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Abstract: We review a modern differential geometric description of the fluid isotropic motion
and featuring it the diffeomorphism group structure, modelling the related dynamics, as well as its
compatibility with the quasi-stationary thermodynamical constraints. There is analyzed the adiabatic
liquid dynamics, within which, following the general approach, there is explained in detail, the nature
of the related Poissonian structure on the fluid motion phase space, as a semidirect Banach groups
product, and a natural reduction of the canonical symplectic structure on its cotangent space to the
classical Lie-Poisson bracket on the adjoint space to the corresponding semidirect Lie algebras product.
We also present a modification of the Hamiltonian analysis in case of the isotermal liquid dynamics.
We study the differential-geometric structure of the adiabatic magneto-hydrodynamic superfluid
phase space and its related motion within the Hamiltonian analysis and invariant theory. In particular,
we construct an infinite hierarchies of different kinds of integral magneto-hydrodynamic invariants,
generalizing those before constructed in the literature, and analyze their differential-geometric origins.
A charged liquid dynamics on the phase space invariant with respect to an abelian gauge group
transformation is also investigated, some generalization of the canonical Lie-Poisson type bracket is
obtained.
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0. Introduction

It is well known that often the same physical system is described using different sets of variables,
related with their different physical interpretation. Simultaneously this same system is endowed
with different mathematical structures deeply depending on the geometric scenario used for its
description. In general these structures prove to be not equivalent but some special way connected
to each other. In particular, such double descriptions commonly occur in systems with distributed
parameters as hydrodrodynamics, magnetohydrodynamics and diverse gauge systems, which are
effectively described by means of both symplectic and Poissonian structures on the suitable phase
spaces. In particular, it was observed [3,19,28,32,35,35,36,53,54] that these structures are canonically
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related to each other. Mathematical properties, lying in a background of their analytical description,
make it possible to study additional important parameters [5,12,22,25,26,33,34,39,40,42,49,50] of
different hydrodynamic and magnetohydrodynamic systems, amongst which we will mention integral
invariants, describing such internal fluid motion peculiarities as vortices, topological singularities
and other different instability states, strongly depending [11,16] on imposed isentropic entropy
constraints. Being interested in their general properties and mathematical structures, responsible
for their existence and behavior, we present a detail enough differential geometrical approach to
investigating thermodynamically quasi-stationary fluid motions, paying more attention to analytical
argumentation of tricks and techniques used during the presentation.
In particular, we consider a compressible liquid filling a compact linearly-connected domain
M C R3 with smooth boundary 9M, and moving free of external forces. A configuration of this fluid is
called the reference or Lagrangian configuration, its points are called material or Lagrangian points
and denoted by X € M and are referred as material, or Lagrangian coordinates. We shall not for
further be specific about the correct choices of the related functional spaces to be used and refer to
works [10,24], where this is discussed in great detail. The manifold M C RS, thought of as the target
space of a configuration 7 € Dif f(M) of the fluid at a different time, is called the spatial or Eulerian
configuration, whose points, called spatial or Eulerian points, will be denoted by small letters x € M.
Then a motion of the fluid is a time dependent family [1,3,4,21,24,29,32,34,50] of diffeomorphisms
written as
M>x =3y(X,t)=m(X)e M 1)

for any initial configuration X € M and some mapping #; € Dif f(M),t € R. We also are given the
mass density pg € R(M) C C®°(M;Ry) and the specific entropy oy € (M) C C®(M;R) of the
fluid in the reference configuration, changing in time in such a way that

po(X) = pr(x) ]y (%), 00(X) = (), €

where ], (x) denotes the standard Jacobian determinant of the motion 17; € Diff(M) at x € M and
0t(x) denotes the specific entropy for any x = #;(X) € M and t € R. For a motion x = ;(X) € M and
arbitrary X € M, t € R, one usually defines three velocities:

the material or Lagrangian velocity

VX, 1) = Vi(X) = ani(X) /at, )
the spatial or Eulerian velocity
o(x,t) = vi(x) := v o m(X) @)
and convective or body velocity
V(X,t) = W(X) := —0X(x,t) /0t = —an; 1 (x)/at, (5)

being equivalent to the expression Vy = 1, Lo; for all t € R. Since the velocity v; : M € T(M) is
tangent to M forallt € Rat x = 7;(X) € M, it determines a time dependent vector field on M. On
the other hand, tangency of V;(X) and #:(X), X € M, means that the velocity V; is a vector field over a
configuration 1; € Dif f(M) on M, thatis V; : M — T(M) is such a map that V;(X) is tangent to M
notat X € M, but at point 7;(X) € M. Simultaneously the velocity V;(X) is a tangent vector to M at
X € M, that is V; is also a time dependent vector field on M. In what will follow we will think of the
fluid as moving smoothly in the domain M C R3, at any time filling it and producing no shocks and
cavitation.

In our review, based on this introductory Section, we present in Section 1 a modern differential
geometric description of the isentropic fluid motion phase space and featuring it diffeomorphism
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group structure, modelling the related dynamics, as well as its compatibility with the quasi-stationary
thermodynamical constraints. Section 2 is devoted to the Hamiltonian analysis of the adiabatic
liquid dynamics, within which, following the general approach of [21,28,34], there is explained in
detail, the nature of the related Poissonian structure on the fluid motion phase space, as a semidirect
Banach groups product, and a natural reduction of the canonical symplectic structure on its cotangent
space to the classical Lie-Poisson bracket on the adjoint space to the corresponding semidirect Lie
algebras product. A modification of the Hamiltonian analysis in case of the isotermal liquid dynamics
is presented in Sec 3. In Section 4 we proceed to studying the differential-geometric structure
of the adiabatic magneto-hydrodynamic superfluid phase space and its related motion within the
Hamiltonian analysis and invariant theory. We construct there an infinite hierarchies of different kinds
of integral magneto-hydrodynamic invariants, generalizing those, before constructed in [18,21], and
analyzed their differential-geometric origins. The last Section 5 presents a charged fluid dynamics on
the phase space invariant with respect to an abelian gauge group transformation.

1. Ideal liquid dynamics and its geometry

It is well known that the motion of an ideal compressible and adiabatic fluid is governed by the
Euler equations
9v/dt + (v|V)v 4+ p~1Vp®) =,

dp/dt+ < V|pv >= 0,90/t + (v|V)o =0, ©)

where py : M — R is the internal fluid pressure, o = (x4, t) = 0;(x;) is the entropy at a spatial point
xt = n¢(X) € M for any t € R, which is fixed owing to the Euler equations (6), V := 9/0x is the
usual gradient on the space of smooth functions C*(M;R) and < -|- > denotes the usual convolution
on T(M) x T(M) subject to the usual metric in R3, reduced on the submanifold M. The evolution
(6) is considered to be a priori thermodynamically quasi-stationary, that is the following infinitesimal
convective relationship

Ser(pr(x1), 01(x1)) = Te(xe)oer (xe) + pi” (xe)or 2 (xe) 5 (x1) @)

holds for all x; € M and t € R, where ¢; : R(M) x Z(M)—C®(M x R;R) denotes the internal
specific fluid energy, T; : M — R, denotes the fluid absolute temperature, pgo) : M— R is the
internal liquid pressure and the variation sign ”6” means the change subject to both the temporal
variable t € R and the spatial variable x; € M.

Let us now analyze the internal mathematical structure of quantities (p¢, 0;) € R(M) x L(M)
as the physical observables subject to their evolution (6) with respect to the group diffeomorphisms
nt € Diff(M),t € R, generated by the liquid motion vector field dx;/dt = v¢(x¢), x; 1= n:(X),t €
R,XeM:

Lasar(pdxi{ve|dxe)) = pidxi(—p; 1dp” + dloy2/2),

(8)
Lasar(oed®xt) =0, Lgjq00 =0,

where L;/4; 1 A(M) — A(M) denotes the corresponding Lie derivative with respect to the vector
field d/dt := 9/0t + (v¢|V) € T(M x R; T(M)),t € R. The relationships (54) here simply mean
that at every fixed t € R the space of physical observables, being by definition, the adjoint space
G* == (AY(M) ® A3(M)) ® (A3(M) ®A°(M)) of the extended configuration space is equal to
G :=T(M;T(M)) x (A°(M) @ A3(M)) ~ T;4(G), the tangent space at the identity Id to the extended
differential-functional group manifold G := Diff(M)x(A°(M) xA3(M)) =~ Diff(M)x(R(M)
x%(M)), where we have naturally identified the abelian group product A°(M) x A3(M) with its
direct tangent space sum T(A%(M)) @T(A3(M)).

d0i:10.20944/preprints202009.0530.v1
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Consider now the natural action Dif f(M) x G — G of the Dif f(M)-group on the constructed
differential-functional manifold G :

(0 9)(X) = @(n(X)), (nor)(X) == r(n(X)), o)
no (s(X)dBX ) := n*(s(X)d*X

= fory € Diff(M),X € M and any (¢;r,s) € Dif f(M)x(R(M) x £(M)). Then, taking into account
7e the suitably extended action (55) on the differential-functional manifold G, one can formulate the
7 following easily checkable and crucial for what will follow further proposition.

