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We study a possibly integrable model of Abelian gauge fields on a two-dimensional
surface M, with volume form p. It has the same phase-space as ideal hydrodynamics, a
coadjoint orbit of the volume-preserving diffeomorphism group of M. Gauge field Poisson
brackets differ from the Heisenberg algebra, but are reminiscent of Yang—Mills theory
on a null surface. Enstrophy invariants are Casimirs of the Poisson algebra of gauge
invariant observables. Some symplectic leaves of the Poisson manifold are identified.
The Hamiltonian is a magnetic energy, similar to that of electrodynamics, and depends
on a metric whose volume element is not a multiple of . The magnetic field evolves by
a quadratically nonlinear “Euler” equation, which may also be regarded as describing
geodesic flow on SDiff (M, u). Static solutions are obtained. For uniform p, an infinite
sequence of local conserved charges beginning with the Hamiltonian are found. The
charges are shown to be in involution, suggesting integrability. Besides being a theory
of a novel kind of ideal flow, this is a toy-model for Yang—Mills theory and matrix field
theories, whose gauge-invariant phase-space is conjectured to be a coadjoint orbit of the
diffeomorphism group of a noncommutative space.
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1. Introduction and Summary

The classical theory of gauge fields® A; (2!, 22,t) and Ay(x!,22,t) we study in this
paper, may be summarized in four equations. The Hamiltonian is a gauge-invariant

magnetic energy,
B\ 2
Hz/(—) opdz, (1)
p

where B = 01 Ay — 02 A1 is the magnetic field. p is a given volume element and
gi; a fixed metric on a two-dimensional surface M such that o = p?/g is not a

aAfter gauge-fixing, there will be a single propagating field degree of freedom.
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constant (g = det g;;). The Poisson bracket between gauge fields is a Lie algebra
(independent of the metric)

(), 4300} = 8 = ) | 4300) e ) ~ Al @) (@)

Hamilton’s equation for time evolution of gauge-invariant observables, f = {H, f}
implies that the magnetic field evolves according to a nonlinear “Euler” equation
B =V(B/p) x V(Ba/p). (3)

Viewed as a rigid body for the group of volume-preserving diffeomorphisms of M,
the inverse of the inertia tensor is a twisted version of the Laplace operator

1 ) ) ij ~kl
H:§/Aih”Azpd2m with hil = =5 [(aj5>6k+faj6k]. (4)
p p p

This theory has the same phase-space and Poisson brackets as 2+ 1 ideal (inviscid
and volume-preserving) hydrodynamics, but a different Hamiltonian. It may
be integrable, since we find an infinite number of conserved quantities H,, =
[(B/p)"opd?z as well as an infinite number of Casimirs I,, = [(B/p)"pd*z for
uniform p. It is remarkable that one can make this modification to 2 + 1 ideal
flow, which is sometimes studied as a toy-model for turbulence, to get a potentially
integrable system. However, our original motivation for studying this model was
different. We argue below that it is the simplest “gauge theory” that shares some
quite deep, though unfamiliar, mathematical features of Yang—Mills theory.

The formulation of Yang—Mills theory in terms of gauge-invariant observables,
and the development of methods for its solution are important and challenging
problems of theoretical physics, since all the experimentally observed asymptotic
states of the strong interactions are color-singlets. This problem has a long history
stretching at least as far back as the work of Mandelstam.! Wilson loops are a
natural choice for gauge-invariant variables, but they have trivial Poisson brackets
on a spatial initial value surface, since the gauge field is canonically conjugate to
the electric field on such a surface. More recently, it has been shown by Rajeev
and Turgut,?3 that Wilson loops of (3 + 1)-dimensional Yang-Mills theory on a
null initial value hypersurface satisfy a quadratic Poisson algebra with no need for
electric field insertions. This is because the transverse components of the gauge field
satisfy a nontrivial Poisson algebra among themselves, as opposed to the situation
on a spatial surface. The Poisson algebra of Wilson loops is degenerate due to
Mandelstam-like constraints. The gauge-invariant phase-space of Yang—Mills theory
is conjectured to be a coadjoint orbit of this Poisson algebra. It is still a challenge to
write the Hamiltonian in terms of these variables. However, this has been possible
in dimensionally reduced versions” such as adjoint scalar field theories coupled to

bSee also the work of Karabali, Nair and Kim who have made significant progress with a gauge-
invariant Hamiltonian approach to 2 + 1 Yang—Mills theory.*
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quarks in 1 + 1 dimensions, as shown by Lee and Rajeev.>% In conjunction with
't Hooft’s large N approximation,” viewed as an alternative classical limit, this
is an approach to better understand the nonperturbative dynamics, especially of
nonsupersymmetric gauge theories. In such an approach to 1+ 1 QCD, the phase-
space of gauge-invariant meson variables is an infinite Grassmannian, a coadjoint
orbit of an infinite dimensional unitary group.® This allows one to understand
baryons as well as mesons in the large N limit, going beyond the early work of
't Hooft 810,11

However, the groups and Lie algebras whose coadjoint orbits are relevant to
matrix field theories and Yang—Mills theory are poorly understood noncommutative
versions of diffeomorphism groups.€ In the case of a multimatrix model, the group
is, roughly speaking, an automorphism group of a tensor algebra. The Lie algebra
is a Cuntz-type algebra which can be thought of as an algebra of vector fields
on a noncommutative space.'256:13:14 However, it is still very challenging to find
the proper mathematical framework for these theories and develop approximation
methods to solve them even in the large N limit. To develop the necessary tools, it
becomes worthwhile to practice on simpler theories whose gauge-invariant phase-
space is the coadjoint orbit of a less formidable group. Here, we take a step in this
direction by studying an Abelian gauge theory whose phase-space is a coadjoint
orbit of the volume-preserving diffeomorphism group of a two-dimensional surface.

To put these remarks in perspective, recall the common classical formulation of
Eulerian rigid body dynamics, ideal hydrodynamics, the KdV equation'®'7 and the
large N limit of two-dimensional QCD.® The phase-space of each of these theories
is a symplectic leaf of a degenerate Poisson manifold, which is the dual G* of a
Lie algebra. G* always carries a natural Poisson structure. Symplectic leaves are
coadjoint orbits of a group G acting on the dual of its Lie algebra G*. On any leaf, the
symplectic structure is given by the Kirillov form. The appropriate groups in these
examples are SO(3), the volume-preserving diffeomorphism group of the manifold
upon which the fluid flows, and the central extensions of Diff(S') and of an infinite
dimensional unitary group, respectively. The coadjoint orbits for the rigid body and
2D QCD are well-known symplectic manifolds: concentric spheres and the infinite
dimensional Grassmannian manifold. The observables in each case are real-valued
functions on G*. The Poisson algebra of observables is degenerate, i.e. has a center
consisting of Casimirs. The symplectic leaves can also be characterized as the level
sets of a complete set of Casimirs. In each case, the Hamiltonian is a quadratic
function on the phase-space and classical time evolution is given by Hamilton’s
equations. Hamilton’s equations are nonlinear despite a quadratic Hamiltonian,
since the Poisson brackets of observables are more complicated than the Heisenberg
algebra. In exceptional cases such as the rigid body and the KdV equation, these
nonlinear equations are exactly integrable. In other cases, it is useful to develop

¢This is not the structure group (sometimes called the gauge group) of the theory, which is still
SU(N) or U(N). The gauge group plays little role in a gauge-invariant formulation of the theory.
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approximation methods to solve them, that are adapted to the geometry of the
phase-space.

Our earlier remarks indicate that it may be fruitful to regard Yang-Mills theory
and matrix field theories as Hamiltonian dynamical systems along the lines of the
more well-known ones listed in the last paragraph. As a toy-model in this direction,
we seek a gauge theory where the gauge fields satisfy a closed Poisson algebra, with-
out any need for electric fields. We want a theory whose phase-space is a coadjoint
orbit of an ordinary diffeomorphism group, which is simpler than its noncommuta-
tive cousins. We would also like to understand in more detail the structure of the
Poisson algebra of gauge-invariant observables, work out the equations of motion
and try to solve them.

In this paper, we identify a classical theory of Abelian gauge fields in two spatial
dimensions, different from Maxwell theory. In particular, it is not Lorentz covariant,
indeed, time plays the same role as in Newtonian relativity. The theory is defined
by a two-dimensional manifold M, a volume form x and a metric g;; whose volume
element 2, is not a multiple of . The Hamiltonian is a gauge-invariant magnetic
energy, much like that of Maxwell theory. Unlike in electrodynamics, the gauge field
is a one-form on space, rather than on space—time. Thus, even before any gauge fix-
ing, the gauge field has no time component. There is a magnetic field B, but no
electric field, so to speak. After gauge fixing, there remains only one dynamical
component of the gauge field. In this sense, the theory has the same number of
degrees of freedom as 2 4+ 1 electrodynamics. However, though the Hamiltonian is
quadratic in the gauge fields, the classical theory is nonlinear due to the “non-
canonical” Poisson algebra of gauge fields. Equations of motion are nonlinear and
comparable to those of a (2 4+ 1)-dimensional non-Abelian gauge theory or ideal
hydrodynamics.

The phase-space of the theory is a coadjoint orbit of the volume-preserving dif-
feomorphism group SDiff (M, ) of the spatial two-dimensional manifold. Roughly
speaking, this means that SDiff (M, ) is a symmetry group of the Poisson algebra
of observables. The gauge group (structure group) of the theory is U(1). The
inspiration for this lies in ideal hydrodynamics. Indeed, even before the diffeo-
morphism group of a manifold appeared in general relativity, it was relevant as
the configuration space of a fluid. The theory we study is not the same as, but is
motivated by (2 + 1)-dimensional ideal hydrodynamics, regarded as a Hamiltonian
system.18:19:15,:20-22 Though we arrived at it as a toy-model for Yang-Mills theory,
it turns out to have a nice geometric and possibly even integrable structure. We
find two infinite sequences of conserved charges. The first set are Casimirs, ana-
logues of the enstrophy invariants of ideal hydrodynamics. In addition, we find
another infinite set of conserved charges which are not Casimirs but are in invo-
lution. The theory we study here can also be regarded as a theory of geodesics of
a right-invariant metric on the volume-preserving diffeomorphism group of a two-
dimensional manifold. However, the right invariant metric on SDiff (M, ) implied
by our Hamiltonian is different from that arising in ideal hydrodynamics (the L2
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metric leading to ideal Euler flow) as well as the H! metric leading to averaged
Euler flow.?3

Another way to view the current work is to recall that adding supersymmetry
usually gives greater analytical control over gauge theories. But there may be other
modifications of gauge theories that also lead to interesting toy-models or enhanced
solvability. Our investigation concerns one such novel modification of gauge field
Poisson brackets.

