk,Rka,Sk, A

where €, is defined by (3.7). For the discrete Lagrangian, we first define Lg e, by setting Lgj e, = hlLe, 0@,
which simply reads: .
Lges(Riy Riet1, Sk, Skt1) = hley (Ri, RS2, Sk)-

After reduction we obtain:
La(Ry, " Ris1, T, Sk Skr1) = hlLey (€, 2, Si),

which by definition yields:

>

Ca(Q, T, Sk, Siet1) = h(S4,, Ty, Sp) = <Qk;m\k> — hmgl(Ty, X) — hUs(Sk). (3.8)

2
For the discrete friction forces F di,e?’ that result from the discretization of Fe,, first remember that we
must have an approximation of the form:

/ o <Fe3(R(t), R(t), S(t)),éR(t)> dt ~ (Fy,, (Ri, Ris1, Sk, Sie1), 6By

ti

+ (Ffo,(Ri; Riy1, Sk Skt1), 0Riy1 ).

We choose to approximate the integral by the trapezoidal rule:

[ (R0, ), 501,070 ) e B (R (BG0), Rw), S000),0R00)

122

o (o (R(ti2), R(tis1), S(t141)). 0R(t141)) ).

and then the two terms on the right are approximated using the finite difference map ¢:

Ffe,(Ri, Riy1, Sk, Skg1) = gFea (Rit1, Rir1Q41, Sk41) € T, ., SO(3),

Fy oy (Ris Rit1, Sky Skv1) = gF93 (Ry,, R, Si) € T5,S0(3).
After reduction we obtain:
FI(Ry ' Rir1,Thy Sk, Sky1) = gFB3(erk+1aSk+l) g,
F (Ry ' Rit1, Tk, Sk, Sky1) = gFes(e, Q. Sk) € 97,
which finally yields the following discrete friction forces:
£ (Q, T, Sk, Sky1) = gf(ﬁk+17rk+1,5k+1) = —Ampa B,

N h o o
fd_(Qk’ﬂrkaska Sk—i—l) = §f(ﬂkark7sk) = 747”“13}19/6'
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The presence of QkH in f;(ﬂk,rk, Sk, Sg+1) will ultimately leads to an implicit integrator as we will
see below. Using a similar process we obtain that the discrete phenomenological constraint p, associated
to the finite difference map ¢ is given by:

Sk+1 — Sk 87r,ua
h T( k)

pd(ﬂk7rkask7sk+l) = ||51k||2

From Section 2.4 and our choice for the discrete Lagrangian ¢4, our variational integrator is given by the
relations:

(deay, )" Dib(S, T, Sk, S1)
=(d Cay:}llmil)*DM(Qk—l, Ty 1,861, Sk) — hJ(D2l(Q%, Tk, Sk, Ski1))
+ f7 (. T, Sk, Skt1) + £ (=1, T1, Sk—1, Sk),

pa(, T, Sk, Skt1) = 0,

Ty i1 = cay(—hQ)Ty,

where the momentum map J : T*M — s0(3)* is given by J(V,W) = [V, W]. Using the discrete
Lagrangian (3.8) and the expression

(deayg!)*(IT) = dcay~} (IT) = <Id + ?)ﬂ(ld - 2)

our variational integrator is explicitly given by:

M, —II, 1 f h o~ o o e
% t3 ([Qk+1yﬂk+1] [leﬂk]) - Z(Qk+1ﬂk+1ﬂk+1 — Q. I1, Q)
— mgﬂ[karh x| + 47wa3(ﬂk+1 + Qk) =0, (3.10)
8ruah
Spi1 = Sp + Tf 5 19212, (3.11)
Q Q
| - (Id + 2’“) (Id - ;>rk, (3.12)

where II;, = 1€ is the discrete angular momentum. Note that the first equation is written in so(3).
However, it can be easily rewritten in R? by using the definition (3.1) of the hat map , as well as the
formula QIIQ = v, for v = Q x (IT x Q) — |Q[2IL. These relations hold for k € {0, .. —1}. Given
the input Qk, I‘k and Sy, one step of the variational integrator outputs Qk+1; I‘kJrl and Sk+1 as follows.
Firstly notice that the new value Sii; can be computed from (3.11) whenever we want since it only
depends on the previous value €, of the body angular velocity and the previous value Sy of the entropy.
From (3.12), the same is true for the new value '+ of the advected parameter. However, this new value
Fk+1 is needed to compute the new value Qk+1 of the body angular velocity, as can be seen from (3.10),
which is a nonlinear equation in Qk+1 that we solve using a Newton-Krylov method. Note that in the
absence of thermal effects and torque, we recover the variational integrator presented in Gawlik, Mullen,
Pavlov, Marsden and Desbrun [2011, Section 4.1.2].

Remark 3.2: Note that in this particular example the entropy equation (3.11) is totally decoupled from
the momentum equation (3.10). In order to have a fully coupled physical model, one could think of the
top as changing its mass repartition as the temperature is changing (like when one boils an egg); this
amounts to make the inertia tensor I depend on the entropy S.

The discrete total energy is defined by:
A 1
er = e(Q, Ty, Sk) = §HQI§ - Qp + mglTy, - x + Up(Sk).