The functional manifold G := Diff(M) x (R(M) x £(M)) in Eulerian coordinates is a smooth
symmetry Banach group G := Diff(M)(R(M) x X(M)), equal to the semidirect product of the
diffeomorphism group Dif f(M) and the direct product R(M)x X(M) of abelian functional R(M) ~
A%(M), density E(M) =~ A*(M) and one-form B(M) =~ A'(M) groups, endowed with the
following right group multiplication law in Eulerian variables:

(@171, 518%x) 0 (@o; 12, 52d%x) =

10
= (@2 @1;11 + 12 @1,51d°% + (52d%x) - 1) (10)

for arbitrary elements ¢, 92 € Diff(M), 11,12 € A°(M) and s1d°x,s,d%x € A3(M).

This proposition allows a simple enough interpretation, namely, it means that the adiabatic
mixing of the G 3 (¢y; 72, s2d°x)-liquid configuration with the G > (¢1; 71, 52d°x)-liquid configuration
amounts to summation of their densities and entropies, simultaneously changing the common specific
density owing to the fact, that some space of the domain M is already occupied by the first liquid
configuration and the second one should be diffeomorphically shifted from this configuration to
another free part of the spatial domain M, whose volume is assumed to be fixed and bounded.

The second important observation concerns the variational one-form (7) which can be naturally
interpreted as some constraint on the group manifold G for any fixed initial extended Lagrangian
configuration (77; po, 0od>X) € G, as it follows from the conditions (2)

Jni (X)pt o e(X) := po(X), 0t 0 1:(X) 1= 0p(X) (11)

forall X € M, ; € Diff(M) and t € R. In addition, if to determine, owing to (7) and the constraint
do¢(x¢) = 0 for all t € R, the specific energy density

er(or,01) = w0 (o1, 01) + ce(01) (12)

for some still unknown mapping ¢; : (M) — C®(M x R;R) and the internal potential energy
function wt(o) : R(M) x £(M) — C®(M;R) of the liquid under regard, the local energy conservation
property

d

*/ et(pt, 01) i (x1)d>x; = —/ < VIp” (x)or(xe) > dx, (13)

dt Dy Dy

holds for all t € R and the domain D ; := #;(D ) C M, where a smooth submanifold D C M is chosen
arbitrary and 7; : M — M denotes the corresponding evolution subgroup of the diffeomorphism
group Dif fo(M), generated by the Euler evolution equations (6), becomes compatible with constraint
(7) iff there holds the following equality:

Pﬁo) (xt) = pt(xt)zawﬁo) (pt, 1)/ Op¢ (14)

for all x; € M and t € R. In particular, from (13) and (14) the following global internal energy
functional

Hi= [ [0 (o) + (o)) pi()d (15)
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is conserved, thatis dH/dt = O forall t € R.

As the extended Lagrangian configuration (77;09,00d°X) € G is fixed for all whiles of time
t € R and the dynamical variables p; € R(M) and 0; € X(M) depend only on the evolution
diffeomorphisms #; € Dif f(M), t € R, it is reasonable to consider the constraint (7) as an element of
the cotangent space T (Dif f(M)) to the diffeomorphism group Dif f(M) at the point 17; € Dif f(M)
forany t € R.

Determine first the tangent space T, (G) to the group manifold G at point (17; 0, 0pd°X) € G,
which will be the direct product of the tangent spaces T, (Dif f(M)), To, (A°(M)) and T3 (A3(M)).
The last two tangent spaces are isomorphic, respectively, to themselves, that is T, (A°(M) ~ A°(M)
and T(,Ong(Aa(M) ~ A3(M) at any X € M. Their adjoint spaces are naturally determined as
suitably constructed density and functional spaces on the manifold M : Ty, (A°(M)) ~ A3(M) and
T3x(A3(M)) ~  A'(M). Concerning the tangent space T, (Diff(M)) at a configuration 7 €
Dif f(M) we will make use of the construction, devised before in [1,2,21]. Namely, let 7 € Dif f (M)
be a Lagrangian configuration and determine the tangent space T, (Dif f(M)) at 7 € Dif f(M) as the
collection of left invariant vectors ¢, := Ly« at € Dif f(M), where L, : Diff(M) — Dif(M)
is, by definition, the left shift on the diffeomorphism group Diff(M) and & € Tyy(Diff(M)) is
a tangent vector at the unity Id € Diff(M). It is obvious that for all reference points X € M
and any smooth curve R 5 T — 5 € Diff(M) of diffeomorphisms the set of right invariant
vectors &(X) = (7 ' odn/dt)(X))|r=0 € Tx(M) at point X € M defines a smooth vector field
¢ : M — T(M) on the manifold M. Since, by definition, the tangent space Tj;(Dif f(M)) coincides
with the Lie algebra dif f (M) of the diffeomorphism group Dif f(M), strictly isomorphic to the Lie
algebra I'(T(M)) of right invariant vector fields on M, the dual space T},;(Dif f(M)) can be naturally
determined from the geometric point of view as the space dif f*(M), consisting of analytic functions
ondif f(M) and coinciding with the set of one-form densities on M :

diff*(M) = A (M) @ |A3(M)]. (16)

Similarly, the cotangent space T;;(Diff(M)) consists of all one-form densities on M over 7 €
Diff(M) :

T3 (DifF(M)) = {a : M= T*(M) & [N (M)] : g (X) € T/ (M) @ [AX (M)} (17)

subject to the canonical nondegenerate convolution (-|-)c on T (Dif f(M)) x T, (Diff(M)) : ifa, €
T (Diff(M)), ¢y € Ty(Diff(M)), where ay|x = (ay(X)[dx) ® X, &ylx = (&;(X)]|9/0x), then

(wglEn)e = [ {ay(X)18y (X)X, (18)

The construction above makes it possible to identify the cotangent bundle Ty (Dif f(M)) at the
fixed Lagrangian configuration 77 € Diff(M) to the tangent space T (Dif f(M)), as much as the
tangent space T(M) is endowed with the natural internal tangent bundle metric (-| -) at any point
n(X) € M, identifying T(M) with T*(M) via the isomorphism § : T*(M) — T(M). The latter
can be also naturally lifted to T, (Diff(M)) at n € Diff(M), namely: for any elements a,, B; €
Ty (Dif f(M)), aylx = (ay(X)]dx) ® d*X and By|x = (By(X)|dx) @ d*X € T; (Diff(M)) we can
define the metric

(g By) = [ pol(X) < o (X)|B}(X) > &, (19)

where, by definition, a},(X) := #(po(X) " (ay(X)|dx)), B (X) := #(po(X) " (By(X)|dx)) € T, () (M)
for any X € M.
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The diffeomorphism group Dif f (M) can be naturally restricted to the factor - group Dif fo(M) :=
Diff(M)/Dif fp,,0o(M) subject to the stationary normal symmetry subgroup Diffy,q (M) C
Dif f(M), where

Dif fpo.0 (M) := {g € Dif f(M) : po(X) = Jp(x)P0(9(X)), 00(X) = 0 (9(X))} (20)

for any X € M. Based on the construction above one can proceed to constructing smooth flows
and functionals on the specially extended group manifold Gy := Dif fo(M) (A°(M)x A3(M)) and
consider their coadjoint action on the cotangent bundle Ty, (Go), 8y = (1;p0,00) € Go, and relate them
some way to the evolution with respect to the Euler equations (6). Moreover, as the cotangent bundle
Tgf}7 (Go), &y € Go, is a priori endowed with the canonical Poisson structure, one can study both the
Hamiltonian flows on it, related with the Euler equations (6), and a hidden geometrical meaning of
the differential constraints like (7).