In Sec. 2 we introduce the space of Abelian gauge fields A;dxz’ on a two-
dimensional surface M as the dual of the Lie algebra SVect(M,p) of vector
fields preserving a volume element y = pd?z. This “duality” is known in hydro-
dynamics.'® The differentials df? = p~* ;—i of differentiable gauge-invariant observ-
ables f(A) are shown to be volume-preserving vector fields. In Sec. 3 we give the
Poisson structure on gauge-invariant observables

B 5 J 0
{fig}= /dzmpAi {p_lﬂiaj <p‘15i> - p_lgiaj <,0_151i>} )

turning the space of gauge fields into a Poisson manifold. The Poisson brackets of
gauge fields are obtained explicitly (35) and compared with those of Yang—Mills
theory on a spatial and null initial value hypersurface.

In Sec. 4 we give the coadjoint action of SDiff(M, ) and its Lie algebra
SVect(M, 1) on the Poisson manifold of gauge fields SVect(M, u)*, and show that
the action is canonical, i.e. preserves the Poisson structure. The moment maps
generate the coadjoint action. The symplectic leaves of the Poisson manifold are
coadjoint orbits. The enstrophy invariants of hydrodynamics I, = [,,(dA/p)"p
are an infinite sequence of Casimirs of the Poisson algebra. The coadjoint orbits

of closed gauge field one-forms are shown to be finite dimensional. Single-point
orbits for simply connected M are found. We argue that all other orbits are infinite
dimensional and try to characterize their isotropy subalgebras as well as tangent
spaces.

In Sec. 5 we first review the choice of Hamiltonian leading to ideal Eulerian
hydrodynamics in 2 + 1 dimensions. Then we propose a different gauge-invariant
Hamiltonian depending on both u and a metric g;;, by analogy with the magnetic
energy of Maxwell theory,

R [ (e

where F' = dA is the field strength, *F' is its Hodge dual, and Q, is the volume
element of the metric g;;. Here 0 = (u/Qy)? = p?/g, g = det g;; and p is the density
associated to p. H is shown to determine a nonnegative inner product on the dual
of the Lie algebra SVect(M, u)* and an inverse “inertia tensor” by analogy with the
rigid body. If M is simply connected, the inverse inertia operator is nondegenerate
and could be inverted to get an inner product on the Lie algebra SVect(M, u). This
could be extended to the diffeomorphism group SDiff (M, 1) by right translations.
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Thus, the magnetic energy should define geodesic flow on SDiff (M, 1) with respect
to a right-invariant metric different from that coming from Eulerian hydrodynamics.

In Sec. 6 we find the equation of motion for the magnetic field B = %9, 4;,
B =V(B/p) x V(Bp/g). This simple quadratically nonlinear evolution equation is
strikingly similar to the Euler equation of a rigid body L=LxQ L=1INTtcan
be regarded as the “Euler equation” for the group SDiff (M, ) with Hamiltonian
given above. Remarkably, for a uniform measure p we find an infinite sequence H,,
of conserved charges in involution, which are not Casimirs. The Hamiltonian is %,

A n
Hn:/ <d—) o, n=123,.... (1)
M\ M

In Sec. 7 we find some static solutions of the equations of motion. We show that
for circularly symmetric p and g, every circularly symmetric magnetic field is a
static solution. We generalize this to the nonsymmetric case as well. We also find
a one-parameter family of static solutions that are local extrema of energy even
with respect to variations that are not restricted to the symplectic leaf on which
the extremum lies. Some ideas for further study are given in Sec. 8.

Volume-preserving diffeomorphisms and gauge theories have appeared together
previously in the literature (see, for example, Refs. 24 and 25). Our investigation
seems quite different, since SDiff (M, ) is not the gauge group of our theory but
rather a symmetry of the Poisson algebra.

2. Volume-Preserving Vector Fields to Gauge-Invariant Observables
2.1. Lie algebra of volume-preserving vector fields

Let M be a surface with local coordinates z?, to be thought of as the space on
which a fluid flows. A vector field on M is regarded as the velocity field of a fluid at
a particular time. The space of all vector fields on M forms a Lie algebra Vect(M)
with Lie bracket

[u,v]" = w/ 9;v" — vIOju’ . (8)

Vect(M) is the Lie algebra of the diffeomorphism group Diff (M). Conservation of
the mass of the fluid during its flow implies the continuity equation for its density
p(z,1):

M—FV-(/)U):O. (9)

ot

We are interested in flows where the density at any point of space does not depend
on time. Using the continuity equation, this becomes V - (pu) = 0. We call such
a flow volume-preserving. Geometrically, we are considering a flow that generates
diffeomorphisms of M that preserve a given volume form? £, = 0. The density is

dA volume form must be nondegenerate. In two dimensions it is the same as an area form or a
symplectic form.
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constant along integral curves of u. To see the equivalence of this with the continuity
equation for a volume-preserving flow, recall that

Lopp = (diy, + iud)p = d(iyp) , (10)
where i, is the contraction with u. Here dy = 0 since p is a volume form. In local
coordinates 1 = 1p;; dz® A da? where p;; = —pj; = €;jp and €;; is antisymmetric

with €12 = 1. So u = p(x)d?x where dr' A do? = d?x. Then i,u = %,uij(ui dzxd —
dz'uw!) = piju’ da?, so that

Lo = d(iyp) = O (uiju)da® A da? = 8;(pu’)dz* A da? . (11)

Thus L, = 0 becomes V - (pu) = 0. We will use the terms volume-preserving
and area preserving interchangeably since M is a two-dimensional surface. Some of
what we say has a generalization to higher (especially even) dimensional M.

The properties Loutpy = aly +BLy and Ly, ) = Lo Ly — Ly Ly, ensure that the
space of volume-preserving vector fields G = SVect(M, u) forms a Lie subalgebra of
Vect(M). It is the Lie algebra of the group of volume-preserving diffeomorphisms
G = SDiff (M, p).

Volume-preserving flow is a special case of incompressible flow, which occurs
when the fluid speed is small compared to the speed of sound.® In particular, shock
waves cannot form in incompressible flow since shock waves involve supersonic flow.
Under ordinary conditions, air flow in the atmosphere is incompressible. Vertical
currents mix regions of high and low density so they are incompressible but not
volume-preserving. Horizontal air currents in the atmosphere are approximately
volume-preserving.

If M is simply connected, the volume-preserving condition 9;(pu’) = 0 may be
solved in terms of a stream function 1 satisfying i, = dip. ¢ is a scalar function
on M that serves as a “potential” for the velocity field. In local coordinates

Since p is nondegenerate (p # 0), it can be inverted p~'e™ i, = —&% where ¥ is
a constant antisymmetric tensor with ¢'? = 1, e¥¢;;, = —4§}. This does not require
a metric on M. Then

u' = p 9. (13)

u determines ¥ up to an additive constant, which can be fixed by a boundary
condition. If M is simply connected, then SVect(M, u) may be identified with the
space of stream functions. Suppose two volume-preserving vector fields u, v have
stream functions ¢, and v,

u' = p 900y, v =p e 00y . (14)
¢Some authors consider only the special case where density is a constant, V-« = 0. Note also that

the same fluid may support both compressible and incompressible flow under different conditions,
so our definitions refer to the flow and not just to the fluid.
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Then their Lie bracket [u,v] has stream function p=tV, x Vib,:

[u,v]" = p~ '8 {p™1e7* (0;00) (Ortu) }
Yluw) = pilgjk(ajwv)(akd’w .

2.2. Abelian gauge fields as the dual of SVect(M, )

The Lie algebra SVect(M, ) is akin to the Lie algebra of angular velocities of a
rigid body. The angular momenta are in the dual space to angular velocities, and
satisfy the angular momentum Poisson algebra. As explained in App. A, the dual
of any Lie algebra is a Poisson manifold. This is interesting because the observables
of a classical dynamical system are real-valued functions on a Poisson manifold.
The dual of the Lie algebra G = SVect(M, ) is the space of Abelian gauge fields
modulo gauge transformations,

G* = SVect(M, p)* = Q' (M)/dQ°(M). (16)

This fact is well known in hydrodynamics (see Ref. 15), though it is usually not
thought of in terms of gauge fields. To see this duality, we define the pairing (A, u)
between gauge fields and volume-preserving vector fields by integrating the scalar
A(u) with respect to pu:

(A u) = pu(A) = /M Alu)p = /Aiuipdzx. (17)

The pairing p,(A) is also called the moment map. It is a gauge-invariant pairing.
Under a gauge transformation A — A’ = A + dA for any scalar A(x),

pul ) =) = [ @y == [ Moy(pui)a o0, (18)

since u is volume-preserving. We assume that gauge fields and gauge transforma-
tions A vanish on the boundary OM or at infinity. We make no such assumption
about the vector fields.

Gauge Fixing: it is occasionally convenient to “gauge-fix,” i.e. pick a coset rep-
resentative for QY(M)/dQ°(M). Under a gauge transformation, A, = A; + 9;A.
We can pick A such that A} = A; + §;A = 0, so that we are left with only one
component of the gauge field A5. We can still make an z'-independent “residual”
gauge transformation, AY = A} + 92A(22) to eliminate any additive term in A
depending on 2?2 alone. Suppose we have gauge fixed on a particular spatial initial
value surface at time ¢ = 0. Unlike in Yang—Mills theory, the equations of motion
of our theory are purely dynamical. They only evolve the gauge-fixed fields forward
in time, and do not contain any further constraints. In effect, after gauge fixing, we
will be left with one propagating field degree of freedom.
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2.3. Differentials of gauge invariant charges are
volume-preserving vector fields

We should regard SVect(M, u)*, the space of gauge fields modulo gauge transfor-
mations, as the Poisson manifold of some dynamical system. Real-valued functions
on this space (i.e. gauge-invariant functions f(A)) are the observables. Given such
an f(A), we can define its differential df (A):

of

(df (A))" = p~*(2) =p 0'f. (19)
For each equivalence class of gauge fields [A] = {A|A ~ A + dA}, the differential®
defines a vector field df‘d; on M. If f(A) is nonlinear, the vector field (df (A))!(x)
changes as A € G* changes. Suppose f(A) is gauge-invariant and differentiable.
Then we can show that its differential df’ is a volume-preserving vector field on M:
9;(pdf?) = 0. To see this, note that gauge invariance implies that the change in f
under any gauge transformation §A; = 9; A must vanish:

_sr= [ sa
0—5f—/m5141(x)d2m

_ [ _9f

_ _/ai<%>A(x)d2x. (20)

Since A(x) is arbitrary, it must follow that 0;(6f/dA;) = 0. So the differential
of a gauge-invariant function can be regarded as an element of the Lie algebra
G = SVect(M, u).

