Deformation of Lie-Poisson algebras and
chirality

Cite as: J. Math. Phys. 61, 082901 (2020); https://doi.org/10.1063/1.5145218
Submitted: 15 January 2020 . Accepted: 13 July 2020 . Published Online: 06 August 2020

Export Citation

Zensho Yoshida "/, and Philip J. Morrison

=4

CrossMark

Mathematical Physics

Y
(o
(>
C
-
-
o

™

READ TODAY!
Journal of

Mathematical Physics

Special Issue: XIXth International
Congress on Mathematical Physics

Publishing

J. Math. Phys. 61, 082901 (2020); https://doi.org/10.1063/1.5145218 61, 082901

© 2020 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1146360&setID=406887&channelID=0&CID=380802&banID=519881905&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7532fee1ca7c0452d6fbeda1ba83a2afc0f71e9c&location=
https://doi.org/10.1063/1.5145218
https://doi.org/10.1063/1.5145218
https://aip.scitation.org/author/Yoshida%2C+Zensho
http://orcid.org/0000-0002-9165-6616
https://aip.scitation.org/author/Morrison%2C+Philip+J
http://orcid.org/0000-0003-1587-5072
https://doi.org/10.1063/1.5145218
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5145218
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5145218&domain=aip.scitation.org&date_stamp=2020-08-06

Journal of
Mathematical Physics ARTICLE scitation.org/journal/jmp

Deformation of Lie-Poisson algebras and chirality

Cite as: J. Math. Phys. 61, 082901 (2020); doi: 10.1063/1.5145218 { LT] @
Submitted: 15 January 2020 « Accepted: 13 July 2020 e
Published Online: 6 August 2020

Zensho Yoshida'® =/ and Philip 3. Morrison*”’

AFFILIATIONS
TDepartment of Advanced Energy, University of Tokyo, Kashiwa, Chiba 277-8561, Japan
2Department of Physics and Institute for Fusion Studies, University of Texas at Austin, Austin, Texas 78712-1060, USA

2 Author to whom correspondence should be addressed: yoshida@ppl.k.u-tokyo.acjp
P)Electronic mail: morrison@physics.utexas.edu

ABSTRACT

Linearization of a Hamiltonian system around an equilibrium point yields a set of Hamiltonian symmetric spectra: If A is an eigenvalue of
the linearized generator, —1 and A (hence, —1) are also eigenvalues—the former implies a time-reversal symmetry, while the latter guarantees
the reality of the solution. However, linearization around a singular equilibrium point (which commonly exists in noncanonical Hamilto-
nian systems) works out differently, resulting in breaking of the Hamiltonian symmetry of spectra; time-reversal asymmetry causes chirality.
This interesting phenomenon was first found in analyzing the chiral motion of the rattleback, a boat-shaped top having misaligned axes
of inertia and geometry [Z. Yoshida et al., Phys. Lett. A 381, 2772-2777 (2017)]. To elucidate how chiral spectra are generated, we study the
three-dimensional Lie-Poisson systems and classify the prototypes of singularities that cause symmetry breaking. The central idea is the defor-
mation of the underlying Lie algebra; invoking Bianchi’s list of all three-dimensional Lie algebras, we show that the so-called class-B algebras,
which are produced by asymmetric deformations of the simple algebra s0(3), yield chiral spectra when linearized around their singulari-
ties. The theory of deformation is generalized to higher dimensions, including the infinite-dimensional Poisson manifolds relevant to fluid
mechanics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145218

I. INTRODUCTION

Canonical Hamiltonian mechanics serves an archetype for physics theories with two ingredients: the energy (Hamiltonian) characterizing
the mechanical property of matter and symplectic geometry dictating the universal rules of kinematics in the phase space. When encounter-
ing peculiar dynamics, we might attribute it to a weird Hamiltonian, but usually we do not ascribe it to an adjusted geometry of phase space.
Although this is the natural approach for understanding microscopic (canonical) mechanics, the other perspective, i.e., deforming the geom-
etry of phase space (keeping the Hamiltonian simple), can be more effective for studying macroscopic systems in which some topological
constraints foliate the phase space (such systems are called noncanonical). For example, a holonomic constraint reduces the effective phase
space to a leaf embedded in the original canonical phase space, on which some interesting Lie algebra may dictate the kinematics. There
are also many examples of noncanonical Hamiltonian systems in fluid and plasma physics, where the essence of mechanics is attributed to
complex Poisson brackets, while the Hamiltonians are rather simple.’

Here, we explore the possibility of explaining peculiar phenomena by the deformation of phase space geometry. In Sec. II, we start
by reviewing a model of the rattleback, a boat-shaped top having misaligned axes of inertia and geometry,” which is a three-dimensional
noncanonical Hamiltonian system endowed with an interesting Poisson bracket.” We find that the foliation of the three-dimensional phase
space by the Casimir invariant of this system has a singularity, which turns out to be the cause of the symmetry breaking; viz., the linearized
equations obtained by expanding about the singularity have a pair of unbalanced positive and negative eigenvalues, which explains the chi-
rality (time-reversal asymmetry) of the rattleback. Here, we also review the basic formalism of Lie-Poisson manifolds. Particular attention
will be drawn to the duality of the space of state vectors (tangent bundle) and the phase space of observables (cotangent bundle), which
plays an essential role when we discuss the deformation of Lie algebras* and its reflection on Lie-Poisson brackets. Using Bianchi’s list of
three-dimensional Lie algebras (for example, see Refs. 5 and 6), we examine all three-dimensional Lie-Poisson manifolds (Sec. I11). Then, we
find an interesting correspondence between the classification of Lie algebras and symmetry breaking; class-A Lie-Poisson systems maintain
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the spectral symmetry, while class-B systems do not. In Sec. I'V, we nail down the underlying structure that causes the symmetry break-
ing (chirality). We show that all three-dimensional Lie algebras are derived by deformation of a simple algebra s0(3), and the asymmetry
of the deformation endomorphism brings about the symmetry breaking. The three-dimensional Lie algebras are special in that all possible
Lie algebras are derived from a mother class-A simple algebra by deformations; a symmetric endomorphism produces a class-A algebra,
while an asymmetric deformation yields a class-B algebra. In higher dimensions, we find it necessary to add another group of Lie alge-
bras (called class C) that are not produced from some mother class-A algebra; we find that their corresponding Lie-Poisson systems have
chirality (Sec. V).