2. Hamiltonian analysis: the adiabatic liquid dynamics

We have observed above that the liquid motion is adequately described by means of the symmetry
diffeomorphism group Dif fo(M), acting on the target manifold M C R3, and this way modeling liquid
motion, generated by suitable vector fields on Dif fy(M).This also means that the fluid motion strongly
depends on the constraint (7) on the cotangent bundle Tg, (Go), 8y € Go, and a priori possesses the
canonical Poisson structure on it. Taking into account that the diffeomorphism group Dif fo(M) acts
on the extended group density manifold Gy := Dif fo(M)(A°(M) x A3(M)), fixed by the element
(11; 00, 00d>X) € G, one can suitably construct the canonical Poisson bracket on the cotangent bundle
Tg, (Go), gy € Go, using the canonical coordinate variables on it. Namely, let (j1,; pod>X, 09) € Tg, (Go),
8y € Go, be coordinates on Ty, (Gp), where

(X)) = po(X) bV, (X)X oy(x (21)
= po(X)bv(17(X))]],(x )d3x =P(x)v(x)d3x/

m(X) = po(X)dX = po(X)d® Xlx p(x) = p(x)dx

sp(X) = oo(X) =(17(X))|x=y(x (7( )

and we denoted b := f~!, being suitably represented into the Eulerian spatial variables on Tg, (Go)
at point (17;p,0d%x) € Gy. In particular, the quantities u(x) := p(x)o(x)d®x = (*py)(X), r(x) =
p(x)d®x = (7*ry)(X) and s(x) := o(x) = (17*s,)(X) are called, respectively, the Eulerian momentum
density, the Eulerian fluid density and entropy variables at point x = 57(X) € M. The corresponding
metric on Ty (Go) is given by the expression

((“7,1}77,1517,1)|(“;7,2; 7;7,25:7,2)) = (0617,1|“r;,2)+
, (22)

+ (rry,l

7’11,2) + (517,1 Sr],Z)r

where (ay1|ay2) for ay1,ay2 € T;(Diffo(M)) is determined by (19) and for any 71,752 €
T;(A3(M)) and s 1,52 € Ty (+°(M)) one determines, respectively, as

(ralry2) = [ (o102 %, (sylsy2) = [ (@1(x)oa(x) dx. 3)

Consider now the cotangent bundle Tgv (Go) at point g, = (1; o, 0d®x) € Gy as a smooth manifold
endowed with the canonical symplectic structure on it, equivalent to the corresponding canonical
Poisson bracket on Tg, (Gp). Taking into account that the manifold Tg, (Go), shifted by the right R, -1-
action to the manifold T};(Gy), Id € Gy, becomes diffeomorphic to the adjoint space G* to the Lie
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algebra G of the group Gy, as there was stated [34-36,53,54] still by S. Lie in 1887, this canonical
Poisson bracket on T,;“ (Gp) transforms [2,3,29,34,53,54] into the classical Lie-Poisson bracket on the
adjoint space G*. Moreover, the orbits of the group Go on Ty, (Go), &y = (17, cd3x) € Gy, transform
into the corresponding coadjoint orbits on the adjoint space G*, generated by elements of the Lie
algebra G. To construct this Lie-Poisson bracket, we formulate preliminary the following proposition.

The Lie algebra G ~ T'(M;T(M))(A°(M)) @ A3(M)) is determined by the following Lie
commutator relationships:

[(111;7’1,51),(112,’72,52)] = ([111,!12];
(24)
(a1|Vr2) = (a2|Vr1), (V]a1s2) — (V]azsy))

for any vector fields aj,a, € diffo(M) ~ T(M;T(M)) and scalar quantities 1,7, € A°(M) and
s1,52 € A3(M) on the manifold M.

Proof. Proof of the commutation relationships (24) easily follows from the group multiplication (10),
if to take into account that tangent spaces T(A?(M)) ~ A%(M) and T(A3(M)) ~ (A3(M)). O

As an example, we calculate, for brevity, the Poisson bracket on the cotangent space T, (Dif f(T"))
atany i € Dif f(T"). Consider the cotangent space T, (Dif f(T")) ~ dif f*(T"), the adjoint space to
the tangent space T, (Dif f(T")) of left invariant vector fields on Dif f(T") at any 1 € Dif f(T"), and
take the canonical symplectic structure on T,(Dif f(T")) in the form w® (u, 1) := da(, 1), where
the canonical Liouville form a(pu,n) = (u|on). € A%W?) (T; (Diff(T"))) at a point (u,7) €
T, (Diff(T")) is defined a priori on the tangent space T, (Dif f(T")) ~ I'(T(M)) of right-invariant
vector fields on the torus manifold T”. Having calculated the corresponding Poisson bracket of smooth
functions (p|a)c, (u|b)c € C*(T; (Diff(T"));R) on T, (Diff(T")) ~dif f*(T"), n € Diff(T"), one
can formulate the following proposition.

The Lie-Poisson bracket on the coadjoint space Ty (Diff(T")) ~ dif f*(T"), is equal to the
expression

{f,83(w) = (ullog(u)/op, 6f () /Sm])c (25)
for any smooth functionals f,g € C®(G*;R).

Proof. By definition [1,3] of the Poisson bracket of smooth functions (p|a)c, (u|b)c €
C*(T;(Diff(T"));R) on the symplectic space T, (Dif f(T")), it is easy to calculate that

(), 1B} = 50(X0, X,) = -
= Xa(a|Xp)e — Xp(a|Xa)e — (@|[Xa, Xp])e,

where X, = d(ula)c/ou = a € diff(T"), X, = 6(u|b)./ép = b € diff(T"). Since the
expressions X, («|Xp)c = 0 and X,(«|X;)c = 0 owing the right-invariance of the vector fields
Xa, Xy € Ty (Dif f(T")), the Poisson bracket (25) transforms into

{ (nla)e, (ulb)c} = —(a|[Xa, Xp])e = 27)
= (ul[b,al)c = (ul[o(u|b)c/op,6(pla)c/oul)e

for all (u,n) € Ty(Diff(T")) ~ dif f*(T"),n € Diff(T") and any a,b € dif f(T"). The Poisson
bracket (25) is easily generalized to

{f.83(m) = (ullog(m)/om, 6f (1) /oul)c (28)

for any smooth functionals f, ¢ € C®(G*;R), finishing the proof. [
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Proceed now to the Grassmann algebra A(M) and the Hodge [52] star-isomorphism * :
A(M) — A(M) subject to the usual metric on the tangent space T(M) and determine the adjoint
space to the abelian subalgebra R(M) @ %(M) ~ A°(M) @ A3(M) as the space *A3(M) @ *A?(M)
with respect to the following scalar product on A(M) :

(€180) = b [ (@) A1) 29)

for any a(, (") € A(M), m,n = 0,3. Then the adjoint space G*, owing to the expressions (22) and
(2), is described by means of the Eulerian variables (y; pd%x, o) € G* ~ (A} (M) @ |A3(M)])(A3(M) @
A%(M)). The latter makes it possible to to calculate the corresponding Lie-Poisson bracket on the
adjoint space G* ata point | := (u; pd%x, ) € G*, generalizing the Poisson bracket (27):

{f,83(1) = (I[[6g/81,6f/dl])c =
- (o [(519) 5~ (17) ]
st (415~ (i [o4))
e [(7[58) - (o )]

for any smooth functional f,g € C®(G*;R), where we put, by definition, y(x) := < m(x)|dx > d°x,
m(x) = p(x)v(x) € T*(M) forall x € M and any t € R.
Return now to the constraint (7) in the following variational form:

(30)

det(pt, 01) /0t = Te(xt)d0e(xt) /Ot + pgo)(xt)pt_z(xt)épt(xt)/ét, (31)

which should hold at any x; € M for all t € R. Insomuch as, owing to the Euler equations (6), the
full (convective) derivative doy(x;)/dt = 0 atany x; € M for all t € R, one checks once more that the
expression (12) holds at any x; € M for all t € R. To determine the energy density function (12), we
consider the Euler equations (6) and check their Hamiltonian structure subject to the Poisson bracket
(30), that is the existence of a Hamiltonian functional H : G* — R, for which

2 mp,0) = {H, (m,p,0)} 2

atany element ! = (m := pv;p,0) € G*. By means of easy calculations one obtains from the system
(32) the variational gradient vector

SH(1) /81 = (mp~; =|m[*/ (20%) + @ (p,0) + p3w ®) (p,0) /3p, 03wV (p,0) /30),  (33)
from which one derives [6,41,46] via the Volterra homotopy mapping
H= /01((5H(Al)/51|l)cd}\ (34)
the exact Hamiltonian expression

_ 2 (0) 3
H= [ (mP/p) +0w® (o0, )
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coinciding with the expression (15) at c(c) := |m|?/(20%) = |v|?/2, as m := pv for v € T(M). Thus,
we obtain the internal energy density functional (12) as

er(pr,0r) = 01272+ w0 (o1, 1), (36)

forall p := ps € R(M), 0 := 0 € £(M) and v; € T(M), satisfying simultaneously both the constraint
(7) and the Euler evolution equations (6) for all f € R. Moreover, from the condition (13) one easily
finds [21] the following important local differential relationship:

Aot (xt)er(pr, 1)) /ot+ < V|or(xe)ve(xt) (et (o, 01) + (37)
+Pt(xt)9wt(0)(pt,at)/apt) > =0

satisfied for all x; € M and t € R, also confirming the energy conservation (35)

3. Hamiltonian analysis: the isotermal liquid dynamics

Consider a liquid motion governed by the following Euler equations governed by the Euler
equations
90/dt + (v|V)v +p~1Vp®) =,

3p/3t + (V|pv) = 0,0T /3t + (o|VT) = 0, (38)

and describing the ideal compressible and isotermal motion of an ideal compressible and adiabatic
fluid in a spatial domain M C R3, as the temperature T;(x;) = To(x¢) at any evolution point x; :=
7:(X) € Mforall X € M and t € R. The evolution (38) is considered to be a priori thermodynamically
quasi-stationary, that is the following, infinitesimal convective energy relationship

Shi(pr, Tt) = —oi(xt) 6T + PEO)(xt) o7 200 (39)

holds for all densities p; € R(M), temperature T; € T (M) and specific entropy oy € L(M), where
h:R(M) x T(M)— R denotes the corresponding internal specific fluid "energy" and the variation
sign ”0” means the change subject to both the temporal variable t € R and the spatial variable x; € M.
Under the imposed isotermal condition 6Ty = 0 the expression (39) transforms into

fe(on, Tr) = [0e2/2+ @2 (o1, o), (40)
where TIJEO) (pt, Ty) == wfo) (pt, o) |(7t:=5'(Ptth) — Tior(pt, Tt), is the specific potential liquid energy for the

isotermal flow, determined at 0} := 0¢(p¢, Tt), solving the functional relation Ty = aw§°> (pt,01) /90

€ T (M) subject to the entropy argument 0; € X (M), if the condition 82w§0) (pt,0t)/90? # 0 holds for
all densities p; € R(M) and t € R.

Observe now that the third equation of (38) is exactly equivalent to the internal fluid kinetic
energy conservation integral relationship

%/;) pt(xt)Tt(xt)dgxt =0 (41)

over the domain D; := 1;(D) C M, where a smooth submanifold D = D;|;—9p C M is chosen arbitrary
and 7; : M — M, t € R, denotes the corresponding evolution subgroup of the diffeomorphism group
Dif fo(M), generated by the Euler evolution equations (38). The relationship (41) simply means
that if the density function p; € R(M) transforms under diffeomorphism group Dif fo(M) action as
the abelian functional group R(M) =~ A°(M), the corresponding transformation of the temperature
T; € T(M) is induced by the diffeomorphism group Dif fo(M) action on the related abelian group

d0i:10.20944/preprints202009.0530.v1
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T (M) ~ A3(M). Concerning the energy density (40) one easily obtains the following differential
relationship:

ot (xe) e (o, To)) /0t + (Ve (xe)or(x1) [T (pr, T) + ped@y” (or, T /3pe] ) =0, (42)

satisfied for all f € R. As a simple consequence of the relationship (42) one obtains that the following
functional

H= /Dt or(x0)h (o1, Ty xs (43)

is conserved over the domain D; := #;(D) C M, where a smooth submanifold D = Dy|;—y C M is
chosen arbitrary.

Similarly to reasonings of Section 2, one can construct now the differential-functional group space
Diff(M) x (R(M) x T(M)) and formulate the following easily checkable proposition.

The differential-functional group functional manifold Diff(M) x (R(M) x T (M)) in Eulerian
coordinates is a smooth Banach group G := Dif f(M)(R(M) x T (M)), equal to the semidirect product
of the diffeomorphism group Dif f(M) and the direct product R(M) x T (M) of abelian functional
R(M) ~ A%(M) and density T (M) ~ A3(M) groups, endowed with the following group
multiplication law:

(prir, mdx ) o (92512, T2d’x) =

44
+(p2- @111+ 12 <P1,T1d3x + (T2d3x) Q1) 4

for arbitrary elements ¢1, 92 € Dif f(M), 11,12 € A°(M) and 1d3x, 7d%x € A3(M).

This proposition allows a simple enough interpretation, namely, it means that the adiabatic
mixing of the G > (¢; 72, T2d°x) liquid configuration with the G > (¢y;71, T1d®x) liquid configuration
amounts to summation of their densities, simultaneously changing the common specific kinetic
energy, proportional [8,23,37] to the liquid temperature, owing to the fact, that some space of the
domain M is already occupied by the first liquid configuration and the second one should be
diffeomorphically shifted from this configuration to another free part of the spatial domain M with
fixed and bounded volume. The diffeomorphism group Diff(M) can be naturally restricted to
the factor - group Dif fo(M) := Dif f(M)/Dif f,, 1,(M) subject to the stationary normal symmetry
subgroup Dif fo(M) := Dif fp, 1,(M) C Dif f(M), where

Dif oo, 1,(M) := {¢ € Dif f(M) : po(X) = Jx)p0(@(X)), To(X) = To(p(X))} (45)

for any X € M. Based on the construction above one can proceed to studying the extended Banach
group G := Diffo(M)(A°(M) x A3(M)) action on the cotangent bundle Tg, (G), &y = (1;00,To) €
Go, generated by the fluid evolution with respect to the Euler equations (38). The related fluid
motion is naturally modelled by means of the coadjoint action of the corresponding Lie algebra
G =~ Ty, (Go) ~T(M; T(M))(A"(M) @ A3(M)) of the group Go at gy = Id € Go on its adjoint space
G* = (AH(M) @ A3(M)) (+A%(M) & A3 (M) = (AH(M) @ A3(M)) (A3(M) @ AY(M)).

The related Lie structure on G easily ensues from the action (44):

[(a1;71,T1), (a2; 72, ©2)] = (a1, a2);
(46)
(a1|Vr2) = (a2|Vr1), (Va1 ) — (V]aaT))
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for any representative elements (a1;71,71) and (az;72, 2) € G. Moreover, as the cotangent bundle
Tg, (Go), gy = Id € Gy, being diffeomorphic to the adjoint space G* to the Lie algebra G of the Banach
group Go, is a priori endowed with the canonical Lie-Poisson structure

{f,83(1) = (I[[6g/81,6f/d1])c =
- e [0 = (5 19) 1)
s (5 [9%) - (8 [75)

R (7 e - (7 )

for any smooth functional f, g € C*(G*;R), where we put, by definition, an element [ := (m;p, T) ~
(1;0d%x, T) € G*, u(x) := < m(x)|dx > d3x, m(x) = p(x)v(x) € T*(M) forall x € M and t € R, one
can easily check that the flow (38) is Hamiltonian:

(47)

dl/dt = {H,1} (48)

subject to the adjusted Hamiltonian functional (43):
A= [ oy Todsn = [ pilImi/20} + " (o1, T)x. (49)

satisfying the conservative condition dH/dt = 0 for all t € R, following simultaneously both from
(48) and from the differential relationship (42).

4. Hamiltonian analysis: the adiabatic magneto-hydrodynamic superfluid motion

4.1. Geometric description

We start with considering a quasi-neutral superfluid contained in a domain M C R?® and
interacting with a "frozen" sourceless magnetic field B € B(M) C C®(M;E?), satisfying the
superconductivity conditions

E:=E+vxB=0,0E/0t=V x B, (50)

where E : M — E3 is the internal net superfluid electric field, E = —0A/9t : M — E3and B=V x A :
M — E3 are the internal electric and magnetic fields, respectively, generated by the corresponding
magnetic vector field potential A : M — E3, v : M — T(M) is the superfluid velocity and "x"
denotes the usual vector product in the Euclidean space E3. The following natural boundary conditions
(n|v)|am = 0 and (n|B)|3m = 0 are imposed on the superfluid flow, where n € T*(M) is the vector
normal to the boundary dM, which is considered to be almost everywhere smooth.

Then in adiabatic magnetohydrodynamics (MHD) quasi-neutral superconductive superfluid
motion is described by the following system of evolution equations:

9v/0t + (v|V)o+p 'Vp—p 1 (Vx B) x B=0, 51)
dp/ot + (V|pv) = 0,00/0t + (u|Vo) = 0,0B/dot =V x (v x B),

where, as before, p := p;y € R(M) is the superfluid density, B := By : M — E3 is the "frozen" into the
superfluid magnetic field, p := p; : M — R is the internal liquid pressure and ¢ := 0; : M — Riis
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the specific superfluid entropy at time ¢ € R. The latter is related with the internal MHD superfluid
specific energy function e = e;(p;, 0y) owing to the first thermodynamic law:

Ty (o1, 0t) 601 = Jer(pt, 01) — pro; 20pt, (52)

satisfied for any admissible variations of the phase space parameters p; € R(M), 0y € (M), where
Tt = Ti(pt, 0% ) is the internal absolute temperature in the superfluid for ¢ € R. The adiabatic condition
o0t (x¢) = 0, where x; := 17;(X) € M for all X € M and the related to (51) evolution diffeomorphism
ne € Dif f(M), t € R, entails the following expression for the specific internal energy

et(pt, 01) = wSO) (pt,0¢) + e (0w, By), (53)
where wgo) : R(M) x (M) — C*®(M;R) is the corresponding internal potential specific energy
density and ¢; : (M) x B(M) — C®(M;R) is some still unknown function, depending in general on
the imposed magnetic field B; : M — E3,t € R.