The simplest gauge-invariant observable is the field strength 2-form:

81Ad2$

1 . .
F=dA= §FU dz* A dx? Fl‘j = 81‘14]‘ - ain = EijB, (2].)

where B = ¢70;A; = 1Ay — D2 A1 is the magnetic field. The differential of F,

(@R =p ST — i 6t0s(e ) - 0sda - ) (22

is a volume-preserving vector field on M for each A:
O (p(dF)*) = Ok (8506 (x — y) — 67 0;0(x — y))

fThe differential (df (A))? is regarded as a vector field on M for each A and should not be confused
with the closely related exterior derivative df, which is a one-form on G*. However, as we will see
later (Sec. 4 and App. A), on any symplectic leaf of SVect(M, u)* with symplectic form w, the
one-form df determines the canonical vector field V; via w(Vy,.) = df(.). V} is a vector field on
the leaf, and its relation to the differential is V¢(A) = adj, A.
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Similarly, the differential of the magnetic field,

((dB)(A))*F = p~! ffk((?) =p le0,0k6(x —y) = p Oz —y)  (24)

is volume-preserving i (p(dB)*) = £*9;0,0(x —y) = 0. We can regard the moment
maps p,(A) as linear gauge-invariant observables. The differential of p,(A) is the
volume-preserving vector field u, for all gauge fields A.

Other gauge-invariant observables f(A) we will be interested in are “charges”:
integrals over M with respect to u, of a local gauge-invariant scalar function F. F
can depend on A only through the field strength two-form F' = dA. The analogue of
the Chern—Simons three-form, vanishes identically since A is a one-form on space,
not space—time. The quotient of dA and the nondegenerate volume two-form (dA/ )
is a scalar function on M. Then

- f (e () a(S)an($)-Je

where o is a scalar function and v?, w", etc. are arbitrary but fixed contravariant
tensor fields. We can get an explicit formula for the differential of such a gauge-
invariant charge. Using dA/u = B/p and

80k (B/p)(z)
dAi(y)

0B

T PS> Y
3141' 6835(33 y)v

_ _si18k<%8j52(x — y)) i, (26)

we get upon integrating by parts,

Due to the antisymmetry of ¢%/, it follows that df is volume-preserving d; (pdf?) = 0.
Moreover, if f is gauge-invariant and of the form assumed above, then its differential
is also gauge-invariant.

Two families of gauge-invariant charges which play an important role in our
theory are I,, and H,, defined below. Let

(2 (3
_ /M (§>n_ldA, n=1,23,..., (28)

16, 1 . B\"!
ITL = — = — 30 — .
(1) p A, p 8J<(p) )

Their differentials are volume-preserving 9;(p(dl,(A))?) = 0 since € is antisym-
metric. Note that I; = [ wdA = 0. We assume B vanishes sufficiently fast at
infinity and do not consider I,, for n < 0. Given a scalar function ¢ on M we can
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construct additional gauge-invariant charges. These are similar to the I,,, except
that we multiply by o before integrating over M:

Hn(A):/(%)nau:/<§)napd2x. (29)

More generally, one can replace (B/p)™ by an arbitrary function of B/p. The dif-
ferential of H,, is volume-preserving:

(dH,(A)) = ”jj 9; <0<§)n_1> . (30)

Gauge-invariant observables depending on the volume form p and a metric g;; on

M will play an important role in determining the dynamics of our theory. They are
given in Subsec. 5.2.

There are other interesting gauge-invariant observables such as the circulation
Cy(A) = fol A; d”;gs) ds and its exponential, the Wilson loop. Since these observ-
ables are concentrated on one-dimensional curves on M, they may fail to be differ-
entiable and their differentials exist only as distributional vector fields. They require
a more careful analysis and are not considered in this paper. Henceforth, when we
say observable, we will mean gauge-invariant observables that are differentiable, in
which case, their differentials are guaranteed to be volume-preserving vector fields
on M.

3. Poisson Brackets
3.1. Definition of Poisson bracket on G* = SVect(M, u)*

The Lie algebra structure of volume-preserving vector fields G = SVect(M, p) can
be used to define a Poisson structure on its dual (see App. A, Refs. 26-28 and
32). The dual space G* = SVect(M, p)* = QY(M)/dQ°(M) of gauge field one-
forms then becomes a Poisson manifold. Observables are real-valued functions on
it. The Poisson bracket (p.b.) between gauge-invariant observables f(A) and g(A)
with volume-preserving differentials df and dg, is defined using the pairing (A, u)
between G and G* and the Lie algebra bracket [df, dg]:

{f,9}(A) = (A, [df,dg]) = MAi[df, dg)'

— [ e pailar 5;dg' — dgi ;"

1 0f _1 0g _1 99 1 0f
_ 2 | =191 4 1 _—1.99 o 19/
—/d prl{P 3 jaj(p 3 Z) P 3 jaj(p A

= [Al@ o, 15') ~ g0, 5 ] (31)
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where 6° = SLA{ The antisymmetry, linearity and Jacobi identity follow from the
corresponding properties of the Lie bracket. The Leibnitz rule follows from the
Leibnitz rule for differentials.

The p.b. (31) preserves the class of gauge-invariant functions. Suppose f, g are
gauge-invariant. Then df, dg € SVect(M, u). Recall (Subsec. 2.3) that if f and g
are gauge-invariant, so are their differentials df* and dg’. It follows that [df, dg]® is
also gauge-invariant. Now, under a gauge transformation A’ = A + dA,

{f,9}(A") = (A, [df  dg|(A")) = (A', [df  dg](A))

/ A((df, dg)(A))u = {£.9}(A) — {£.9}(A)

_ / AD(([df, dg)(A))' p)dx = 0. (32)

Thus (31) is a gauge-invariant Poisson bracket.

A gauge-invariant observable f(A) defines canonical transformations on the
Poisson manifold G* via the p.b. Suppose g(A) is any observable, then its Lie
derivative under the flow generated by f is Lv,g(A) = {f,g}(A) = (A, [df,dg])
(see Sec. 4).

Example. The p.b. of two moment maps p,,(A) and p,(A4) is

o A) = in(4) = [ A0 00" =0y (33)

If w and v are volume-preserving, so is [u,v]; therefore, if u, and p, are gauge-
invariant functions of A, so is p,,). Moreover, the canonical transformation
generated by the moment map pu, is just the Lie algebra coadjoint action (see
App. A and Sec. 4):

Ly, f(A) ={pu, FYA), Ly, A=ad, A (34)

3.2. Poisson brackets of gauge fields

Equivalence classes of gauge fields are coordinates on our Poisson manifold G* =
SVect(M, p)*. Thus, an explicit formula for the “fundamental” p.b. between com-
ponents of the gauge field A;(z) is useful. This will also facilitate a comparison with
electrodynamics. We will show that the p.b. between gauge field components is

(), 4300} = % = ) | A430) o™ ) =~ Ae) @) (39)

where the derivatives act on everything to their right. Though this formula for
{Ai(z), A;(y)} looks a bit complicated, the right-hand side is linear in gauge fields.
Thus, our Poisson algebra is actually a Lie algebra like the Lie algebra of angular
momenta {L;, L;} = €, L.
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Recall that electrodynamics is based on the Heisenberg algebra between the
spatial components of the gauge field and the spatial components of the electric
field. In two spatial dimensions we have (before any gauge fixing)

{Ai(x, 1), B/ (y, 1)} = 62(x — y)d7 ,

{Ai(x,1), A;(y, 1)} = 0, (36)

{E'(x,t), B (y,t)} = 0.
While in electrodynamics the electric field is canonically conjugate to the gauge
field, this is not the case in our theory. The components of the gauge field in our
theory obey p.b. relations with each other, without being canonically conjugate.
This is not unusual. For instance, the components of angular momentum form a
closed Poisson algebra though none of them is canonically conjugate to another.
This is a generic feature of degenerate Poisson manifolds where canonically conju-
gate variables can only be chosen on individual symplectic leaves (the concentric
spheres in the case of angular momenta).

Gauge fields obeying p.b. not involving the electric field are not alien to conven-
tional Yang—Mills theory. For example, in a coordinate system where initial values of
fields are specified on a null cone at past timelike infinity, the transverse components
of gauge fields satisfy p.b. among themselves as shown by Rajeev and Turgut??>

{Af (2, R), Af (2, R')} = 5 5d5bqu( )0(z — 2") sgn(R — R'), (37)

where 2% are transverse angular coordmates, ¢;j is the round metric on S2, R is
a radial coordinate and a,b are color indices. In fact, our original motivation for
studying the dynamical system in this paper was to find a toy-model that shared
this feature with Yang—Mills theory.

Now we will establish (35) using (31) and the relation between the p.b. of func-
tions and those between the “coordinates” A;(x):

(.0} = [ oy ade), A0 s s

We rewrite {f, g}(A) from (31) to make it look as this:
5 Sf 1 dg dg 16f
/dxA {5148(05/1) 5A8(05A )]
_ 2, 32, 20 ) of i( 1 dg >_ o }
[ #eta y)AJ(y){aAi(m o7 st oa,) 1Y

)

(38)

=/d2xd2ya2<x—y>[Aj<y>— o™ )] e

5Ai(x) 5A;(y)
(39)
Finally we read off the desired expression (35).
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4. Structure of Poisson Algebra of Observables

In this section we give the canonical action of SDiff (M, i) (generated via p.b.) on
the Poisson manifold G* = SVect(M, p)* (see also App. A and Ref. 15). Symplectic
leaves are coadjoint orbits of SDiff (M, ). The Poisson algebra of gauge-invariant
observables is degenerate. The enstrophy invariants I,, of hydrodynamics are an infi-
nite number of Casimirs. They are constant on the coadjoint orbits. Then we try to
identify some of the simpler coadjoint orbits. We show that there is always at least
one single-point orbit, that of the pure gauge configuration. If M has nonvanishing
first cohomology, then we show that there are finite dimensional symplectic leaves
lying inside H(M) \ {0}. This also shows that I,, could not be a complete set of
coadjoint orbit invariants. If M is simply connected, we show that the only single-
point orbits consist of the configurations for which dA/u is constant. For simply
connected M, we also argue that the orbit of [4] € G* for which dA/u is not
constant, is infinite dimensional. We identify the isotropy sub-algebra and tangent
space of such an orbit and give an example where dA/u is circularly symmetric.
However, this analysis is far from complete. It would be useful to find a nice coor-
dinate system on these orbits and get the symplectic structure in explicit form so
as to study Hamiltonian reduction.