Because of the richness of noncanonical Hamiltonian systems of fluids and plasmas, we will construct, in Sec. VI, a bridge between the
foregoing three-dimensional Lie algebras and continuum (infinite-dimensional) dynamical systems. Upon introducing a base space, we define
a vector bundle of Lie-algebra fibers to formulate field theories; these theories are not yet relevant to fluid/plasma mechanics. However, we do
show that the deformation of the s0(3) bundle by the curl operator (which can be regarded as a symmetric deformation) yields the Lie-Poisson
bracket of vortex dynamics.

Il. PRELIMINARIES
A. An example of chiral dynamics: The rattleback

The peculiar motion of a rattleback is “strange” when examined in the light of Hamiltonian mechanics. Let us start with a short review
of our previous discussion.’
In the limit of zero dissipation, the equations of Moffatt and Tokieda” are

d P oPS
SRR ) 1)
\s) \R-ap?

where P,R,andS stand for pitching, rolling, and spinning modes of motion. We will call (1) the PRS system and denote the state vector
by x = (P R S)" € R’. The parameter « encodes the aspect ratio of the rattleback shape. Here, we assume & > 1 so that P corresponds to
lengthwise oscillations along the keel of the boat and R corresponds to sideways oscillations.

Evidently, a purely spinning state x; = (0 0 S,)" (S, an arbitrary constant measure of spin) is an equilibrium (steady state) of (1). For

small perturbation & = (P R 8)" around x;, linearization of (1) gives
afP\ [#S. o o\(P
Em Rl=1 0 -S OJ|R 2)
f\s) \o o o/\s

Hence, we obtain an unbalanced spectrum with the eigenvalues (time constants) S, and —S.. For S, > 0, P grows exponentially at the larger
rate aS,, while R decays exponentially at the smaller rate S,. For S, < 0, these are reversed, i.e., R grows at the smaller rate |S,|, while P decays
at the larger rate a|S,|. The chirality of rattleback motion manifests as these unbalanced eigenvalues.”

This observation raises a paradox if we notice that the PRS system is a Hamiltonian system. As is well-known, the spectra of a linearized
Hamiltonian system must have Hamiltonian symmetry, i.e., when A is an eigenvalue, -1 and the complex conjugate A (hence, ) also) are
simultaneous eigenvalues. The pair of 1 and —) guarantees a time-reversal symmetry, and the pair of A and A guarantees the reality of the state
vectors. The unbalanced spectrum of (2) does not have this symmetry. However, we do find that (1) can be put into a Hamiltonian form®

d
&x = JOxH, 3)
where .
Hx)=-(PP+R*+ & 4
(x) 2( +R*+57) (4)
is the Hamiltonian and
0 0 aP
Jj=1l 0 0 -R (5)
—-aP R O

is the Poisson matrix (also called the co-symplectic matrix and Hamiltonian bi-vector). By direct calculation, we can verify that Jacobi’s
identity holds for the bracket
{G, H} = (axGJaxH), (6)

where (a, b) denotes the standard inner product (pairing).
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B. Lie-Poisson brackets

While we first derived the Poisson bracket (6) through an heuristic argument, there is a systematic method for constructing Poisson
brackets from any given Lie algebra. Such brackets are called Lie-Poisson brackets because they were known to Lie in the 19th century.
The PRS bracket (6) was identified as the type-VI Lie-Poisson bracket in accordance with Bianchi’s classification of three-dimensional Lie
algebras.’

1. Phase space and measurement

Here, we review the formulation of Lie-Poisson brackets, paying attention to the relationship between the space of state vectors and its
dual, i.e., the set of phase space of observables. Let X be a real vector space, which we call the state space. When the dimension of X is infinite,
we assume that X is a Banach space endowed with a norm | - |. A member x of X is called a state vector. The dual space of X (the vector space
of linear functionals on X) is denoted by X*. With a bilinear pairing (, ) : X x X* — R, we can represent a linear functional as E(x) = (x, &)
(& € X). For a Hilbert space, we have the Riesz representation theorem so that we can identify X* = X by using the inner product (, ) in place
of (, ). Physically, £ means an observable [E(x) is the measurement of a physical quantity for a state x]. We call X* the phase space.

By introducing a basis for each space, let us examine the mutual relationship between X and X* more explicitly. When X has a finite

dimension 7, we can define a basis {ei,...,e,} to represent x = xkek (we invoke Einstein’s summation rule of contraction). On the other
hand, we provide X* with the dual basis {e',...,e"} such that (e;,e*) = k. A complete system of measurements is given by gkx) = (x, ")

(k=1,...,n); measuring every x* = (x, &") for a state vector x, we can identify it as x = x*e;. Therefore, we may say that X* defines X as (X*)*
(this reflexive relation is not trivial in infinite dimensions). It is more legitimate to construct a theory by first defining X* since the description
of a system depends on what we can measure. For example, if we remove e” from X*, the component x” becomes invisible, resulting in a
reduced identification of x by only X = (x, e’) G=1,...,n-1).