Let us now analyze, as before, the mathematical structure of quantities (p¢, 03, Bt) € R(M) x
Y(M) x B(M) as the physical observables subject to their evolution (51) with respect to the group
diffeomorphisms 7; € Diff(M),t € R, generated by the liquid motion vector field dx;/dt =
vt(xt),xt = ﬂt(X),f eR,XeM:

Layar((prorddxe)d®xp) = [~dp® + p; 'd[og2/2 + (Bi| V) (Beldxe))]ord3xs,

; (54)
Lijar(prd®xs) =0, Lasgeor =0, Lgar (x(Bldxy)) =0,

where L4 : A(M) — A(M) denotes the corresponding Lie derivative with respect to the vector field
d/dt == 9/ot+ (v|V) € T(M x R;T(M)),t € R. The relationships (54) mean that the the space of
physical observables, being by definition, the adjoint space G, := Al(M)d3x x (A3(M) @ A°(M) @
A%(M)) to the extended configuration space equal to Gy, := dif f(M) x (A°(M) @ A3(M) & A1 (M))
>~ T14(Gem), the tangent space at the identity Id to the extended differential-functional group manifold
Gem = Diff(M) x A°%(M) xA3(M) x AY(M) =~ Dif f(M) x R(M) xZ(M) x B(M), where we have
naturally identified the abelian group product A°(M) x A3(M) x Al(M) with its direct tangent space
sum T(AY(M)) @T(A3(M)) @T(AY(M)).

Consider now the constructed differential-functional group manifold G, in Eulerian variables,
on which one naturally acts the Dif f(M)-group Diff(M) X Gep — Gen the standard way:

(X)d®X), (55)

=

O
—
)
=
B
N—
[
>
~

Il

=

*

fory € Diff(M),X € M and any (¢;7,s,b) € Diff(M) x R(M) x £(M) x B(M). Then, taking
into account the suitably extended action (55) on the differential-functional manifold Gy, one can
formulate the following easily checkable and crucial for what will follow further proposition.

The differential-functional group manifold G, := Diff(M) x R(M)x Z(M) xB(M) in
Eulerian coordinates is a smooth symmetry Banach group G, := Dif f(M)(R(M) x (M) x B(M)),
equal to the semidirect product of the diffeomorphism group Dif f(M) and the direct product R (M) x
Y(M)x B(M) of abelian functional R(M) ~ A°(M), density X(M) ~ A3(M) and one-form
B(M) =~ A'(M) groups, endowed with the following group multiplication law in Eulerian variables:

(¢1;rl,s1d3x, (b1]dx)) o (@o; 12, sod3x, (by|dx)) =

56
= (g2 @1;11 + 12 91, 51d°% + (52d°%) - @1, (by]dx) + (ba|dx) o 1) )

for arbitrary elements @1, g2 € Diff(M), 71,12 € A (M), s1d°x,s,d%x € A3(M) and (by|dx), (by|dx) €
AN (M).
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Thus, one can proceed to studying the corresponding coadjoint action of the Lie algebra
Gem =~ T14(Gem), Id € Gem, on the adjoint space Gg,. As the Lagrangian configuration
o € Diff(M) and the entropy op € X(M) are assumed to be invariant under the Banach
diffeomorphism group action Diff(M), the resulting group action can be reduced to the
factor-group Dif fo(M) := Dif f(M)/ Dif fy,,, (M) action on the semidirect group product G, o :=
Dif fo(M) (R(M) x (M) x B(M) . Based on the multiplication law (56) one easily calculates the
following Lie algebra commutation relationships:

[(a1;71,81,b1), (az;72,52,b2)] = ([a1,a2]; (a1|Vr2)—
—(a2|Vr),(Vl]a1by) — (Vlazs1), (a1|V)ba— (57)
—(a2|V)by + (b2| 0 Vay) — (b1] 0 Vay))

for any elements aj,a, € dif f(M) ~ T(M),r1,r2 € R(M) ~ A°(M), 51,55 € L(M) ~ A3(M) and
by, by € B(M) ~ AY(M).

The adjoint space to the semidirect product Lie algebra G, 0 = dif f(M)(R(M) @ Z(M) &B(M))
can be, naturally, written symbolically as the space G, o = (A'(M) © A3(M)) x (*A°(M) & *A3(M)
@ * AL(M)) =dif f*(M) x (A3(M)® A°(M) @ A2(M)), where as before, the mapping * : A(M) —
A(M) denotes the Hodge isomorphism. Then, taking into account the the adjoint space G emo tothe
Lie algebra G, o is endowed with the following [19-21,28,34,51] canonical Lie-Poisson bracket

{f,8} = [ m|(GLIV) 38 — (38 |V) Syddxt

+fMP(<%_W§%>—<§%|V%>)d3x+f (VIS
+fM(<B|<%|V>%—<§—,§1|V>5—B> + (3, (B|V) 28 —

38 L)t (58)
og

(55, (BIV)3L) ) dx

for any smooth functionals f, ¢ € D(G;,, ;) on the adjoint space G*, where, as before, we denoted by
m := pv € T*(M) the specific momentum of the superfluid. The bracket (58) naturally ensues from the
canonical symplectic structure on the cotangent phase space T*(Gg,0), as it was before demonstrated
in Section 2.

Write down now the first two equations of the Euler MHD system (51) as the local fluid mass
and momentum conservation laws in the integral Ampere-Newton form

& I, pid®x =0, & [ pror dxi+

(59)
+faDt pg ) xt dZSt fD Bt(xt)|V)Bt(xt)d3xt = 0

which is completely equivalent to the relationships (54) and where p; : M — R is the net internal
superfluid pressure, (V x Bi(x;)) x Bi(x¢) : M — C®(M; E?) is the spatially distributed Lorentz force
on the superfluid, d?S; is the respectively oriented surface measure on the boundary 9D for the
domain Dy :=n;(D ) C M, t € R, and a smooth submanifold D C M is chosen arbitrary. Taking into
account that (V x B¢(xt)) x Be(x¢) = (B¢|V)Bt — V(B¢|Bt) /2 for any By € B(M), the second integral
relationship (59) becomes equivalent to the following:

vy /ot + (0| V)or + p; 'V p ¥ (o1, 01) — p; 1(By|V)By =0, (60)
where we have represented the internal superfluid pressure quantity as

pe(xt) == p{ (pr, o) — (Bi|By) /2 (61)
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for some mapping pgo) : R(M) x 2(M) — C®(M;R), strictly depending only on the internal liquid
configuration 17y € Dif f(M) forallt € R.

Based on the Poisson bracket expression (58), one can now easily determine the Hamiltonian
function H : M — R, corresponding to the Euler evolution equations (51) on the adjoint space G* :

H = [y oe(Ime2/ (200) + 0% (o1, 00) +
2 3 3 (62)
+[Bt|2/ (201))dx} = [y, 0(xt)er(or, 01)dxs,

where the quantity

elonor) = |mil?/ 200 + w® (or,00) + (63)
+|B*/(201) = = |me*/ (20}) + wilpr, 0;t)

denotes the specific internal superfluid energy, modified by means of the "frozen" magnetic field

B: € B(M),t € R, replacing the before defined in 2 internal specified potential energy wgo) (pt, 01) by

the shifted specified potential energy quantity w;(py, 03, t) := wgo) (pt,01) +|Bt?/ (20). In particular,

the equation (60) reduces to the equivalent Hamilton expression
om; /ot = {H,mt} (64)

for my € T*(M) ~ dif f*(M) and all t € R. It is also seen that if B; — 0 uniformly with respect to
time t € R, the internal energy expression (63) brings about that (36). Recall now that the following
quasi-stationary first thermodynamic energy conservation law

5et(pt, O't) = pt_ZPt(xt)(SPt + Tt(xt)éat (65)

holds for all admitted superfluid variations dp; € R(M) and do; € £(M),t € R. As, by adiabatic
assumption, éoy = 0 for all t € R, for the internal pressure one easily obtains the expression
pe(xe) = pfawﬁ(’) (pt, o)/ 9pt — (Bt|Bt) /2, exactly coinciding with that of (61).