4.1. Coadjoint action of SDiff (M, i) on Poisson algebra

The Poisson manifold G* = QY(M)/dQ°(M) = {A € QY(M)|A ~ A+ dA} carries
the coadjoint action of SDiff (M, u1). For example, on a simply connected region M,
G* may be identified with the space of scalar functions f = (dA/u) = (B/p) on M.
The coadjoint action is the pull-back action of volume-preserving diffeomorphisms
¢ € SDiff (M, i) on functions ¢*f = f o ¢. The action on equivalence classes of
gauge fields is also the pull back Adj[A] = [¢* A]. For infinitesimal ¢(t) = 1+ ut we
get the Lie algebra coadjoint action of u € SVect(M, u) on G*:

ad;, A= —L,A. (40)

This action of SDiff (M, u) on G* is canonical, i.e. there is a function on G* (a gauge-
invariant observable) that generates the coadjoint action via the p.b. The generating
function is the moment map ., (A). To see this, suppose u is a volume-preserving
vector field, then

{1u(A), 45} = —(LuA); - (41)
To show this we begin with the right-hand side of (41),
Ly A =d(iy,A) + iy (dA)
— (i Ay + %z‘u{(ain _ 9A)dat A dad )
= (0jAu’ + A;0;u’)dx? + %(@Ai — 0;A;) (W da* — da? u?)
= {A;0;u’ + u'0; A }da? . (42)
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On the other hand, using (35), {#u(A), Ax(2)} is equal to

/d% de{Ai(x)7Aj(y)}5iiLng) gij((;;

- / dxd*y§*(z —y) | 4;(y) a(Zi P () - Ai(m)%p‘l(az)} pla)ul (2)5]6%(2 — y)
= [ #r v 8(; (7 )y~ 2) — [ P (c - B
= —p 10;(Appu’) — A’ = —u'9; Ay — AiOpu’ = —(LuA)x . (43)

We integrated by parts (4 = 0 on M) and used 9;(pu’) = 0. Thus, we obtain (41).

4.2. Center of Poisson algebra

From Subsec. 4.1, the symplectic leaves of SVect(M, u)* are homogeneous sym-
plectic manifolds, identified with coadjoint orbits of SDiff (M, u). Is the Poisson
algebra of functions on SVect(M, 1)* degenerate? What are the Casimirs that con-
stitute its center? Casimirs are unchanged under canonical transformations. So they
are constant on symplectic leaves. A complete set of such Casimirs would allow us to
distinguish between distinct leaves. Since the symplectic leaves are coadjoint orbits
of SDiff (M, u), it suffices to find observables that commute with the moment maps
1 (A), which generate the coadjoint action.

We first observe that the center of the Poisson subalgebra of linear observables
py(A) is trivial. {gy, py }(A) vanishes for all A iff [u,v] = 0. But the center of
SVect(M, u) is trivial. This is seen by writing u and v in terms of their stream
functions t,,, 1,,. Taking some simple choices for v, in the condition [u,v] = 0 will
imply that ¢, = 0. Thus none of the p,(A) lie in the center of the Poisson algebra
of gauge-invariant functions, since they do not even commute with each other. Thus
we need to look elsewhere to find the Casimirs of our Poisson algebra. It turns out
that the charges I, = [(dA/p)"™p are central observables. The monomials (dA/p)"
can be replaced by any scalar function of (dA/u). We found that I,, are Casimirs by
showing that they Poisson commute with the moment maps. However, this involves
lengthy calculations. For example, in App. B we show that I,, commute with each
other and in App. C we show that I commutes with p,(A) for uniform pu.

However, we found that I,, are closely related to the enstrophy invariants of
hydrodynamics, which are known to be conserved quantities in Eulerian hydro-
dynamics. There is a simple argument in Ref. 15 based on earlier work?!:20:22 that
leads to the conclusion that I,, are constant on coadjoint orbits. The argument is
that the action of SDiff (M, u) is merely to change coordinates in the integral defin-
ing I,,. Since this integral is independent of the choice of coordinates, I,, must be
invariant under the coadjoint action. Though I,, for n = 1,2,3,... are all Casimirs,
they are not a complete set of orbit invariants. Their level sets do not necessarily
distinguish the coadjoint orbits (see Subsec. 4.3). For some remarks on additional
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invariants, see Sec. 9 of Ref. 15. Our explicit calculations of {I,, 11, } given in Apps. B
and C suggested to us how I,, could be modified in order to get an independent
infinite sequence of conserved quantities (not Casimir invariants) for our choice of
Hamiltonian; see Subsec. 6.3.

4.3. Finite dimensional symplectic leaves in H'(M)

The simplest symplectic leaf in the dual of the Lie algebra of the rotation group is
the origin of angular momentum space {L; = 0}. It consists of a single point. Of
course, one can also characterize the orbit {L; = 0} as the zero set of the Casimir
L? = 0. Can we get a similar explicit characterization of the simplest symplectic
leaves of SVect(M, pu)*?

Orbits of closed one forms and zero set of Casimirs I,

The simplest symplectic leaf in SVect(M, u)* should be the orbit of exact one-
forms. Suppose A = dA is an exact one-form. Then under the coadjoint action of
u € SVect(M, p) it goes to A’ = A+ ad;, A:

Al = A; — (L,A); = ;N — (9;AN)(0;u7) +u?0;0iN = 0i(A —w/O;A) . (44)

We see that a pure gauge is mapped to a pure gauge under the Lie algebra coadjoint
action. Thus the tangent space to the orbit of exact one-forms is trivial. So pure
gauges form a single-point orbit.

After the pure gauges, the next simplest configurations are closed but inexact
one-forms dA = 0, A # dA. Suppose M is a manifold with nonvanishing first
cohomology. What is the orbit of an element of H*(M)? In particular, is the orbit
a finite dimensional manifold? Does the orbit lie within H'(M)? The answers to
both these questions is affirmative. Suppose A is an exact one-form, F' = dA = 0.
Under the Lie algebra coadjoint action, A’ = A +ad, A = A — L, A:

dA = d(A — L,A) = —d(diy + i,d)A = —di, dA =0, (45)

The tangent space to the orbit of a closed one-form contains only closed one-forms.
Since the space of closed one-forms on a two-dimensional manifold is finite dimen-
sional, the tangent space to the orbit must be finite dimensional. Moreover, we have
shown that the exact one-forms form a single point orbit by themselves. Thus, at
the infinitesimal level, the orbit of a nontrivial element of H'(M) must lie within
HY(M)\ {0}. This view will be reinforced by considering the zero set of Casimirs:

I, = / (%)% ~0. (46)

I, are constant on coadjoint orbits. Thus, the orbits must be contained in their level
sets. Io, is the integral of a positive quantity and therefore vanishes iff dA = 0. If
dA = 0 then I5,41 is also zero. Thus the level set I,, = 0 is the space of closed
one-forms on M. Thus, the coadjoint orbit of a closed one-form must lie in H'(M).
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Since we already established that the pure gauges form a single-point orbit, this
means I,, cannot be a complete set of Casimirs if H!(M) is nontrivial.

For example, if M is the plane, then H'(R?) consists only of the equivalence
class of pure gauge configurations and the zero set of I,, contains only one single-
point orbit [A] = 0. The same is true of the 2-sphere S? which has trivial first
cohomology. For the 2-torus H!(T?) ~ R?2. For T?, there must be symplectic
leaves which are submanifolds of R? \ {0}. It is interesting to find the orbits of
cohomologically nontrivial gauge fields more explicitly as well as the induced sym-
plectic structure. However, we do not investigate this further since the Hamiltonian
we pick (66) vanishes on closed one-forms. There is no interesting dynamics on the
finite dimensional symplectic leaves we have described above. Therefore, we turn to
the case where M is simply connected and try to characterize the orbits of gauge
fields that are not closed.

4.4. Symplectic leaves when M is simply connected

In the case of the rigid body, symplectic leaves other than L; = 0 are concentric
spheres of nonzero radius, all two-dimensional symplectic manifolds. These leaves
may also be characterized as nonzero level sets of L2. By analogy, we would like
to find the orbits in SVect(M, u)* of one-forms that are not closed. They must lie
within nonzero level sets of I,,. Can we say something more about them, such as
whether they are finite dimensional? We address these questions below, assuming
M is simply connected.

By Poincaré’s lemma, all the information in a gauge field on a simply connected
M can be stored in the two-form field strength, F' = dA. Then, the dual of the Lie
algebra SVect(M, u)* may be identified with the space of scalar functions on M:

SVect(M, u)* = {f = %} (47)
The coadjoint action of ¢ € SDiff (M, u) is just the pull back
Adyf=¢"f=fod (48)
and the Lie algebra coadjoint action of u € SVect(M, u) is
foftad, f=f—Luf=[f-udf. (49)

Thus the coadjoint orbit of f and the tangent space to the orbit at f are

O ={f o ¢|¢ € SDiff (M, )},

. (50)
Tf@ = {f — u181f|u S SV(3C1J(]\47 p,)} .

The picture that emerges from our analysis below, is that there are two types of
orbits when M is simply connected. Orbits of the first type contain only a single
point, namely a constant function f = dA/u = c. In the case of the plane with the
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uniform measure, the only one-point orbit is {f = (dA/u) = 0}, consisting of the
pure gauge configuration. The orbits of the second type are all infinite dimensional.
They are the orbits of nonconstant functions f. In the case of the plane with
uniform measure, we expect an infinite number of such orbits of the second type,
each contained within a level set of {I,,,n =1,2,3,...}, though we do not rule out
the existence of more than one such orbit in any one level set of the I,,.

Single point orbits

We show that constant functions f = (dA/u) = ¢ are the only single point coadjoint
orbits in the dual of the Lie algebra SVect(M, u)* when M is simply connected.
They lie within the level sets I, = Vol(M, yu)c"™ where Vol(M, p) = [, p.

Suppose f is a constant. Then £, f = 0. So the constant functions form single
point orbits. The case f = 0 corresponds to the closed and exact one-forms A
which we already identified as a single point leaf if M is simply connected. Nonzero
constant functions are not admissible elements of SVect(M, u)* if M = R? and p is
the uniform measure. But they are allowed if M is compact or if 4 — 0 at infinity
on noncompact M. Note that I, = [ " = Vol(M, u)c™ if f = ¢. So the constant
functions lie in the level sets with I,, = Vol(M, u)c™.

We can go one step further and show that constant functions are the only single
point orbits if M is simply connected. Suppose f is a single point orbit. Then L, f
must vanish for all volume-preserving vector fields u. Since M is simply connected,
any such vector field can be written in terms of a stream function u’ = p=1%9;1).
Then denoting derivatives by subscripts,

Lof = p e (0;9)(0if) = p~ (farby — fy¥bu)

(51)
Lof =0= fotby =tafy.