2. The Lie algebra X

Endowing X with a Lie bracket [, ] : X x X - X makes X a Lie algebra. By ad, 0 = [o,v] : X — X, we denote the adjoint representation
of v € X. Physically, the action of ad,, on a state vector x € X is a representation of infinitesimal dynamics

—x =adyx = [x,v].

dt
Dual to ad.,, we define the coadjoint action adj,0 = [v,0]" : X* - X*, where [, |* : X x X* — X* is defined by
(x.[v,€]") = ([xv].§). @)

The right-hand side means that we observe the dynamics of a state vector x by measuring an observable €. The left-hand side is its translation
into the change in the observable & (evaluated for a fixed state vector x),

d * *
—&=ad,é=[v,&]".
gt s et =[v.d]
Remark 1 (Semi-simple Lie algebra). For a semi-simple Lie algebra, we can formally evaluate [x,y]* = [x, y]. This means that we may
identify X = X (with an appropriate basis of X* as explained below) and that the structure constants are fully antisymmetric. Let us write
(e ex] = Cjxea 8)

to define the structure constants cj ({e;} is the basis of X). For a semi-simple Lie algebra, the Killing form gy = cjhacﬁb is regular (nondegener-
ate). We find that ¢y := cjjgui is fully anti-symmetric (i.e., i = citj = —cji), by which the brackets [, ] and [, ] are equally evaluated as to be
shown below in (9). Indeed, we observe, using Jacobi’s identity,

_aa b _ a a a a\b
Ciik = CikChaCai = ~(CkbCia * CpjChar) Cai-
Changing the indexes in the second term as « — b, a — « and b — a, we may rewrite the right-hand side as
a b oa bay_ab a_ a _
_Ckb(cuicjzx + Cajcoci) = CkbCaaCij = &akCij = Ckij-

We represent § € X* in contravariant variables as & = e= & giﬁeﬁ (eﬁ being the dual of eg). Notice that this transformation is possible only
when gig is nondegenerate, i.e., X is semi-simple. We may write (x,&) = ¥'& gji. For example, when c;k = &k, the (scaled) Killing form is

gji = —0ji. Hence, & =& and (x,&) = —xjfi(?j,- = ijj. With contravariant variables x = xjej,y = ykek, and & = E¢; = fig,-ﬁeﬁ, we may calculate

([%.5].8) = (cixly ea, € gipd’) = iy Egipdup = iy
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To write this as (x, [y, &]*), we identify [, ]* : X x X* — X* as (in the contravariant parameterization of X* with the basis {€« := goj¢’})

[, €]" = uy & = §y Eguje = iy Eea = [, E]. ©)

We note that the general dual bracket [, ]* is not necessarily a Lie bracket (even [£,&]" = 0 may not hold).

3. The Poisson manifold X* and Lie-Poisson algebra

Now, we construct a Poisson algebra on C*° (X *), the space of smooth R-valued functions on X *: hereafter, we call X* a Poisson manifold
(a point in X* is denoted by & ) and G(&) € C*°(X™) a physical quantity. The most important example of a physical quantity is the energy
= Hamiltonian.

For G(§) € C*(X™), we define its gradient 9¢G (¢ X) by

G(E +€d) - G(§) = €(0:G, &) + O(¢"), VEeX™.

If v € X is given as v = 9¢H with a Hamiltonian H(§) € C*°(X"), its coadjoint action yields the following Hamilton’s equation:
d % %
SE=adlE= (0] (10)
t
For a general physical quantity G(&§) € C*(X*), we may calculate

d d *
aG(f(t)) = (0:G, a{) =(0:G,[0:H, &]"). (11)

We write the right-hand side as {G, H} and call it the Lie-Poisson bracket, i.e., on the space C*(X™) of physical quantities, we define a Poisson
algebra by
(G.H) = (G, [O¢H.&]") = ([0, O] &). (12)

The bi-linearity, antisymmetry, and the Leibniz property are evident. Jacobi’s identity inherits that of the Lie bracket [, ] (see Ref. 1).
Denoting

](E)O:[O,f]* : X_>X*» (13)
which we call a Poisson matrix (or Poisson operator, particularly if X is an infinite-dimensional space), we may write (12) as
{G,H} = (0:G,](§)0:H). (14)

Invoking the structure constants cfk of the Lie bracket [, ] [see (8)], we may write the Poisson matrix as

T = e (15)
whence

{G.H} = (95 QT ()(05,H). (16)

Remark 2 (Related Poisson brackets). One may define a homogeneous Poisson bracket such that
{G.H} = ([0¢G, O¢H], ), (17)

with an arbitrary constant vector ¢ € X*. Here, the Poisson matrix J(¢) € Hom(X,X") is a homogeneous (constant coefficient) map. The
simplest choice is ¢ = e’ (£ is a fixed index), which gives

_9GOH 0G OH

¢ ¢, _9GOH
([0:G,0¢H],e") = %%([ej)ekle )= aE, aé‘kCJk'

We easily find that the bracket of (17) satisfies Jacobi’s identity. We will encounter such brackets when we linearize Lie-Poisson brackets (see
Sec. IV C). Another interesting idea is the deformation of the Lie-Poisson bracket such that

{G, H} = ([0:G, 0¢H], M§), (18)

where M is a certain linear map X* — X*. Rewriting (18) as
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{G,H} = (M"[9G, 9H], £), (19)

we may view this as a deformation of the Lie algebra by modifying the bracket from [, ] to [, ]u = M'[, ]. Of course, there is a strong
restriction on M so that the new bracket [, |u satisfies Jacobi’s identity. This is, indeed, the central issue of the following discussions (see
Sec. [V A).