From Section 2.4 we also obtain a discrete Kelvin-Noether theorem for our system. From (2.13),
(2.14) and the expressions (3.9) for the discrete friction forces (3.9), we get a relation describing the rate
of change of the discrete spatial angular momentum for k € {1,...,N}:

Ik; - Ik,1 = —87r/m3h2<fk7 Qk>, (313)
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where R X R

I, = <Fk,dcay:2m(hnk)> = <Rk {dcay:iﬁk(hﬂk)}R,zl,é3>,
since I'y = R,:leg = R,:léng. We note that the discrete Noether theorem (3.13) is a relation that
approximates (3.6) and which is exactly verified by the solution of the integrator (3.10)—(3.12).

3.3 Numerical simulation

The parameters for the numerical simulation are as follows: h = 0.1s, @ = 0.05m, g = 0.1kgm™!ts~!

(motor oil), p = 2700kgm~3 (aluminium), M = 26.981539 x 10~*kgmol~! (aluminium). The total
mass of the ball is m = %7‘(‘&3/). We assume that the ball is made of two hemispheres, the upper one is
plain and has a mass m; = 0.6m, the lower one is hollow and has a mass my = m —my. With this choice
one computes that the center of mass of the heavy top is G = (O, 0, 3mia _ m2“) from which we compute
£ and x. We also compute the moment of inertia tensor of the ball by summing the inertia tensors of the

7 8m 2m
two hemispheres:

83 2 2
32110 mq " 9 0 %mg 20 0
I= 0 32a0 mq 20 + 0 %mg 20
0 0 28",y 0 0 Lmy

Concerning the initial conditions, we place the heavy top such that the plain hemisphere lies on the

10 0
positive z axis and the hollow hemisphere lies on the negative z axis, Ry = (8 0 —11>, Qp = (0,1,1),

Iy = Ralegg, To =300K, So =0kgm?s2K~! and Ny = % (will be constant during the simulation).
Our simulation yields the following trajectory {Rx for the center of mass:

.0000

0.0010
0.0000
+
o

Figure 1: The trajectory of the center of mass of the heavy top.

As expected, the angular velocity €2 tends to zero and the center of mass oscillates around its limiting
value —fes, since the plain hemisphere is more massive.

For the purpose of benchmarking, we used in parallel to our variational integrator the standard
Runge-Kutta method of order 2, as without thermal effects our integrator can be seen to have order 2
[Bou-Rabee, 2007, Theorem 4.7.1]. The curves for the kinetic, potential and internal energies exhibit the
following profiles:
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Figure 2: The different energies of the system.

Note the difference between the height of the center of mass in both methods (which is proportional
to the potential energy). The higher the viscosity, the less apparent is the difference, as higher viscosity
means that the system is subject to more friction, and that its dynamics is less chaotic. The most
interesting aspect is the behavior of the total energy of the system:

x10-%

2.0

Relative total energy

0.0

-05

—— Variational integrator
—— Runge-Kutta 2 method

0 2 4 6 s 10

Time (s)

Figure 3: The relative total energy of the system. While the Runge-Kutta 2 method yields an increase
in the total energy, our variational integrator displays the usual oscillatory behaviour until the system
stops moving, even with a large time step.

Remember from the previous section that the total energy of the system is constant (see the green
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line above). In a similar way to the variational integrators in Lagrangian mechanics, our integrator
exhibits the oscillatory behavior around the true value of the total energy. Concerning the entropy of
the system, it is in accordance with the second law of thermodynamics: the entropy increases as the
system experiences an irreversible process. We tested several initial conditions and observed each time
the expected oscillatory total energy behavior around the exact value, in accordance with the first law of
thermodynamics. The variational integrator thus captures well the conversion of mechanical into thermal
energy.

Conclusion and outlook: In this article we have presented the continuous and discrete variational
formulations of simple thermodynamical systems on (finite dimensional) Lie groups. On the continuous
side, we applied the variational formulation of Gay-Balmaz and Yoshimura [2017a] to the case when the
configuration manifold is a finite dimensional Lie group and, by assuming symmetries, we extended to the
thermodynamical setting the well-known process of Euler-Poincaré reduction for mechanical systems on
Lie groups. Based on these developments, and following Gay-Balmaz and Yoshimura [2018], we deduced
a variational discretization for such thermodynamical systems, that extends earlier variational integrators
for mechanical systems on Lie groups. We then illustrate the good behavior of the variational scheme on
the example of a heavy top in a Stokes flow. This example only illustrates a simplified situation of the
general variational setting that we developed in the paper. The next step is to leverage this integrator
and apply it to more complicated settings such as fluids in the presence of irreversible processes (viscosity,
heat conduction), which exhibit a complete coupling of the mechanical and thermal equations. In order to
achieve this goal, the configuration space, which is an infinite-dimensional Lie group of diffeomorphisms,
has to be discretized into a finite-dimensional one first. This can be done in two different ways at least:
with the help of the sine-bracket approach for two dimensional incompressible fluids on the torus, see
Zeitlin [1991], or with the help of discrete diffeomorphism groups for incompressible, see Pavlov and al.
[2011], and compressible fluids, see Bauer and Gay-Balmaz [2018]. We will also need to discretize the
phenomenological constraint in this particular setting, which according to preliminary work, proves to be
difficult. An important point of interest is that in the case of compressible fluids, the discrete evolution
equations will be fully coupled.

Acknowledgments: The authors were financed by the ANR project GEOMFLUID (ANR-14-CE23-
0002). We thank H. Yoshimura for very helpful comments. The first author thanks S. Shamekh for
helpful discussions concerning the example.
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