This must be true for all stream functions . Taking ¢ = x and ¥ = y successively
tells us that f must be independent of both z and y and hence a constant. We
conclude that the only single point orbits in G* = SVect(M, u)* are the constant
functions f = (dA/u) = ¢ when M is simply connected.

Orbit and stabilizer of nonconstant element of SVect(M, pu)*

The stabilizer algebra Stab(f) or isotropy subalgebra of a function f is the set of all
volume-preserving vector fields u’ which leave it fixed under the coadjoint action.
The coset space SVect(M, p)/Stab(f) then has the same dimension as the tangent
space to the orbit containing f. For u to be in Stab(f) we need L, f = 0. Since M is
simply connected we can express u in terms of its stream function u’ = p~1&%9; .
The condition L, f = 0 becomes

e9(0if)05x) = 0= Xafy = Xy fo =0 (52)
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which in vector notation® says that Vf x Vx = 0. Colloquially, the gradient of x
must be everywhere parallel to the gradient of f. x = cf is clearly a solution for any
real number ¢, so the isotropy subalgebra is at least one-dimensional, provided f is
not a constant. The product of two solutions as well as real linear combinations of
solutions are again solutions to this linear PDE. To better understand the general
solution of this PDE, let us first consider the specific example of a function f(r,6)
that is circularly symmetric.

Example: Stabilizer and orbit of circularly symmetric function

For example, let f = (dA/u) be a nonconstant function depending only on the
radial coordinate r = y/22 4 y2. Let us call its orbit by the name Oy. The gradient
Vf points radially, so to speak. The isotropy subalgebra of any such function f
is the space of stream functions xy with Vf x Vx = 0. The solutions are stream
functions x(r) that are independent of 6:

Stab(f) = {x(r,0)[9gx = 0}. (53)
In this case, the isotropy subalgebra is infinite dimensional. The coset space
SVect(M, p) /Stab(f) = {(r, 0)[¢ ~ b + x(r)} (54)

has the same dimension as the tangent space to the orbit TyO; at f. Though the
stabilizer is infinite dimensional, the orbit of f(r) is infinite dimensional as well.
For example, the coset space can be parametrized using an infinite number Fourier
coeflicients

P(r,0) =D 9l (r)cosnd + > L (r)sinnd. (55)
n=1 n=1

We omitted the 6 independent additive term in order to quotient out by Stab(f).

To summarize, the isotropy subalgebra of a nonconstant circularly symmetric
function consists of all stream functions that are circularly symmetric. Moreover,
the tangent space to the orbit may be identified with the coset space in which two
stream functions are identified if they differ by one depending on r alone.

Nonconstant functions have infinite dimensional orbits

Using the circularly symmetric example as a guide, we can characterize the isotropy
subalgebra of a general nonconstant function. The condition for x to be in the
isotropy subalgebra is fyxy — fyxe = 0. We will describe the set of all solutions x
to this linear PDE in a region of M where df is never the zero two-form. Such a
region is guaranteed to exist by an analogue of the inverse function theorem, since
we assumed that f was not a constant. Our answer is that the isotropy subalgebra

&We emphasize that this equation is independent of any metric on M.
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of f consists of all stream functions x which are constant along level sets of f. The
level sets of f are necessarily one-dimensional curves in such a region.

To see this, we argue as follows. In a region where f(z,y) has no local extrema,
the level sets of f are one-dimensional. These level curves foliate the region. Pick
a coordinate ©(z,y) along the level curves. Then dof = fo = 0. Also pick a
coordinate R “transversal” to the level curves of f. What this means is that dr
and Jo should be linearly independent at each point (R,©). There is a lot of
arbitrariness in the choice of these coordinates, and one certainly does not require
any metric to define them. The volume form g is nondegenerate, so the volume
enclosed by the miniparallelogram determined by the tangent vectors Or and Jg is
nonzero. Denoting partial derivatives by subscripts, we get

1(Or; o) = pdx N dy(Or, o)

1 1 1 1 1

Lt 1
~2”\R.,6, R,0,

1 (RO, — R0,
- 2p< R,O,R,0, ) 70. (56)
Since p is nonvanishing, this means
R,0, — R0, #0. (57)

The condition for x to lie in the isotropy subalgebra becomes (using fo = 0)
faxy = fyXe = (fRRs + f6Oz)(XrRy + X0Oy) —2 <y
= frR:(XrRy + x0Oy) — fRRy(XRR: + X0 Ox)
= frxe(R:0, — RyO,). (58)

We have already shown that R0, — R,0, # 0. Moreover, f is nonconstant and
fo = 0 so we must have fr # 0. We conclude that xo = 0. In other words, the
stream functions y in the isotropy subalgebra are constant on level sets of f:

Stab(f) = {Stream functions x constant on level sets of f} . (59)

It is clear that the space of such stream functions is closed under linear combinations
and also under multiplication, as we observed earlier. The tangent space to the orbit
at f is then identified with the coset space:

T¢Of = SVect(M, i) /Stab(f)
= {¢Y | ~ 9+ x, x constant on level sets of f} . (60)

Both the stabilizer and the orbit are infinite dimensional, provided f is not constant,
for the same reason as given in the example where f was circularly symmetric. Thus,
nonconstant f = dA/u have infinite dimensional orbits.
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5. Hamiltonian

Having specified observables (gauge-invariant functions), their p.b. and phase-space
(coadjoint orbit of SDiff(M, it)), we need to pick a gauge-invariant Hamiltonian.

5.1. Hamziltonian leading to ideal hydrodynamics

There is more than one interesting way to pick a Hamiltonian. The classic choice
leading to ideal hydrodynamics, requires a positive metric g;; on M which defines
a positive, symmetric, inner product on G = SVect(M, p):

oo = [ gt [ gpuvin. (61)

The Hamiltonian of Eulerian hydrodynamics is then

1

1 D
H(u) = §<u,u)g =3 /giju wpd®z. (62)

There is no a priori relation between the metric g and the volume form u. Q4 =
Vdet gdzt A dz? need not equal p. If u = Qg, the theory is particularly natural as
well as nontrivial. The Hamiltonian defines an inertia operator I (generalization of
the inertia tensor of a rigid body, see App. A and Ref. 15) from the Lie algebra G =
SVect(M, p) to its dual G* = QY (M)/dQ°(M). Suppose u,v are volume-preserving
vector fields. Then the inertia operator is defined by the equation (Ju,v) = (u,v)g.
In other words,

Jawsein= [gsuivn= [ (), - gsuiu=o. (63)

Since this is true for an arbitrary volume-preserving v, ((Iu); — g;ju’) must be a
total derivative: (Iu); — g;ju’ = 9;A for some scalar function A which vanishes on
the boundary of M or at infinity. We see that the metric does not determine the
one-form Ju uniquely, but rather up to an exact one-form. Thus, the image Iu of
a volume-preserving vector field u € G is an equivalence class in G* = gauge fields
modulo gauge transformations. A coset representative is given by the one-form
A; = gijuj . The equation of motion is the well-known Euler equation

Ju
— = —V, ,u— s ” = . 4
ot Vuu—Vp, Lypu=0 (64)

Here V,u is the covariant derivative (with respect to g;;) of u along itself. The
two equations fix the pressure p(z,t) up to an additive constant. The Euler equa-
tions of hydrodynamics have a geometric interpretation.'® The configuration space
of a volume-preserving fluid flowing on the manifold M is the group of volume-
preserving diffeomorphisms SDiff (M, p). The inner product (61) on the Lie algebra
of this group can be extended to a right-invariant metric on the whole group by
right translations by group elements. Then, by the least action principle, the time
evolution of the fluid is given by geodesics on SDiff (M, u) with respect to this
metric.



3792 G. S. Krishnaswami

5.2. Hamiltonian as magnetic energy

Now we propose a Hamiltonian different from that of Eulerian hydrodynamics. It is
a magnetic energy, natural from the point of view of Yang—Mills theory. The result
will still be a theory of geodesics on SDiff (M, i), but with respect to a different
right-invariant metric on this group than that implied by ideal hydrodynamics.
Suppose M is a two-dimensional surface with volume form p and metric g;;. The
metric did not play any role so far since the phase-space and Poisson structure
are independent of it. But to specify the dynamics, we need the metric. Any two-
dimensional manifold is conformally flat, so the information in g;; is encoded in its
volume form Q, = \/gdzvl A dz?, where g = det gij- We do not assume that p is
equal to €. Indeed, if that is the case, the dynamics is trivial. By analogy with
Yang—Mills theory, we pick the manifestly gauge-invariant magnetic energy

H:%/<F§\2:F)ﬂ (©5)

as our Hamiltonian. It can be written in a variety of equivalent ways:

S CEIGE
= i/FijF%: %/ <BTQU)d2m. (66)

We find the last formula most useful in calculations. Here o is the positive scalar
function on M given by the square of the quotient of the two volume forms:

We will see that for the dynamics to be nontrivial, ¢ must not be constant. The
Hamiltonian in (66) is the simplest choice that is gauge-invariant, quadratic in
gauge fields and involves two derivatives. It is easy to see the equivalence of the
various formulae for the magnetic energy in (66). Let €7 = g**gi¥ey,;, €7 = —€7?,
€'2 = 1/g. Moreover, ge”/ = . The Hodge dual of F is the scalar

B

—. 68
NG (68)
F AxF is the two-form (B?/,/g)dz' Adz?. ((F AxF)/Q4) = B?/g is a scalar. Hence

, 1 1 . 1
o (s /\dxﬂ)gFij = 5\/§€”Fij = —2\/5 ZFijeij =
ij

Moreover, F;; Fl = 2(F;oF'?). But F'?2 = glig¥ F;; = (¢g'1¢* — ¢"2¢*")Fiy =
g 'Fi2 = B/g. Thus F;; F¥ = 2B?%/g. This shows the equivalence of all the forms
of the Hamiltonian given in (66).
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The Hamiltonian (66) involves only the spatial components of the field strength
since there is no time component for the gauge field in our theory. So there is no ana-
logue of electric energy. Moreover, our theory is not relativistically covariant unlike
electrodynamics. The dynamics determined by (66) is not equivalent to Eulerian
hydrodynamics, though both theories share the same phase-space. To see this, note
that if Q4 = p, then (66) reduces to the Casimir I and has trivial dynamics while
the Hamiltonian (62) continues to have nontrivial dynamics.