C. The Casimir

Given a Hamiltonian H € C*(X"), the dynamics of & (in the Poisson manifold X*) is described by Hamilton’s equation: repeating (10)
with notation (13),

d
38 =/ ©H (). (20)

Let us look at the equilibrium points. If J(£) is regular [i.e., KerJ(§) = {0} for every & € X*], an equilibrium point of the Hamiltonian system
(20) must be a critical point of the Hamiltonian. However, nontrivial KerJ(£) enriches the set of equilibrium points. If C(§) € C*°(X™) satisfies

{C,G} =0, VGeC™(X"), (21)
we call C a Casimir (or a center element of the Lie-Poisson algebra). By the definition of the Lie-Poisson bracket, (21) is equivalent to
J(§)9:C =0, (22)
which implies that C is the “integral” of an element of KerJ(§), i.e.,
0:C e Ker J(§).
The dynamics governed by (20) is invariant under the transformation
Hw~F=H+uC (VueR).

If there are multiple Casimirs, we may include them to define further transformed Hamiltonians F = H + 1 C; + p2Cz + - - -. We call F an
energy-Casimir function. While the critical points of H are often trivial, those of F may have various interesting structures. As mentioned in
Sec. I, such degeneracy enables even simple Hamiltonians to generate the nontrivial structure or dynamics in a system dictated by a particular
Poisson algebra; the key factor being the nature of the degeneracy of J(£).

A point where Rank J(&) changes is a singularity of the Poisson algebra (see Remark 3). By the Lie-Darboux Theorem,' the Casimirs
foliate the phase space X™, so that, in a neighborhood of every regular point [where Rank J(£) is constant], the leaf is locally symplectic, i.e.,
there is a local coordinate system in which J(&) is transformed into a standard form

v I
Jp=J]®0, J.= (_(; O); (23)

where v is the nullity of J(£).

In the following discussion, the singularity o = {& € X*;J(&) = 0} will play an important role (see Remark 3). Needless to say, every
point & € ¢ is an equilibrium point, which we call a singular equilibrium and distinguish it from the critical points of the energy-Casimir
functional; the latter will be called regular equilibria.

Remark 3 (Symplectic foliation and singularity). Here, we study chirality from the algebraic point of view, limited to Lie-Poisson
systems, and emphasize the rank changing singularities of the Poisson tensor, as opposed to addressing the bigger geometric picture based
on the symplectic foliations possessed by all Poisson manifolds.”* To understand what we mean by rank changing singularity, let M be a
Poisson manifold endowed with a Poisson bracket {G, H} = (9:G, J(§)0:H); here, M = X* (phase space). Let us denote by S¢ the totality of
the Hamiltonian vectors {¢§,H} [VH e C*(M)] evaluated at the point & € M; here, {§, H} = ad;& = [h,&]" (Vh = 9¢H). In general, S; is a
subspace of T¢. The vector bundle SM = {S;;& € M} is a distribution. The dimension r(£) of S¢ is a lower semicontinuous function of & € M.
Evidently, (&) = Rank J(§). The regular point £ is where r() = constant (local maximum) in the neighborhood of . The set p of regular points
is an open set (not necessarily connected), and ¢ = M\p is the singularity. In the neighborhood of & € p, the Hamiltonian vectors foliate M
into symplectic leaves (a leaf will be denoted by L). The Casimir C (if it exists) is an integral of the kernel (null space) of J(§) [i.e., J(§)0¢C = 0],
implying that C is constant on each leaf (if dC = 0), or the exact one-form dC is the normal vector on the leaves. The singularity o is detected
as the set of points where C (or dC) becomes singular. Therefore, the Casimirs are useful elements of the Poisson algebra to characterize the
foliation.

In general, however, the kernel is not necessarily integrable, and the nullity = dimM — r(&) can be larger than the number of independent
Casimirs; this is the “Casimir deficit” problem and is typical at the singularity.! We also note that some Casimirs fail to identify (parameterize)
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the symplectic foliation; this occurs when a non-compact leaf is immersed densely in the phase space (a Kronecker foliation); then clearly,
there cannot be an appropriate nonconstant function, which is constant on all leaves.”!! In the present work, we only concentrate on the
singularities where (&) goes to zero, but there are more moderate class of singularities where r(§) drops to some finite number. The “interior”
of such singularities still maintains dynamics."?

In a broad sense, our study of chirality is related to singular symplectic foliations, including b-Poisson or log-symplectic manifolds and
symplectic manifolds with boundary (see, e.g., Ref. 9). In higher dimensions, there are other kinds of singularities when the rank drops by
2,4, 6, ..., and besides spectra, other interesting “non-Hamiltonian” behavior is possible. Such a study is beyond the scope of the present

paper.

D. Hamiltonian spectral symmetry

It is known that the linearization of Hamilton’s equation (10) around a regular equilibrium point (to be denoted by ;) yields a linearized
Hamiltonian system and that the spectra of the linearized generator have the Hamiltonian symmetry (with a zero eigenvalue of multiplicity
v); if A is an eigenvalue of the generator, —\ is also an eigenvalue (implying a time-reversal symmetry), and A is also an eigenvalue (see Remark
4). Remember that our linearized PRS system (2) does not obey this theorem, even though the original PRS system (1) is Hamiltonian. This
is because (2) is a linearization around a singular equilibrium point. Let us see how the linearization works out differently for regular and
singular equilibrium points.