The Hamiltonian function (62) satisfies evidently the conservation condition dH/dt = 0 for all
t € R. To check this directly, it is enough to observe [21] that the following differential relationship

det(pt,01) /ot + (V|prvs {et(Pt/(Tt) + prowy (pt, 01) / 9ps — |Bt|2/2}) =0 (66)

holds for all € R and whose integration over the domain M C R? easily gives rise to the conservation
of the Hamiltonian function (62).

4.2. Magneto-hydrodynamic invariants and their geometry

It is long ago stated [2,4,21,38] the importance of spatial invariants describing the stability [21] of
MHD superfluid motion. Based on the modern symplectic theory of differential-geometric structures
on manifolds, we devise a unified approach to study MHD invariants of compressible superfluid flow,
related with specially constructed symmetry structures and commuting to each other vector fields on
the phase space.

We start from a useful differential-geometric observation that the magneto-hydrodynamic Euler
equations I'(M; T(M)) action on the adjoint space to the Lie algebra G of the Banach group G =
Diff(M)(A°(M) @ A3(M) @ x!(M)), generated by the following vector field differential relationship:

dxt/dt = Ut(xt>, (67)

where x; = 4(X) e M, X € M, andv; : M — T(M), t € R, is an acceptable time-dependent
vector field on the domain M, describing the adiabatic superfluid and superconductive motion via
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the diffeomorphism subgroup mappings #; € Dif f(M), 5| i=0 = 1o € Dif fo(M). Taking into account
that the initial superfluid configuration 17y € Dif f(M) is fixed, one can define, following reasonings
from [43], a new differential relationship

dx./dt = us(xy) (68)

on the domain M with respect to the evolution variable T € R, parameterized by the time parameter
t € R, where u; : M — T (M), is a T-independent vector field on M, generating the diffeomorphism
subgroup ¢ € Diff(M), xr := P,(n0(X)), X € M, commuting to that generated by the vector
field (67), thatis yrop, = oy, for all t,7 € R. The action of the diffeomorphism subgroup
Yy € Diff(M) at any fixed time t € R can be naturally interpreted as rearranging the particle
configurations in the superfluid not changing its other dynamic characteristics. If to denote the
corresponding Lie derivatives with respect to the vector fields (67) and (68) by differential expressions
Lysgr = 9/0t + (v|V)o : C°(M;R) — C®(M;R) and Ly, := (u;|V)o : C°(M;R) — C®(M;R),
the commutation condition #; o ¢, = ¢ oy, for all t, T € R is equivalently rewritten as the operator
commutator

[Layats Lug] = 0. (69)

Consider now an arbitrary integral invariant of the MHD superfluid, governed by the Euler
system (51):

I= /D o1 (xt) vt (mi; pr, 0, B )dxi, (70)
t

generated by some specific density functional y; : G* — C®(M x R;R) and held over the domain D; =
1¢(D) for any domain D C M, corresponding to the diffeomorphism subgroup #; € Dif f(M),t € R,
generated by flow (67). Taking into account that there holds the following density relationship

Lasar(pe(xe)dx) =0 (71)

for any t € R, one easily derives from (70) and (71) that also

Layaryi(me; 6,01, Bt) =0 (72)

for any t € R. Thus, based on the commutation relationship (69) one can formulate the following
important lemma.

Let vector fields (67) and (68) commute to each other and a density functional 7y : G* x
R —C®(M x R;R) satisfies for all t € R the condition

Laarvo(m; pt,01,Bt) =0, (73)

then the following expressions
L= /D o+ (L2 yo(mi; pt, 01, By) ¥ dx; (74)
t

over the domain D; = (D), generated by the corresponding to the flow (67) diffeomorphism
subgroup #; € Dif f(M),t € R, and arbitrary domain D C M, are for all integers n € Z, k € Z, the
MHD invariants of the superfluid flow (51).

Proof. A proof easily follows from the commutation condition (69) and the superfluid density
relationship (71). O

As examples, let us take, following [21,43], the vector field u; := p, IB,er (T(M)), commuting
to the vector field v; € T(T(M)), and 7o = iy, (A |dx;) = (Ar |7 'B) € C°(M x R;R), where the
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magnetic vector potential A; € C®°(M;R),t € R, satisfies the classical Maxwell relationships: the
magnetic field By = V x A; and the electric field E; = —0A;/dt = —v; X By, owing to the net electric
field superconductivity (50) condition Ei=E +vxB;y =0. Really, the commutativity condition
condition (69) means that

Lasar(p; 'Br) — (o 'Bi|V > 0: =0, (75)

which is satisfied, owing to the second and forth equations of the Euler MHD system (51), as well as
to the invariance

Layarvo = Layarin, (Ar dxe) = [Lasar, in ] (At |dxe)+
(76)
+iu Layar(Ae [dxe) = g apu, (At |dxe) + iy, Lasar(Ae |dxe) =0,

which holds owing to the algebraic relationship

[Ed/dt/ iut] = i[a/at+vtvt,ut]/ (77)

commutativity of vector fields u; and v; € I'(M) and the integral relationship

& Jos, (A ldxe) = [o, Lajar{Ar ldxe) =
= Jos, {LayarAr |dxe) + (Ar |Lajardxe)] =
= Jos, [{LayarAr |dxe) + (A |dor)] =
= fas [(vp X B+ (v¢|V) Ay |dxt) + (A |dot)] =
= fBS Ot >< V X A) <’01|V>At |dxt> <At |d0t>] =
= fE)S dAt|vt At |dvt fBSt At |ZJt

(78)

equivalent to the condition L4 (At |[dx;) = 0 for all t € R. The same statement we obtain from the
slightly simpler reasoning:

fBS At \dxt difs V x At|d52>

(79)
ar fst Bt|dS = —fas Et|dxt> =0,

\| 2=

following from the net electric field E; = 0 superconductivity condition (50) along the boundary 9S;,
where S; := #;(Sg) C M is the surface, generated by the diffeomorphism subgroup #; € Diff(M),t €
R, and an arbitrarily chosen surface Sy = S¢|;=9 C M. The latter is, evidently, equivalent to the equality
Li4(Ar |[dxy) = 0 modulo the gauge transformation A; — Ay + V;, where L;/4Ct + (Atvs) = 0
for some function §; € C®°(M;R) and all ¢+ € R. Thus, one can formulate [21,43] the following
proposition.

The functionals

k
I’S,E;() :/ Ot (,C 7lB <A|pngt>> d3xt (80)

over the domain Dy = #¢(D), generated by the corresponding to the flow (67) diffeomorphism
subgroup #; € Dif f(M),t € R, and arbitrary domain D C M, are for all integers n € Z,k € Z, the
MHD invariants of the superfluid flow (51). In particular, the following relationships {H, I ii)} =0
hold foralln € Z.

It is natural here to mention [18,21] that the specific entropy functional g = 0y : M — C®(M x
R;R) satisfies the sufficient condition £;,401 = 0,t € R, a priori generates for the superfluid flow
(51) the infinite hierarchy

k
1,5? = /Dz Pt (EZ[IBtgt(xt)) dxi, (81)

n € Zy, k € Z, of the MHD invariants over the domain Dy = #;(D), generated by the corresponding
to the flow (67) diffeomorphism subgroup #; € Dif f(M),t € R, and arbitrary domain D C M.

d0i:10.20944/preprints202009.0530.v1
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To construct other MHD invariants, depending on the superfluid velocity v; € T(T(M)), t € R,
let us consider, following [43], two differential one-forms (a¢|dx;), (B¢|dx:) € AY(M), x¢ := (X)),
X € M, satistying for all t € R the following identity:

Layar(arldxs) = dhy + Ly, (Beldxy), (82)
for some function i; € A°(M), where the vector field
dxi/dt = us(xt) (83)
is uniform with respect to the evolution parameter T € R and satisfies the following constraints:
[Lasar L] =0, (V]pur) =0 (84)

and u; || M at almost all points x; € dM for all evolution parameters ¢, T € R. Then one can formulate
the following general proposition.
The following integral expressions

P = /Mpt<at|ut>d3xt,11(“’ﬁ)=/Mpt[<at|vt>+ht]d3xt,

P = /Mpt<£d/dt"‘t|”t>d3xt (85)

over the whole domain M C R3 are for all integers nn € Z, k € Z, the global MHD invariants.