The differential of the Hamiltonian (66) is ( gfi(é)) = —£99;6%*(z —y)):

(dH(A)) = %% - %afﬂ‘aj (%) | (70)

For each A, dH(A) is volume-preserving 9;(pdH?®) = €0;0;(Bo/p) = 0. H gen-
erates a l-parameter (time) family of diffeomorphisms of a coadjoint orbit of
SDiff (M, pt), which serves as the phase-space. The Hamiltonian vector field Vi
is a vector field on a coadjoint orbit 0. At each tangent space T|4(;)O to an
orbit, Vi ([4]) is given by the coadjoint action of the Lie algebra element dH (A),
Vi = adgp(ay- The change in an observable f under such an infinitesimal canonical
transformation is the Lie derivative with respect to Vi:
df (A)

Vo =Ly, f = adiy = {H.5) = (Al a7 = [ AaHdff'. (71

Explicit equations of motion in local coordinates are given in Sec. 6.

5.3. Inertia operator and inner product on G* from Hamiltonian

Recall (Subsec. 5.1) that the Hamiltonian of ideal hydrodynamics (62) defines an
inner product on the Lie algebra of volume-preserving vector fields via the inertia
operator. Here, the magnetic energy defines a positive inner product (-,-)g~ on
the dual of the Lie algebra, G* = Q!(M)/dQ°(M), via an inverse inertia operator
h, obtained below. This inner product is degenerate if M has nonvanishing first
cohomology. Away from degeneracies, one can in principle invert h to obtain an
inertia operator and an inner product (-,-)g on the Lie algebra G = SVect(M, u).
It should be possible to extend (-, -)g to a metric on the group G = SDiff (M, u1) by
means of right translations. The equations of motion in G* = SVect(M, u)* deter-
mined by H should be the projection of the geodesic flow on G = SDiff (M, ) with
respect to this right-invariant metric. In this sense, the dynamics determined by the
magnetic energy describes geodesics on SDiff (M, y1). Eulerian hydrodynamics also
describes geodesics on SDiff (M, i), but with respect to a different right-invariant
metric.'® Here, we obtain the inverse of the inertia operator and the inner product
on SVect(M, u)* explicitly. Let us begin by writing the Hamiltonian as a quadratic
form on gauge fields. The result is

1 ) ) ij ~kl
H:§/AmﬂAmd2x with pit = &5 [(aﬁ)aﬁiajak] (72)
P P P
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h¥ plays the role of inverse inertia operator, mapping equivalence classes of gauge

fields to volume-preserving vector fields by raising the index A; — h¥A; =
(dH(A))!. To get (72), note that H may be written in terms of its differential,

= %(A,dH(A)) = —ﬂdH /A (dH(A)) pd*z. (73)

This is easily checked by integrating by parts assuming B — 0 on OM:

1 B?s gl Bo
H=- = \dPr=— —;A; d?
[ (5 )ea= T [ (5 )t

g Bo 1 .
= A;d?z == | A dH pd*x . 4
2/8J<p> d 2/ dH" pd*x (74)

H==> /A hA)ip where (hA) =h9A; =dH' = aj(B"). (75)
P P

As a consequence,

Writing this out we get,

) ij okl ij ~kl
(hA)y = < aj(fakAl> - Kaj(5>)ak+ (5>ajak}Al. (76)
p p P p p

From this we read off the inverse of the inertia operator (72). Through h, the
magnetic energy naturally defines a symmetric positive inner product on the dual
of the Lie algebra, G* = Q'(M)/dQ°(M). This inner product may be written in
the following equivalent ways:

(A, A)g- = (A, hA) = p, 1(A) = /Aihijfljpdgx = /BB(%)@%. (77)

Here B, B are the magnetic fields corresponding to A, A. Positivity of the inner
product is ensured since o (x) = (u/Qy)? = (p?/g) > 0 and the integrand is positive:

(A, A)g. — 2H(A) = / <Bp")d2 > 0. (78)

Symmetry of the inner product is shown by establishing the last equality in (77):

/Ai(hA)idex = 8”/Ai(9j (&)d%c
p
= —Eij/ain <&)d2x
p
:/(Bf”>d2x. (79)

Inner product (77) is degenerate precisely on gauge fields in the first cohomology of
M, HY(M) = {B =0,A # dA}. If M is simply connected, (77) is a nondegenerate
inner product on G* = SVect(M, u)*. Inverting it gives an inner product on G which
may be extended by right translation to a right-invariant metric on SDiff (M, u).
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6. Equations of Motion

Before working out the equations of motion in detail, it would be prudent to con-
vince ourselves that unlike the Casimir I, the magnetic energy H does not lie in
the center of the Poisson algebra for nonconstant ¢. We show this in App. D by
exhibiting a moment map that has nonvanishing p.b. with H.

6.1. Time evolution of magnetic field

The time evolution of the magnetic field is given by the equation

bt -en(2)o(2) 5(2)r5(%). oo

where ¢ = p?/g. It is manifestly gauge-invariant. Though the Hamiltonian is
quadratic, (80) is nonlinear since the p.b. of gauge fields (35) is linear in gauge
fields. The “interactions” are partly encoded in the Poisson structure and partly in
the Hamiltonian, so to speak. Equation (80) is an analogue of the Euler equation
L =LxQ, L =1IQ for the rigid body, (see App. A). Indeed, the equation of
motion for the magnetic field can be regarded as the Euler equation for the group
SDiff (M, ) with respect to the metric (77) defined by the Hamiltonian (66). The
time evolution of the magnetic field can also be written as an equation of motion

for the field strength F' = dA defined in (21):

. 1 .. F F
F= —8”@(—)@- (—U>ekl dz® A dat . (81)
2 % 1
The formula (80) for B is obtained using the p.b. formula (31) using the relation
. 2
;:i—% = —6316%;,:9), assuming A = 0 on OM. After some integration by parts,
dB i 1 B
e = {H7 B} = —EZZEJkak [p_l(ﬁiAj) + Ai(é)jp‘l) + ;Alﬁj] o) (%) . (82)

Expanding out derivatives of products, eliminating A in favor of B = £%9; 4; and
after a lot of cancelations, one arrives at the advertised evolution equation.

6.2. Time evolution of moment maps

We have already argued that the Casimirs I, = [(dA/p)"p are constant on sym-
plectic leaves. Thus, they are conserved under time evolution % ={H,I,} =0,
independent of the choice of Hamiltonian. As for the moment maps p,, we can

show using (31) that

dpu(A)
dt

= {H, pu} = /d29€ A; [ (05u') + el p1 (0 p) — el 9;] Ok (%) :

(83)
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For p =1 this reduces to

d““ /dng (7% (0;u) — ™ u? 9;]0k(Bo) . (84)

The right-hand side is gauge-invariant even though the gauge field appears
explicitly.

6.3. Infinitely many conserved charges in involution

We find an infinite set of conserved charges:

dH, n
dt

for a uniform p (p = 1) and g;; an arbitrary metric.®> We suspect that a similar

={H,H,} =0, n=1,2,3,... (85)

result holds for nonuniform p. The conserved quantities are

H, :/(%)nau:/B"ad%, (86)

where o = (1/Q,)? = (1/g) and g = det g;;. Furthermore, we find that H,, are in
involution {Hy,, H,} = 0. The Hamiltonian is H = %HQ. The presence of infinitely
many conserved charges in involution suggests an integrable structure underlying
the dynamics determined by the magnetic energy. The Hamiltonian of ideal hydro-
dynamics (62) is not known nor expected to have any conserved quantities besides
the I,, and their close relatives, which are constant on coadjoint orbits. What is
remarkable about H, is that they are not constant on coadjoint orbits but still
conserved quantities for the magnetic energy Hamiltonian (66). To establish this
we investigate the time evolution of H,:

dH, B O0H _ ( _6H,\ O0H,, ( _,0H 5
g~ U} = / {514]«5](” 5A¢> 5Ajaﬂ(” 5Ai)]dx' (87)
Using
5H oB
n_ z] _ zg
a(o() ) Feea(F) @

e [l (2) )
A e

For p = 1 this becomes

dH,
dt

we get

_ pedkel / Ai0u(0B)0;0 (0B 1) — 8 (e B™ 10,00 B)| . (90)

hy = p2/g must not grow too fast at oo and the magnetic field must vanish at co.
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In the gauge A; =0, Ay = A, B = 0, A, this may be written as
dH,
dt

= n/dw dy Al03(B0o)yy(B" o) — 0,(B" )0,y (Bo)

— 0y(Ba)02(B" o) + 9,(B" '0)02(Bo))] . (91)

We prove in App. E that H,,,n = 1,2,3,... are conserved by showing that the right-
hand side of (91) vanishes. Having found an infinite number of conserved quantities
we wanted to know whether their p.b. generates new conserved quantities. In our
case, we discovered (again for p = 1), that the conserved quantities H,, are in
involution, i.e. they mutually Poisson commute { H,,, H,} = 0. The proof of this is
somewhat lengthy and is relegated to App. E.

Intuitively, H,, are independent of each other since they are like average values
of different powers of B. Furthermore, H,, are independent of the Casimirs I,,. I,
contain no information about the metric g;; while H,, depend on the metric via o.
For example, we show in App. D that Hs is not a Casimir. More generally, it would
be nice to prove that I, and H,, are functionally independent by showing that on
every tangent space to an orbit, the cross product of their gradients is nonvanishing.

7. Static Solutions
7.1. Zero energy configurations

The magnetic energy is H = [,,(dA/p)?op = [(B*/p)o d®x where o = (1/Qy)* =
(p?/g) > 0. Thus, the energy is nonnegative, H > 0. Moreover, if A is closed, the
energy automatically is a global minimum dA = 0 = H = 0. Moreover, since H
is the integral of the square of dA, weighted by a positive function, closed gauge
fields are the only configurations with zero energy. Any such closed gauge field is a
static solution to the equations of motion (irrespective of p and g;;)

L —{H.fHaamo =0, (92)

dA=0
As discussed in Subsec. 4.3, the closed gauge fields constitute one or more (according
as M is simply connected or not) symplectic leaves of the Poisson manifold. They
correspond to the zero set of Casimirs I,, = [(dA/p)"p = 0. Thus, the Hamilto-
nian vanishes on all the symplectic leaves with I,, = 0 and there is no interesting
dynamics to speak of. If M is the plane, then the pure gauges are the only ones
with zero energy. The leaf/leaves with I,, = 0 are the analogue of the L? = 0 point
at the origin L; = 0 of the angular momentum Poisson manifold. At that point, the
energy E = >, L?/2I; of the rigid body vanishes as well.

It is interesting to find minima of energy on more interesting symplectic leaves.
Initial conditions determine which symplectic leaf is the phase-space of the theory.
The general problem of finding the minimum of energy on a given symplectic leaf
(perhaps specified through values of invariants such as I,) is potentially quite
interesting and difficult. One would first have to find which gauge fields or magnetic
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field configurations satisfy the constraints and lie on the specified leaf. This is sim-
ilar to the problem we solved in the large N limit of 2D QCD where we found the
minimum of energy on the symplectic leaf with baryon number equal to one.!!:10
Here we do the opposite, find a few static solutions and then determine which orbit
they lie on.