First, consider general equilibrium points of Hamilton’s equation (10); we use the energy-Casimir functional (if the Poisson algebra
has Casimirs) in place of the Hamiltonian, but we will denote it by H(&) for simplicity. Around a given equilibrium point &, (either regular
or singular), we consider a small amplitude perturbation e€ to write & = &, + €€. Approximating (10) to the first order of ¢, we obtain the
linearized Hamilton’s equation

CE=JEHEIE +IOME), (24)

where
h(€,) = (OeH)|eg, €X

is the Hamiltonian vector evaluated at the equilibrium point & and

(H"(&)j) = (05,0 H)lg=g, € Hom(X",X)

is the Hessian of H() evaluated at &. In deriving J(&, + &) — J(&,) = J(¥), we have used the fact that J(£) is a linear function of & [see (13)].
Interestingly, different equilibrium points pick up different terms from the right-hand side of (24), depending on whether they are regular
or singular:

e Regular equilibrium: The regular equilibrium &; is a point where 9;:H = 0; hence, the second term on the right-hand side of (24)
vanishes. The Hamiltonian (obtained by expanding the energy-Casimir functional) of a perturbation is

) = S(H'€EE), (25)

by which we may cast (24) into a Hamiltonian form

SE=1&)0pH 0. 26)

Note that J(&;) is the Poisson operator J(§) evaluated at the fixed equilibrium point, which defines a homogeneous Poisson algebra
(see Remark 2). The spectra of these equilibria have the Hamiltonian symmetry (Remark 4).

e Singular equilibrium: The singular equilibrium & is a point where J(&;) = 0. Then, the first term on the right-hand side of (24)
vanishes, and we have

CE=1BmE) = W) 27)

Here, h(&;) is a fixed vector so that the dynamics stems from J (&). There is no guarantee that (27) is a Hamiltonian system. Indeed,
the linearized PRS system (2) is of this type, in which the Hamiltonian symmetry is broken.” However, we also find that the linearized
generator A = [h(£,),o]" becomes a Hamiltonian vector field for a special class of Lie brackets. We will identify such class of Lie
algebras in Sec. I11.
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While the singular linearized system (27) is not necessarily Hamiltonian, we have the following conservation laws:
Proposition 1 (Conservation laws). The linear system (27) has the following invariants:

1. The Casimir C(§) of the original nonlinear system (10), which is evaluated for the perturbation 3
2. The first-order energy Hi(§) = (h(,), &).

Proof. For a Casimir C(é), (22) implies that

£0® = (0 S8 = (0, TOHE)
= ([0:C. h(£)], &)
= ~([n&), 0, ]E>
ENTE0 ) -

We also observe, by the anti-symmetry of J,

SH® = (WE. 8 = (HE)TOHE)) =

Note that the first-order energy Hi (€) is different from the second-order energy Hy (&), given by (25), which is an invariant of the regular
linearized system (26).

Remark 4 (Hamiltonian symmetry of spectra). The generator (matrix) of a linear Hamiltonian system can be written as
A=JH,

where J is a constant coefficient Poisson matrix and # is a constant coefficient symmetric matrix that is the Hessian of some Hamiltonian. As
seen above, the quadratic form H (€) := 1 (#&, &) is the Hamiltonian for the linear Hamiltonian system

d- 5
—&=J0:HL = A&.
d té‘ J EHL AE

The eigenvalues of the generator A, which are the solutions of the characteristic equation

P(A) :=det (A—-AI) =0, (28)

are the subjects of the discussion on the following symmetry. By Hamiltonian symmetry, we mean that every eigenvalue A always has the
following counterparts that are simultaneously eigenvalues: A, A (and hence, —1). Clearly, A is a simultaneous eigenvalue. Suppose that
AC = AQ. Since A is a real-coefficient matrix, the complex conjugate of this equation reads AC = 1¢. Hence, X is an eigenvalue, and { is the
corresponding eigenvector. The time-reversal symmetry —) is, however, not so obvious. First, a Hamiltonian generator satisfies J.A"J. = A
with the canonical Poisson matrix (symplectic matrix) J;; see (23). Using this, together with J.J. = —I and det ], = 1, we observe

PQA) = det(]c-AT]c +AJdJe)
= (detJ)[det(A" + AI)](det].)
= det(A +AI) = P(-0).

Hence, —A also satisfies the characteristic equation.

lll. THREE-DIMENSIONAL LIE-POISSON SYSTEMS

The Bianchi classification of the three-dimensional Lie algebras guides us to delineate the mathematical structure that leads to chirality
(the symmetry breaking of Hamiltonian spectra) around the singular equilibrium points of Lie-Poisson systems. We start by reviewing the
Bianchi classification.

A. Bianchi classification of three-dimensional Lie algebras

The real three-dimensional Lie algebras can be classified by the scheme used to describe the Bianchi cosmologies, which divides them
into nine types (e.g., Refs. 5 and 6). The multiplication tables are given in Table L.
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TABLE I. Three-dimensional Lie algebras in the order of Bianchi classification (see e.g.,
Ref. 6). Type | is abelian, so every [e;, e] is zero. Type Il is the Heisenberg algebra.
Type IX is s0(3). Type VIl may be regarded as the three-dimensional Minkowski and
describes the Kida vortex.'® Note that types VI, and VI, have a parameter 7 € R.

1| [o,e1] [o.e2] [oe3] 1| [o,e1] [o,e2] [oe3]
(4] 0 0 0 e 0 0
() - 0 e e - 0
V| [o,e1] [o,e2] [o,e3] V|[oei] [oea] [oe3]
(4] 0 0 e e 0 0
e - 0 e +e e - 0
VI [o,e1] [o,e2] [o,e3] VIL) [o,e1] [o,e2] [o,e3]
e 0 0 e e 0 0 e
e - 0 nez e| — 0 —e; +1e;
VI [o,er] [o,ea] [o,e3] IX| [o,e1] [o,e2] [o,e3]
e 0 e3 e e 0 e3
e - 0 —e] e - 0
Tables 1T and 111 summarize the 3 x 3 Poisson matrices J defined as
[
Jik = cides

which gives the Lie-Poisson brackets {G, H} = (9¢G,JO¢H) as in (15).
Among the nine possibilities, type IX corresponds to s0(3), which gives the Lie-Poisson matrix