Proof. Consider, for example, a proof that I(()a’ﬁ ). G SR is an invariant: taking into account that
Lyt (ptd®x;) = 0, one obtains the expression:

A1) ydt = [\, piLaya (o |ug)dx; =
= fM Ptiut (d]’lt + ﬁut (/St|dxt>) d3xt =
= fM Pt (iutdhgn) + iut(illtd + diut)<ﬁt|dxt>) d3xt - (86)
= [y Priu,d (hgn) + (ﬁth)) dPx =
= fM<V|fztptut>d3xt = faM<E§n)ptut|d5%> =0

for all t € R, where we put, by definition, hy == (hy + (Bt|ut)), denoted de the surface measure
on the boundary dM, used the Cartan representation £,, = (i,,d + diy,) and the natural boundary
tangency condition p;u;9dM, thus proving the proposition. Exactly similar calculations ensue for the
next two invariant I}E/x,,s ) : G =R,k = 1,2, on which we will not stop here. . O

As a simple example, one can put ago) :=b(v¢) ~ vy, Bt := By, the vector field u; = p;lBt M —
T(M),t € R, and show by easy calculations, using the variational equality (52), that

Layar(oeldxe) = d(|o¢|*/2 — he — |Be|*/pt) + Lu, (Be|dxt) + Tedoy, (87)

where, we have denoted the specific enthalpy [8,23,37] function h; := e; + pip; !. As a consequence of
equality (87), under the spatial temperature constancy VT; = 0 condition for all t € R, one obtains the
following MHD superfluid invariant:

" = /M (0¢|Br)d>x = /M (milpy 'Br), (88)
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where m; =~ (m;(x;)|dx;) ® d3x; € dif f*(M) and p; 'B; =~ (p; }(x)B;|d/9x) € T(M), coinciding with
the MHD invariant, presented before in [21,43]. If the above temperature condition does not hold, the
equality (87) reduces to the differential relationship

3(vt|Br) /0t + (V[ {ve| By) + Br(he — 04l /2]) + pi T o Be| Vr), (89)

satisfied forall x; € Mand t € R.
It is worth to remark here that the following baroclinic relationship

Vo, ! x Vpr = —VTi x Voy (90)

holds forall x; € Mand t € R.
Similarly we also easily obtain the following invariant

1 = [ piliml/ (268) + (o) + B/ (20013 = H, o

coinciding exactly with the Hamiltonian function for the flow (51) on the phase space G*. The third
invariant is, eventually, closely related with the vorticity vector §; := V xv; : M — E3,t € R, and
needs a more detail analysis.

It is instructive now to analyze the existence of integral invariants for the pure hydrodynamic
case when the magnetic field B; = 0, t € R, following the approach, devised before in [43]. In
particular, owing to the relationship (90), there holds the following integral expression for the vorticity
Cri=Vxoy,teR:

Ed/dtét — <§t|V)vt = VT; x Vo (92)

and define the vector field
up = p; 'Grexp fi(xt) (93)

for some scalar smooth mapping f; : M — R, which we will choose from the assumed commutation
condition
[Lasar Lu] = 0. ©4)

The latter gives rise to the equality i Ly/4:ft(x¢) = —VT; x Vo atany x; := (X)) € M, X € M,
or
i (V xv1) + VT x Vo =0, (95)

where we took into account that L4 fi (x¢) = df(x¢)/dt := ft(xt), x¢ € M, with respect the temporal
parameter ¢ € R. From (95) one obtains that the mapping f; : M — R should satisfy the following
constraints:

Vft = ksvy, fﬂ)t = pt’le(t) + Vw; (96)

for some scalar smooth functions k; and w; : M — R, t € R. It is easy to check that the system (96) is
compatible, that is the quasi-stationary thermodynamic relationship pgo) = p?dwy(pt, 01) /dp; jointly
with Euler equations (6) makes it possible to determine these unknown scalar smooth functions k;
and w;: M — R forallt € R.

Consider now, following [43], a slightly modified expression (87) at the magnetic field B; = 0 :
Layar{vrexp fildxy) = exp fid(w; + [or*/2) 97)

and calculate the related integral expression:

dr T ot (g (0eldxe)) @xe = [y 0eLayar (g (0rldxe)) Pxe =
= Sy 0t (i Lajar(odldxe)) @ = [y 1 (in,dht) dx = (98)
= [y Gppudh) @xr =[5 (Vhilosur)d®xe = [3, (V|G exp fi(x1))dxs,
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where we put, by definition, the function /; := w; + |v¢|?/2.
If now to put that the mapping f; : M — R satisfies for all t € R the constraint (V f;|¢;) = 0, the
integral expression (98) reduces to

& e G (veldxe)) dPxe = [ (V] (exp fi(xe) ) ) dPx =
99)

= [on(exp fi(xe)heds|d?Ss) = 0,

where there is assumed the vorticity vector tangency ¢;||0M constraint. Thus, under conditions
assumed above, the following vortex functional

= /M<vt|v x o) dx; (100)

persists to be conserved for all t € R.
If the function f; : M — R, being defined by relationships (96), satisfies for all t € R the scalar
constraint (V f;|G;) = 0, one easily derives the following differential relationship:

Lasar{VfelCr) = ke(ve[¢r) + (V|fiVTi x Vo) = (101)
= < Vft|§t> + <V|ftVTt x Vo) =0,

or, equivalently, in the integral form

% th<vft|€t.>Ptd3xt = th £d/dt<v_ft|€t>ptd3xt =
= th [<vft’§t> + <V|ftVTt X V(Ttﬂ ptd?)xt =

= Jo, [(Vfil2e) = (TAIV < 07 VD) ] i
= o, [{(VAl&0r — pr(Vp; 1V x PV i) | dx =
= [p, | (VA& + (VInp|V x POV )| d3x, =

= [, (VAiIErprdxt,
where we took into account that for the adiabatic fluid flow under regard there holds the tangency
Vp¢||0Dy condition for all ¢ € R. If the right hand side (102) proves to be zero, that is (V f¢|C;) =

0,t € R, this will mean that the constraint (Vf;|¢;) = 0 forall t € R, if (V f;|Ct)|,_, = 0 att = 0, thus
producing the vortex conservation functional (100).

(102)

5. The isentropic flows on phase spaces with gauge symmetry

In this Section we are interested in description of isentropic charged liquid flows on phase spaces
with gauge symmetry, imposed by an external electromagnetic field. Unlike the Section , when the
external magnetic field was completely frozen into the charged superfluid and completely governed by
its dynamics, the case under present regard strongly differs from the latter and should take into account
two independent yet interacting to each other dynamical systems. As the phase space under regard is
endowed with gauge type electromagnetic field symmetry, the common dynamics of the coupled fluid
and electromagnetic field should be properly considered on the related principal fiber bundle P(Qe, F)
over the reduced fluid base space Qe =~ (A?(M) x dAY(M))x dif f*(M) x(A3(M) x A°(M)) with
the abelian structure group F ~ dA°(M), acting on the fiber bundle P from the right via the gauge
type transformation. We assume that locally the principal fiber bundle P(Qem, F)|joc =~ T*(G) %
(xA1 (M) x A'(M)), where the group G = Dif f(M)(A%(M) x A3(M)), the space A'(M) models the
magnetic vector potential on M, its factor space A'(M)/F ~ dA'(M) C A?>(M) models the ambient
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magnetic field on M, the product T*(G) x (*A!(M) x A1(M)) of cotangent spaces models the moving
charged liquid under the ambient electromagnetic field and determines the Hamiltonian function

Hon = [ dx(n=80A12/ 20) + p ¥ (p,0) + ([EP + |V x A)/2), (103)

where E := —Y,(Y,A) € xA'(M) x AY(M)), 1 = pv, (;0,0) € T*(G), w® : T*(G) — C®°(M;R)
denotes the internal potential energy function and 6 € R, denotes the corresponding charge/mass
ratio of the fluid under regard. The resulting evolution equations of the liquid motion with respect to
the temporal parameter ¢t € R look in noncanonical variables as follows:

dv/dt+ (v|V)o = O(E+vxB)—p 'vpl, (104)
dp/ot+ (V]|pv) = 0, do/ot+ (V|vyo=0,(VIE) = 6p,
dE/ot = V xB—-f6pv, B=V XA,

where, in general, the pressure p(?) := p2(9w() (o, 7) /dp +0/pdw ") (p, ) /d0) and phase space points
(E, B; pv;p,0) € Qem belong here to the base manifold of the fiber bundle P(Qe, F).

To proceed further in more detail, we begin by reviewing some backgrounds of the reduction
theory subject to Hamiltonian systems with symmetry on principle fiber bundles. Some of the material
is partly available in [24,31,32,34], so here it will be only sketched in notations suitable for us.