7.2. Circularly symmetric static solutions

Suppose M = RZ. If both the volume forms p and €, are circularly symmetric,
then any circularly symmetric initial magnetic field will remain unchanged with
time. To see this, note that o = p?/g depends only on the radial coordinate r.
Suppose that at t = 0, B(r,t = 0) depends only on r. The initial value problem for

B given in (80) is
B:v(é) xV(%). (93)

Due to circular symmetry, both the gradients point radially and their cross product
vanishes. Thus B = 0 and we have a static solution B(r)!

We already met the B(r) = 0 static solution before, it lies on a one point
symplectic leaf of pure gauge configurations. However, the static solutions corre-
sponding to nonconstant B(r) lie on infinite dimensional symplectic leaves which
we found previously (Subsec. 4.4). The values of Casimirs on the orbit containing
a circularly symmetric static solution B(r) are

I, =27 /000 <f((:))>np(r)r dr. (94)

By a judicious choice' of B(r) one should be able to find a static solution B(r) for
given p(r) that lies on an orbit with practically any desired value for the invariants
I,,. More generally, by an argument similar to the one given in Subsec. 4.4, we see
that magnetic fields for which (B/p) and (Bo/p) have common one-dimensional
level sets, are static solutions of (80).

7.3. Some other local extrema of energy

For a gauge field to be an extremum of energy on a given symplectic leaf, the
variation of energy in directions tangential to the leaf must vanish. There is no
need for variations in other, let alone all, directions to vanish. However, though it is

not necessary, if [A] is such that all variations of the Hamiltonian H(A) vanish, then,

A must be a local extremum of energy. Such an extremum (;;THk = 0 is automatically

a static solution to the equations of motion for any gauge-invariant observable f:

df SH  of

= = [y A0 S s =0 09

iFinding B(r) for given I, p(r) is similar to the Classical Moment Problem.
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These extrema are given by solutions of

9459, — — ) =
; k—26 8J< ) O:>81< ) 0 and 62<p) 0. (96)

The only solutions are B = (¢p/o) = (cg/p) where c is a constant and g = det g;;.
These extrema lie on leaves where the Casimirs take the values

Q 2n
I, zcn/ <79) ,u:c”/afnpdzx. (97)

We do not yet understand the physical meaning of these extrema of energy. They
have a finite energy if B = (¢p/o) vanishes at infinity sufficiently fast.

8. Discussion

A summary of the paper was given in Introduction (Sec. 1). Here, we mention a
few directions for further study. We would like to know whether there is a deeper
integrable structure that would explain the presence of an infinite number of con-
served charges in involution for the uniform volume measure u. The extension to an
arbitrary volume form seems likely. Are there any time-dependent exact solutions
of the nonlinear evolution equation? What is the Poisson algebra of loop observ-
ables and can the Hamiltonian be written in terms of them? Can this model be
quantized and is there a non-Abelian extension? An extension to 3 + 1 dimensions
is possible, though the Poisson algebra has only one analytically known Casimir,
the Hopf or link invariant. Is there a Lorentz covariant theory along these lines?
Can the idea that gauge fields be thought of as dual to volume-preserving vector
fields be exploited in any other context?

How is our gauge theory related to hydrodynamics and turbulence? Recently,
Jackiw et al.?? have studied perfect fluids and certain non-Abelian extensions. Qur
gauge theory shares the same phase-space as ideal hydrodynamics, but the two
theories have different Hamiltonians. However, similar methods may be useful in
the study of both theories. For example, Iyer and Rajeev3? (see also Sec. 11.D
of Ref. 15) have proposed a statistical approach to two-dimensional turbulence,
based on a matrix regularization of the phase-space. It may be possible to use a
similar regularization for our gauge theory. For an N x N matrix regularization to
be integrable, it would appear that we need O(N?) conserved quantities, while I,
and H,, furnish only 2N conserved quantities. It is unclear what this implies for
the integrability of the continuum theory we have proposed in this paper. On the
other hand, Polyakov has proposed a theory of turbulence in 241 dimensions based
on conformal invariance.?! Since the group of conformal transformations and area
preserving transformations are disjoint except for isometries, it appears unlikely
that there is any direct relation of our work to Polyakov’s.



3800 G. S. Krishnaswami

Acknowledgments

This investigation was motivated by discussions with S. G. Rajeev. The author
also benefitted from discussions with J. Ambjorn, G. Arutyunov, G. 't Hooft and
J. Noldus and thanks G. Arutyunov, G. ’t Hooft, L. F. Alday and S. G. Rajeev for
comments on the manuscript.

Appendix A. Poisson Manifolds and Coadjoint Orbits

We collect a few facts about classical mechanics3%!® that we use, to make the paper
self-contained and fix notation.

A.1. Poisson manifolds and symplectic leaves

The basic playground of classical mechanics is a Poisson manifold. It is a manifold
M with a product {-,-} : F(M) x F(M) — F(M) (the Poisson bracket (p.b.))
on the algebra of observables. {-,-} is bilinear, skew symmetric and satisfies the
Jacobi identity and Leibnitz rule. F(M) is a class of real-valued functions (say,
C*°(M)). Any such function f : M — R generates canonical transformations on
M. A canonical transformation is a flow on M, associated to the canonical vector
field V;. The Lie derivative of any function g(A) along the flow is given by the p.b.
Lyv,g9(A) ={f,g}(A), A€ M. Flow lines of the canonical transformation generated
by f are integral curves of V.

Often, Poisson algebras of observables are degenerate. They have a center
(Casimirs) which have zero p.b. with all observables. In such a situation, the Pois-
son manifold as a whole cannot serve as the phase-space of a physical system, since
it would not be a symplectic manifold. Rather, it is the symplectic leaves of a Pois-
son manifold that can serve as phase-spaces. The symplectic leaf of a point A € M
is the set of all points of M reachable from A along integral curves of canonical
vector fields. On a symplectic leaf, the Poisson structure is nondegenerate and can
be inverted to define a symplectic structure, a nondegenerate closed two-form w.
Indeed, if £, n are tangent vectors at A to a symplectic leaf, then the symplectic
form at A is w(§,n) = {f,9}(A) where f and g are any two functions whose canon-
ical vector fields at A coincide with £ and n; i.e. £ = Vy|a, n = V4|a. Moreover, on
any symplectic leaf, w(Vy,-) = df(-) where df is the exterior derivative of f.

The Hamiltonian vector field Vy is the canonical vector field of the Hamiltonian

d

H : M — R. Vg generates time evolution % = {H, f} = Ly, f. Irrespective of the

Hamiltonian, time evolution always stays on the same symplectic leaf.

A.2. Coadjoint orbits in the dual of a Lie algebra

A natural example of a Poisson manifold, that occurs in many areas of physics, is
the dual of a Lie algebra. The symplectic leaves of the dual of a Lie algebra are the
coadjoint orbits of the group. To understand this, suppose G is a group, G its Lie
algebra and G* the dual of the Lie algebra. Then we have a bilinear pairing between
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dual spaces (4,u) € R for A € G* and u € G. Suppose f, g are two real-valued
functions on G*. Then their p.b. is defined using the differential df (A) € G:

{f,93(A) = (A, [df, dg]) - (A.1)

[df, dg] is the commutator in G. This turns G* into a Poisson manifold, which is often
degenerate. The symplectic leaves are coadjoint orbits of the action of G on G*. To
see this, first define the inner automorphism 4, : G — G, A;h = ghg~! which takes
the group identity e to itself. The group adjoint representation Ady : G — G is the
linearization of the inner automorphism at e: Ad, = A, |c and is Adyu = gug™*
for matrix groups. The group coadjoint representation Ad; : G* — G* is defined as
(Adj A,u) = (A, Adgyu). The group coadjoint orbit of A € G* is

Oa={Ad Alge G}. (A.2)

The Lie algebra adjoint representation is ad,, : G — G where ad,, = %|t:0 Adg(t) for
a curve g(t) on the group with ¢g(0) = e and ¢(0) = u and takes the form ad, v =
[u,v] for matrix groups. The Lie algebra coadjoint representation ad), : G* — G* is
defined by (ad}, A,v) = (A, ad, v). The Lie algebra coadjoint orbit of A € G* is the
tangent space at A to the group coadjoint orbit of A:

{a,duA|u€ g} =T404. (A3)

Thus, a tangent vector £ to a coadjoint orbit at A may be written as £ = ad], A for
some (not necessarily unique) u € G.

There is a natural symplectic structure on coadjoint orbits, which turns them
into homogeneous symplectic leaves of G*. The symplectic form (Kirillov form) w
acting on a pair of tangent vectors to the orbit O4 at A is given by w(£,n) =
(A, [u, v]) where u,v € G are any two Lie algebra elements such that £ = ad}, A and
1 = ad,, A. Thus, the coadjoint orbits are symplectic manifolds which foliate G* in
such a way as to recover the Poisson structure on the whole of G*. The different
coadjoint orbits in G* are not necessarily of the same dimension, but are always
even dimensional if their dimension is finite.

The canonical vector field V; of an observable f : G* — R at a point A € G* is
given by the Lie algebra coadjoint action of the differential df (A), V;(A) = ady A:

Ly, 9(A) ={f,9}(A) = (A, [df,dg]) = (A, adgs dg) = (adgs A,dg).  (A4)

In particular, infinitesimal time evolution is just the coadjoint action of the Lie
algebra element dH, the differential of the Hamiltonian. For example, if p,(A) =
(A, u) is the moment map for u € G, then the canonical vector field V,,, (A) = ad;, A.
In other words, infinitesimal canonical transformations generated by moment maps
are the same as Lie algebra coadjoint actions.