1
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TABLE |I. Three-dimensional class-A Lie-Poisson algebras
(Bianchi classification).
Type Poisson matrix J(§)  Casimir invariant
0 0 0 &
I 0 0 0 &
0 0 O &
0 0 0
II 0 0 & &
0 -& 0
0 0 &
VI, 0 0 =& &ié,
& &L o0
00 &
ViI, 00 -& §+8
=& & 0
0 & &
VIII -& 0 -§ G+85-8
=& &0
0 & =&
IX & 0§ G+85+8
&L & o
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TABLE I. Three-dimensional class-B Lie-Poisson algebras (Bianchi
classification). To avoid redundancy, for type IV,, n+0,1. The Casimir

of type Vll,.o needs further classification: 7> >4 gives [denoting
Ae = (=nx/r? = 1)/2] Cvn = A= log(=A-&1 = &) — A+ log(A+ &4

+&); n = £2 gives CV”n =7 ﬁ +log(éy ¥ &,); and ;1 < 4 gives (putting
g+

a=-n/2and w=+/1-72/4,ie, Ay = a+iw) C\,“W#0 = 2a arctan e
- w log[(a&s +&)% + (wé)?].

Type Poisson matrix J(£) Casimir invariant
00 &
111 0 0 O &
=& 0 0
0 0 &
v o 0 b+6 & —logy
=& =& - 0
0 0 &
\% 0 0 & 2
SR SI
0 0 &
VI 0 0 7% 4
=& *7152 0 '
&
VII,z0 0 0 =& +né, Cvi., (61, 82)

& &L-n& 0

For example, the Euler top obeys Hamilton’s equation %E = Jix(§)0¢H with a Hamiltonian H = Zf:lsz /I; (Ij being the inertial moment along
the axis €).'

As announced in Sec. IT A, the PRS system of the rattleback is a type-VI system; with the VI, Poisson matrix Jvi(€) and a symmetric
Hamiltonian H() = H€||2/2, Hamilton’s equation %E = Jy1(§)O¢H, under the correspondences &; = P, &, = R, &3 = §, and 5 = —a, reproduces
the PRS system (1).

B. Class-A and class-B

The Bianchi types are divided into two classes: class A, composed of types I, II, VI_;, VII, VIIL, and IX, and class B, composed of types
LIV, V, V1, and VII;+. Somewhat fortuitously, this classification turns out to separate non-chiral systems from chiral: the class-A
systems maintain the Hamiltonian symmetry, while class-B systems have chiral spectra. Before analyzing the reason for this, we summarize

some direct observations.
In Tables IT and I1I, we list the Casimirs for the Lie-Poisson brackets associated with each algebra. We find that the Casimirs of class-

A Lie-Poisson brackets (Table II) are all quadratic forms, while those of class-B (Table I1I) are “singular” functions. Therefore, the class-A
Casimir leaves are algebraic varieties, each of which defines a two-dimensional symplectic manifold (see Fig. 1). On the other hand, every
class-B leaf contains a singularity of some kind, so it is only locally symplectic (see Fig. 2

C. Spectra of class-A and class-B Lie-Poisson systems around singularities

Let us calculate the spectra of the linearized systems around singular equilibrium points. We exclude the trivial [J(§) = 0] type-I system.
The singularity [the set of singular equilibrium points: 0 = {&; € X*;J(&;) = 0}] varies from two-dimensional to zero-dimensional:

e 0={=(0¢& &)t } for type IT and III.
e 0={§=(00 53) } from type IV through VII.
e o={&=(000)"} for type VIII and IX.

The generator of the linear system is, as given in (27),

(A)) = [1(E),0]* = ("),
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VI

FIG. 1. The foliated phase spaces of the class-A Bianchi Lie-Poisson algebras. The leaves are level sets of the Casimirs given in Table 1.

where h* = Og Hl¢ . In three-dimensional systems, the orbit is given by the intersection of the levels of the Casimir C(&) and the linearized

energy H; (&) (Proposition 1). Because of the foliation by C(&), one of the eigenvalues of the linearized system (27) must be zero. For the
spectrum to be Hamiltonian, the remaining two eigenvalues must be either a pair +iw of imaginary numbers or a pair +y of real numbers.
Therefore, the Hamiltonian symmetry implies a time-reversal symmetry.

VI

n(n>1) Vi n (n <0) Vii n

FIG. 2. The foliated phase spaces of the class-B Bianchi Lie-Poisson algebras. The leaves are level sets of the Casimirs given in Table Il.
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TABLE V. Linearized class-A systems around a singular equilibrium point &s. The singularity
o = {&J(&) = 0}, the generator A = [h(&;), o ]*, and the characteristic equation det(A/ — .A) =0
of each class-A Bianchi Lie-Poisson system are summarized (those of class-B systems are given in
Table V). We denote H = 851 H|§S. Type-I algebra is omitted because it is abelian so that the Poisson

bracket is trivial.

Class A o A det(AI - A) =0
0 0 0
11 &1 =0 plane o0 o0 MP=0
K 0 0
oo o
VI, &;-axis 0 -K o MA-F)A+H) =0
L
0o o
VI, &5-axis - 0 0 AN+ (H)?) =0
Wwo-h oo
o B K
VIII E=opoint |-K 0 -—h'| AZ—((B)2+HD)P-(H)H]=0
2 1
o
0 -K K
IX & = 0 point oo k| A+ (WY D+ D] =0
- K0

Tables IV and V summarize the spectra of each linearized system. It is evident that the spectra of the class-A systems (Table I'V) have
the Hamiltonian symmetry, while those of the class-B systems (Table V) do not. For example, class-B, type VI with i’ = 9; H (H = |[]*/2)
reproduces the rattleback chiral spectra under the correspondences & =Sand n=—a[see (2)].

TABLE V. Linearized class-B systems around a singular equilibrium point &.