Consider a principal fiber bundle P(Qem, F) over the base space Q. with the projection 77 : P —
Qem and the abelian structure group F ~ A%(M), acting from the right on P by means of a smooth
mapping x : F x P — P. Taking into account that A'(M) ~ A2(M) ~ dA' (M) & A2(M)/dAY (M),
A2(M)/dAY (M) ~ dA°(M) =~ calF owing to the classical [1,3,48] Helmgoltz representation, for each
h € F a group diffeomorphism xj; : P —+ P generates for any fixed u € P the induced mapping
7l : F — P, where

a(h) = xn(u) (105)

for all i € F, being equal to the usual gauge transformed expression
a(h) = (4 0p(x)dInh]; p(x)dx, o; (x(Y|dx), (A|ldx) +dInh)), (106)

where we made used of the local coordinate representation of P  in coordinates
u = (wpe(x)dx,o; (x(Y|dx), (Aldx))) € P, w(Ru) = n(u) = (mex)dx,0;
(x((Vx)~1Y|dx), (B|dx))),x € M, forany h € F, m(A) := B = V x A and suitable vector
Y € C®(M;E3). We here also assume that the gauge type transformation x;, : P — P, h € F,
is equivariant [1,19,20,32] subject to the canonical product Poisson bracket {-,-} = {+,-}1+(5)®
{ }re (A1(m)) On P, that is for any smooth functionals g1, g : P — R the invariance relationship

{g10x1, 820 X1} = {81,82} © xn (107)

holds forall i € F.

Let e € F be the unit element of the structure group F and denote by dA°(M) ~ F the
corresponding Lie algebra (abelian) of the structure group F as the tangent space T,(F) ~ calF ate € F.
The tangent mapping to (105) acts as il (e) : calF — T;,(P) for u € P and is equal in local coordinates
to the tangent vector expression

. (e)(df) = (0df @ p(x)d°x;0,0; (0, (V f|dx))) (108)

atu € P,where df € calF ~ dA°(M) and x € M, where we took into account the corresponding action
of the abelian group F on the group The mapping (106) makes it possible to define on the principal
fiber bundle P(T*(Gem ), F) a connection I'(A) by means of constructing [27,53,54] a morphism A:


https://doi.org/10.20944/preprints202009.0530.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2020 d0i:10.20944/preprints202009.0530.v1

21 of 25

(T(P), Xn+) — (calF, Adj,—1),h € F, such that for each u € P the corresponding mapping A(u) :
T, (P) — calF is a left inverse one to the mapping

.(e) : F — Tu(P), (109)

that is
A(u)i,(e) = Id, (110)

where, by definition, for some vector-functions ® and Z € C®(P; E?)
A(u) = (dD|ou) + (x(dx — V x dZ — 0pd®)|(6A|dx)) (111)
atu € P,x € M. Really, by definition, for any fundamental vertical vector field

df = i (e)(df) = (0df @ p(x)d>x;0,0; (0, (V fldx))), (112)

generated by an element VInh ~ df € calF, there should be (A(u)|df) = df :

(A)ldf) = (x(8df) @ p(x)dx|dP)+

+{(dx — 0pd®)|V f)d3x ~ (dx|Vf) = df, (113)

being completely satisfied. The needed invariance Ry, A(u) = Ad,1.A(u) is also satisfied
automatically for any i € F.

The induced by mapping (109) Lie algebra action i.(e) : F x P — T,(P) naturally generates
[1,2,6,9,36] the momentum mapping | : T;;(P) — calF* atu € P forany f € F that for the vertical vector
field df = d(A|dx)/dt = (Vf|dx) €cal F

(e ())|df) = (@* (e)a™) (u)|(V f|dx)) = (114)
= (@ (w)[a* (e)(Vfldx)) = (J(:p) + Y|V f)dx,

where o) (1) := (x(Y|dx)|(6A|dx)) + («(p; 0, )| (0u; 6p, 60)) € T;:(P) for some element a(y; p,0) €
T*(T*(Gem)) is the corresponding Liouville form on the cotangent bundle T* (G, ), the following
determining equalities hold:

Hy(wp)dx = = (x(J(u; 0)|dx)|(V f|dx)), (115)
(Op(x)V£;0,0) = ={He(w;p), (1;0,0) }1+(c)

with respect to the canonical Lie-Poisson bracket (25) on the cotangent bundle T*(G) to the group
manifold G = Diff(M)(A°(M) x A3(M)).
Fix now the momentum mapping value

l(“(l)(u)) = *x(J(u;p) + Yl|dx) := x({|dx) € F~,

equivalent to the condition —(V|¢) = { € C®°(M;R), construct the submanifold Pz := {u € P :

I(«V) (1)) = ¢ €calF*} and consider the reduced phase space Pz := Pz/Fs, where Fr := {h € F : Adj

*(C|dx) = *(C|dx)} is the stationary subgroup of the element ¢ € calF*. Taking into account that in our

case Fz = F for any element ¢ € calF*, one can formulate the following theorem, characterizing [6,27]
the related gauge symmetry symplectic structure reduction on the reduced manifold P¢,¢ € calF*.

Given a principal fiber F-bundle with a connection I'(.A) on the principal fiber bundle P(Qe; F)

and an F-invariant element ¢ € calF*, then every such connection I'(.A) defines a symplectomorphism
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vg: Pg — Qem between the reduced phase space P,; and the base manifold Q.. Moreover, the following
equality
1) (2) _ (1)
(d B, T O |Qen) = Vg & p (116)

holds for the canonical Liouville forms (1) € A!(Qe) and oc(l) € A'(P), where Qé = (0@ is

the é-component of the corresponding curvature form Q2 @) (Qem))@calF.

The statements above make it possible to construct a true symplectlc structure on the cotangent
bundle T*(Gen). Namely, making use of the connection form (111) and symplectic structure
expression (116), one derives the resulting reduced symplectic structure on the base manifold Qg :

Wi (7(ug)) = (8a| A (81136, 60))|ymsy—gpa+

+(V[EVSZ A SBY + ((Vx)“L6Y| A 6B+
(117)

(V)" [B(VIE0)® + 0(V|560)®] | AOB) = w0 (41;0,0) s y—gpa+
+((VIE)6Z + (VX)L [5Y +6(V|E0)d® + 6(V|E5p) @] | A SB)

at 7(ug) = (Y,B) X (4;0,0) € Qem for the fixed element *(Z|dx) € F*, where the expression

w® (u;0,0) == (S| A (8u;8p,00)) is generated by the canonical Lie-Poisson bracket (25). The
reduced Poisson structure on the base manifold Q,;, corresponding to the symplectic structure (117)
and calculated at the vanishing vectors Z = 0, ® = 0, can be easily written down as

{81, &} (w;p,0;E,B) = fMd3x K |<532|V>@_<581|v>5g2>} +
(118)
+ o [(21VE) - (V)] +

-|—fMd3x0 [<582|V5g1> <5g1|v582>}
+ fu®x (B x 58) - (1Y x )] +

091 9, 09710 ) J,
+fMd3x[ 81| 82> ( gzl 81>+9p B\ LI 5%”}
for any smooth functionals g1,¢2 : P — R, where (y;p0,0;E,B) € Qem. The related with the
Hamiltonian function (103) subject to the Poisson bracket (118) evolution equations

d
5 (#:0, 05 E, B) = {Hem, (4;0,0;E, B) } (119)

coincide exactly with those (104), constructed directly from the classical mechanics and electromagnetic
laws. We need to remark here that the Poisson bracket structure, related with the obtained above
reduced symplectic structure (117) on the base manifold Q.;;, generalizes the Poisson bracket [32,34],
and can be eventually used for analyzing nonregular charged fluid dynamics with singularities,
including vortices and boundary topological peculiarities. It is easily also generalized to describing a
multicomponent charged liquid dynamics.

6. Conclusion

In our review we presented a detail enough differential geometric description of the isentropic
fluid motion phase space and featuring it the diffeomorphism group structure, modelling the related
dynamics, as well as its compatibility with the quasi-stationary thermodynamical constraints. There
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was analyzed the adiabatic liquid dynamics, within which, following the general approach, there is
explained in detail, the nature of the related Poissonian structure on the fluid motion phase space, as
a semidirect Banach groups product, and a natural reduction of the canonical symplectic structure
on its cotangent space to the classical Lie-Poisson bracket on the adjoint space to the corresponding
semidirect Lie algebras product. We also presented a modification of the Hamiltonian analysis in case
of the isotermal liquid dynamics. Some material was devoted to studying the differential-geometric
structure of the adiabatic magneto-hydrodynamic superfluid phase space and its related motion within
the Hamiltonian analysis and invariant theory. In particular, we constructed an infinite hierarchies of
different kinds of integral magneto-hydrodynamic invariants, generalizing those, before constructed
in [18,21], and analyzed their differential-geometric origins. We also investigated a charged liquid
dynamics on the phase space invariant with respect to an abelian gauge group transformation.
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