Observables in the center of the Poisson algebra (Casimirs) are constant on co-
adjoint orbits. They are invariant under the group and Lie algebra coadjoint actions.
To show that an observable is a Casimir, it suffices to check that it commutes with
the moment maps which generate the coadjoint action.
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Example (Eulerian Rigid Body). Let Q¢ be the components of angular velo-
city of a rigid body in the corotating frame. The components of angular velocity
lie in the Lie algebra G of the rotation group G = SO(3). The dual space to
angular velocities consists of angular momenta L; with the pairing (or moment
map) (L, ) = L; Q. The space of angular momenta is the dual SO(3)* = R3. The
latter carries a Poisson structure {Li,Lj} = €k L. Observables are real-valued
functions of angular momentum f(L) and satisfy the p.b.:

of 99
{£,94(L) = ;{LuL ot oL, (A.5)
The space of angular momenta R? must be a degenerate Poisson manifold, since
it is not even dimensional. Indeed, the symplectic leaves are concentric spheres
centered at the point L; = 0 as well as the point L; = 0. These symplectic leaves
are the coadjoint orbits of SO(3) acting on the space R? of angular momenta. The
symplectic form on a sphere of radius r is given by 7sinfdf A d¢. The Casimirs
are functions of L? = > L? and are constant on the symplectic leaves, they are
invariant under the coadjoint action of the rotation group on R3. The Hamiltonian
isH=), L2 /21, if the axes are chosen along the principle axes of inertia. I; are the
principle moments of inertia, the eigenvalues of the inertia operator I;; : G — G*
which maps angular velocities to angular momenta L; = I;; Q7. The equations of
motion L = ady; L= ad}-1; L = adfy L = L x Q are L; = {H, L;}, L1 = assLoLs

and cyclic permutations thereof, where a;; = I ; - I 1

Appendix B. The Charges I,, are in Involution
We show that the charges I,, are in involution {I,,, I} = 0. To calculate

B 8l , (161,\ 61, , (10L1n\] »
{Im,In}_/MAZ {Eaj<pmi) Mja (MA )]d (B.1)

B B m ) 5Im_ y B m—1
I’”‘/(p) pir = A = ‘%((p) ) (B2)

So the p.b. becomes

m—1 n—1
{Im, In} = mns“sjk/ d*x A; [5k <§) 0; <13l E) > —m < n} . (B.3)
M p p \p
(

The first term in square brackets dy(B/p)™19;

1
e (2) o (3
— (m— 1) (%)7n+n_4aj<pl)ak (Z)a(2

we need
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e O MRCNO O

+(m—1)(n—1) (§>m+n_4p_13k (f)ajal (%) . (B.4)

The first and third terms are symmetric under m < n and therefore do not con-
tribute to {I, I,,}. Therefore we get (I3 = 0, so we can ignore m,n = 1):

{Im;In}
mn(m —1)(n —1)(n —m)

for a2 2o ()]

Now the term in square brackets vanishes identically due to antisymmetry of e7%.
We conclude that {I,,,I,} = 0. Thus, I,,,n = 1,2,3... are an infinite number of
charges in involution.

Appendix C. I is a Casimir of the Poisson Algebra

To find the infinitesimal change of I, under the coadjoint action, we calculate
{In, pto, }. If this vanishes for all volume-preserving u, then I,, would be constant on
symplectic leaves and hence a Casimir. Recall (28) that the differential of I,, is

(dI(A)) = np~1cii0, (f)nl (1)

and the differential of the moment map is (du,, )" = u’. Their Lie bracket is

n—1 n—1
[u,dfnr=uj8j<np‘1f““3’“(§> )‘”p_lfjka’“@) o

n—1 n—1
= n{sikujaj <p16k <§> ) — p etk o, <§) Gle} . (C.2)

Thus {pu, In} = [ Ailu,dI,) pd*z gives

n—1 n—1
{ppu, I} = n/d2x A; {aikpujaj (plﬁk (%) > — ek, (%) @-ul} . (C.3)

For p =1 this becomes
{ppu, I} = n/d2x A; [sikuj(ﬁkBjanl) - Ejk(ﬁjui)(aanfl)] . (C.4)
Specializing to n = 2, and writing « in terms of its stream function, u’ = "9,

{Iy, 1} = 2 / d*x[e"e?" A;(0,0;9)(0k B) — el 4;(0,0; B)(O1y)] . (C.5)
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{I2, i1y, } is gauge-invariant, so we calculate it in the gauge A; = 0, B = 9, A3 and
denote Ay = A, ' =z, 22 = y and derivatives by subscripts:

1
sl ) = / dz dy Alpy Aves — Yo Avay + Yoy Aes = Yozday].  (C.0)

The idea is to integrate by parts and show that this expression vanishes. Let us
temporarily call the second factor of A by the name A. Write %{Ig, Ly} as a sum
of four terms Ty + T + T35 + Ty:

T, = / dedy ApyApes, To=— / de dy Atpy Ay

(C.7)
Ts = / drdy ApyAyy, Ty=— / de dy Apyp Ay, .

We will show that Th + To = —T3 — Ty. Integrating by parts till there are no
derivatives on A,
Using the fact that A=A we get for T1 and Tb:

(C.9)
T3 and Ty give us the identities

[y iy = — [ dwdy Anbar,.
(C.10)

/ dedy AAypey = / dr dy AA eay, -

Use these to simplify 77 and 75 by eliminating ¥;qzzy and ¥gz.q in favor of 1.z,

2x Ty = — / de dy A(3Auatey + Astbuny)
(C.11)

2x Ty = [drdy A2Auybes + Avatoy + Axthzsy) -
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Adding these and setting A = A,
Meanwhile by definition,

T3 + T4 = /dCE dy A(Awwwwu - Awywww) s
thus
{IZ,,Uu} = 2(T1 +T2—|—T3—|—T4) =0. (013)

We conclude that I lies in the center of the Poisson algebra for constant p.

Appendix D. H = %f(dA/u)zau is not a Casimir

I, = [(dA/p)*p turned out to be in the center of the Poisson algebra of gauge-
invariant functions. Here we show that the magnetic energy H = % J(dA/p)?op
with a nonconstant o = p?/g, does not lie in the center, and therefore leads to
nontrivial time evolution. We do this by giving an explicit example of a gauge-
invariant function with which it has a nonvanishing p.b. Consider p = 1, then
from (83),

(H, i} = / P A7 (0010 (Bo) — e (9,0, Bo)] (D.1)

In gauge A; =0, Ay = A and with v’ = €7 9;¢) we get (2! = 2,22 =y):

(H. ) = / 4 dy A[—(020)8y (Bo) + (D), (Bo)

+(9y¥)03(Bo) — (0:%)ay (Bo)] - (D.2)
Now for the simple choices 1) = zy, A = o = e~ @*+¥")/2 we have B = 9,4 =

—ze~@+¥*)/2 The p-b. can be calculated exactly to yield

2
H,opad = [ dedye 3@ +00/2(L1 4zt — 202 1 4222 +42)) = == . (D.3
K 27

Thus H does not lie in the center of the Poisson algebra. We also checked that H
transforms nontrivially under many other generators ., of the coadjoint action.

Appendix E. H,, are in Involution for Uniform Measure

Suppose p is the uniform measure (p = 1). We prove that the charges

Hn:/<%>nau:/(%)nadex:/B"Udzx (E.1)

are in involution

{Hpn,H,} =0 for m, n=0,1,2,3,.... (E.2)
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An immediate corollary is that H,, are conserved quantities since the Hamiltonian
is 2Hj. Here B — 0 at 0o and 0 = (11/€4)? = 1/g must be such that these integrals
converge. The proof involves explicitly computing the p.b. and integrating by parts

several times. Using

0H : . B n=1
N5 H, =ne; (o = E.
A 0'H, =ne 8]<a<p> ) (E.3)

we can express the p.b. as

Hp, Hn} = | 4[]8 Hpmo;(p~ 16 Hp) — m < nld*x
J

(o) Yol B ) o]

(E.4)

= mnailejk/Ai

For p = 1 this becomes

% = €”6jk/Ai[ak(UBm)ajal(UBn) —meondy. (B5)

Now we expand out the derivatives of products of B and o and eliminate terms
that vanish due to antisymmetry of ¢/ or antisymmetry in m and n. We get

{Hom, Hn}
mn(n —m)

= cildh / AiB™ 4 [B(0k0)(010)(9; B) + 0 B(0k0) (9;0,B)

+ (n+m—3)0(0,0)(0;B)(0,B) + cB(9;B)(0x010)] . (E.6)

Since this p.b. is gauge-invariant, calculate in the gauge A; = 0, call Ay = A,
B = 91 A and denote derivatives by subscripts (z! = x, 22 = y),

{Hm+1,Hp41} = ik (m+1)(n+1)(n—m) /dx dy AR™tn—2

X [BogBjoy + 0BBj,0, + (n+m — 1)0B,Bjoy, + 0 BB;oy,] -
(E.7)

After collecting terms, this becomes
{Hm, Hy} = mn(m — n)/ABm+"_4[(BIUy — Byo.)(Bog + (n+m — 3)B,o)
+ 0B{B;,0y — Byyos + Byogy — Byoga}]. (E.8)

To simplify it we define k = m + n — 4 and use identities such as B*B, =
(B*1),/(k+1) and 00, = 3(0?), to combine the factors of B and o to write

v
mn(m — n)

8
{Hma Hn} = ZTZ 3
=1
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where

T = ) /A Bk+2)$awau, Ty = ) /A Bk+2)yawa$,

Ty = 5/,4(3’““)00300(02)% T, = —§/A(Bk+1)me(02)$,
(E.9)

1 1
Ty = 5 /AB’““BM(UQ)y, T = -5 /ABkHBIy(aQ)I,

1
T, = k—H/A(Bk+2)$JJwy, Ty = 13 /A Bk+2)uaam.

Numerically we find Th +17+To+Ts = —(T3+T5+T4+T5). To see this analytically,
integrate by parts with the aim of eliminating A in favor of B = 0, A. Using similar
identities as before,

1 / (Bk+3)r(‘72)y 1 / A(Bk+2)zz(0'2)y
nn=-Trr--|/—r—f — - 7
2 k+3 2 k+2
(Bk+3)u(‘72)w 1/A(Bk+2)wy(‘72)w
Ty = —T W w9 )e 2 [ 2D Jayl9 e
T2 / K43 2 Ft2
(E.10)
1 / (B*3)a(0%), 1 / A(B"2)4(0%)ay
T3=-1T5y—= | ——rnr2> — — [ — 7
2 k+3 2 k+2
_ 1 Ay(Bk+2)w(‘72)w 1 A(Bk+2)w(02)wy
T4__T6+§/ k+2 5/ k+2 '

Then

(B*9)a(0®)y E/Ay(B’““)w(Ug)w

Ts+Ts+Ty+Ts =
stistlatle= 2/ k+3 2 k+2 ’

Th+T7+T5+Ts = m /A{(Bk+2)$y(02)$ . (Bk+2)gm(02)y} ’ (E.11)

{Hm,Hp} = mn(m —n)(Uy + Uz + Us + Uy) ,

where T5 +T5 + Ty + T = Uy + Uz and Ty + T7 + To + Ty = Us + Uy. Finally,
integration by parts shows that

1

Ve=Us= 50y

[AB 00, (E12)
and that Us + Us = —Uy — U;. We conclude that Z?Zl U; = 0 and therefore
{Hpm, H,} = 0. Since the Hamiltonian is half the second charge, H = %Hg, we have

shown that H, for n = 1,2,3,... are an infinite number of conserved quantities,
which moreover, are in involution!
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