Class B o A det(A\I - A) =0
oo o
11 & = 0 plane 0 0 0 MPA-K)=0
-t o0 o
o0 o0
v &-axis o oo MA-HE)? =0
~W'+H) -K 0
Eooo0 o0
\% &5-axis 0 K o0 MA-HE)? =0
A )
0 o
VI &;-axis 0 g7k 0 MA =B - yh*) =0
A
0 oo
VL0 &;-axis -1 a0 A -+ () =0
W —h' gk 0
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As mentioned in Sec. IT D, the linearization about a singular equilibrium point does not yield a (linear) Hamiltonian system (unlike the
linearization about a regular equilibrium point), so it is more surprising that the class-A systems do have Hamiltonian spectra than that the
class-B systems break the Hamiltonian symmetry. The reason for these correspondences will be elucidated in Sec. I'V.

D. Geometrical interpretation

We notice that all Bianchi Lie-Poisson matrices (Tables II and I11) are reversed (J — —J) by the transformation 73 : & — —&. Hence,
Hamilton’s equation of motion (10) is invariant with respect to the time-reversal 7 : t = —t combined with .73. Evidently, all Casimir leaves
are invariant with respect to the transformation 773 (in Figs. 1 and 2, &3 is the vertical axis).

The linearized systems inherit this time-reversal symmetry of the original Hamiltonian system. In the context of spectral symmetry,
however, there is an additional constraint to be taken into account. Notice that the transformation 73 flips the sign of i* = O, H. With this
transformation, all spectra of class-A systems (Table IV), as well as those of class-B systems (Table V), have the time-reversal symmetry.
However, in the linear theory, the coefficients included in the generator ¢ are fixed numbers pertinent to the equilibrium state &. Therefore,
in the argument of spectral symmetry, b’ must not be transformed. Here, class A contrasts with class B, because of the existence of alternative
transformations. The Poisson matrices of type II, type VI, type VIII, and type IX are reversed by the transformation 7> : & — —&. The
Poisson matrix of type-VI_; is reversed by Z15 : (&1 &) — (& &)). These transformations yield the Hamiltonian (time-reversal symmetric)
spectra of the corresponding linearized generators. To the contrary, the Poisson matrices of class B do not have such symmetry; evidently, the
Casimir invariants of class-B algebras are not invariant with respect to 7, or J1,.

Let us see how the non-Hamiltonian (chiral) spectra are created in the class-B systems. The existence of the singularity o on the Casimir
leaves (excepting those of type-VI,._1 with # < 0, which will be discussed separately) poses an obstacle for the time-reversal symmetry. By
Proposition 1, the orbits are on the levels of Casimirs C(%). The levels of the linearized energy H, 1(§) are planes including &; € o; hence, the
orbits are connected to the singularities, implying that only real eigenvalues can occur. The Casimir invariants C(&y, ;) of class-B systems,
however, forbids the co-existence a pair time constants y and —y.

As noted above, type-V1,._1 with # < 0 is somewhat special. Although the singularity ¢ = £3-axis is not included in the Casimir leaves,
each level of C(&) is divided into separate surfaces, preventing circulating orbits around &; € . Hence, only real eigenvalues can occur, and
only the special value = —1 yields symmetric eigenvalues A = +h’.

IV. DEFORMATION OF LIE-POISSON ALGEBRAS
A. Deformation of observables and its reflection to Lie algebras

The central idea of the following exploration is to characterize the variety of three-dimensional Lie-Poisson algebras (and their underly-
ing Lie algebras) as deformations from a mother algebra.* We will show that the symmetry and asymmetry of the deformations correspond to
classes A and B.

Remembering the argument of Sec. II B, it stands to reason that we ask how phenomena will vary when we modify the observables
(cf. Remark 2). With M € End(X™), we deform the Lie-Poisson bracket (12) as

(G, H}x = ([0, OcH], ME) = (3G, [06H, ME]"). (30)

Hence, the deformed Poisson matrix (operator) is
Jm(8) = J(ME). (31
With the adjoint matrix (operator) M" € End(X), we may rewrite (30) as
(G.H)w = (M"[0G, 5H1. &) = ([3G, OH] . §). (32)
Therefore, we may interpret { , }u as the Lie-Poisson bracket produced by the deformed Lie bracket [, ]y = M" [, ]. For this deformation to
be allowed, [, |y must satisfy Jacobi’s identity (other conditions for Lie brackets are clearly satisfied). Let us study how this condition applies

by examining the three-dimensional Lie algebras, for which we have a complete list, as reviewed in Sec. I11.

B. Three-dimensional systems: Deformation of s0(3)

We show that all types of the three-dimensional Lie algebras can be derived by the deformations from one simple Lie algebra. The
“mother” is the type-IX algebra [denoted by grx, which is nothing but s0(3)] that is characterized by

[e,-,ej]IX = eijkek. (33)

In vector-analysis notation, we may write [a, b]ix = a x b.
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The multiplication table of the deformed bracket is given by calculating

[ei ej]u = M e, j]ix.

(34)

If this bracket satisfies Jacobi’s identity, we obtain a deformed Lie algebra, which we will denote by gy. Before discussing the Jacobi constraint
need for the possible deformation matrix M", we derive it directly from the multiplication tables of the Lie algebras (see Table VI). The

following relations are readily deduced:

1. For a class-A algebra, M is symmetric, while for a class-B algebra, M is non-symmetric. This fact brings about fundamental differences

between both classes, to be discussed later.

2. Let g’ denote the derived algebra of g (which is the ideal of g consisting of elements such that [e;j, e;]). Since gix = grx,

dim gf\,f = Rank M,

TABLE VI. Bianchi classification of three-dimensional Lie
algebra. Here, we unify the classification by a general

matrix M.
Class A M Rank M
I 0 0
1 0 0
11 0 0 0 1
0 0 0
0 -1 0
VI -1 0 0 2
0 0
-1 0 0
VIl 0 -1 0 2
0 0 O
1 0 0
VIII 0 -1 0 3
0o 0 -1
1 0 0
IX 01 0 3
0 0 1
Class B M Rank M
0 0 O
III -1 0 0 1
0 0 O
1 0
v - 0 0 2
0 0
01 0
\ -1 0 0 2
0 0 0
n 0
Vo -1 0 0 2
0 0
-1 5 0
V1,20 0 -1 0 2
0O 0 O
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where Rank M = 3 — dim Ker M = 3 — dim Coker M. In Table V1,
dim g{ = 0,
dim gy = dim gpy = 1,
dim gy = - - = dim gy = 2,
dim gy = dim gix = 3.
Now, we examine the conditions on M for [, Js = M"[, Jix to be a Lie bracket. We can produce all three-dimensional Lie algebras by
the following process. The dimension of the derived algebra plays the role of a guide (cf. Ref. 15).

1. For dim gf\,[ = 3, only symmetric M is allowed; otherwise, Jacobi’s identity does not hold. Since M" must not have a kernel (to obtain
dim g}, = 3), we have to demand
[[81,82]%63]1){ + [[ez,es]M,el]Ix + [[83,61]%82]1){ =0.

Inserting [e;j, ex |m = MT[ej, e;Jix, the left-hand side reads
(M3 — M3,)er + (Ms; - Mis)es + (Miy — My )es.

Hence, we need M;c = ng for all j # k. From this observation, it is also evident that for every symmetric M, regardless of its rank,
[, Jm = M"[, Jix is a Lie bracket. Hence, all class-A algebras are produced by some symmetric M. For degenerate M (i.e., for dim g}, <
3), however, the symmetry condition can be weakened, and some non-symmetric M can still define Lie algebras.

2. Todefine dim g}, = 2, we suppose that the matrix M is rank 2 so that Ker M = Coker M(= Ker M") = {es},i.e., M = N & 0 with a regular
2 x 2 matrix N (notice that all rank-2 matrices M of Table VI have such forms; the reason why we need this setting will become clear in
the following construction). Then, g}, is abelian; for e, e; € gj,

[er,e2]m = M [er,e2]1x = M es = 0. (35)
The multiplication table is completed by evaluating [e;, e3]m and [e, €3 ]m. By definition,

[o,e3]m = MT[O, e3]ix.

Since the range of the operator on the right-hand side excludes Coker M" = Ker M = {e3}, we see that g}, is indeed an ideal of g (to
put it in another way, if the condition Ker M = {e3} is violated, it causes a contradiction with the derived algebra gj; being an ideal). To
evaluate [o, e3]u for g}, we may define the 2 x 2 matrix

0 -1
A=NT[O,63]I)(=NT(1 O)

This A is identical to the matrix given in the work of Jacobson [Eq. (18)],"> by which we obtain

(fererde)-a(2).

Interestingly, for every regular matrix A (thus, for every regular matrix N), the deformed product [, ]u satisfies the Jacobi identity (each
[[e:> €] ex]m vanishes separately), so g is a Lie algebra. This is primarily due to the fact that the derived algebra g is abelian. If the
condition Ker MT = {es} is violated, (35) does not hold, and then, Jacobi’s identity is not satisfied (see Remark 5). Therefore, we do
need both Ker M* = Ker M = {es} (i.e., M = N @ 0 with regular N) to derive a diim g}, = 2 algebra.

3. Fordim g = 1, a symmetric rank-1 M defines a class-A algebra that is type II (Heisenberg algebra). There is another possibility. Let e;
be the element of the one-dimensional gj,. Then, e», e3 € Ker M. Except for the symmetric one, the only possibility is of the form

0 0 0
M=|-1 0 0],
0 0 0

which gives
[e,e2]m =0, [e,es]lm=e1, [exes]m=0.

We may check that Jacobi’s identity holds. This is the type-III algebra.
4. Evidently, M = 0 yields dim g}, = 0, which corresponds to the abelian type-I algebra.
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Remark 5 (Inadequate M). For the derivation of dim gj; = 2, we assumed that M is such that N @ 0 with regular N. Let us demonstrate
that other types of degenerate M deteriorate the deformation.

(1) First, consider

1 1 0
M=]0 0o 11,
0 0 0

which has Ker M = e; — e,, while Ker M* = e3. The multiplication table becomes
[eex]m=0, [enes]lm=er+es [es,er]m=es¢gu.

Hence, gj'w fails to be an ideal.
(2) Take the transposed one as M,

M=|1 0 0}

(=]
—
o

which has Ker M = e3, while Ker MT = e, — e,. The multiplication table becomes

[81,62]M = e, [ez,eﬂM =el, [63,81]1\4 =e,

which violates Jacobi’s identity,
[[Bl,ez]M,es]M + [[ez,es]M,el]M + [[ea,el]M,ez]M =er —e.

Note that the residual is in Ker M".

Summarizing the forgoing results, we have the following:
Theorem 1 (Deformation of s0(3)). Every three-dimensional real Lie bracket can be written as [, |m = MT[, Jix, with M € End(R?),
which is chosen from the following two classes:

1. class A: M is an arbitrary symmetric 3 x 3 matrix.
2. class B: M = N ® 0 (N is an arbitrary asymmetric 2 x 2 matrix).

Accordingly, we have a unified representation of all three-dimensional Lie-Poisson brackets,
{G,H}m = ([0:G, 0cHm, &) = ([0:G, O:H]1x, ME). (36)

The corresponding Poisson operator is

Im(&)o = Jix(M)o = [0, ME]ix = —(M¥) x o. (37)
The singularity (where the rank of the Poisson operator becomes zero) is

o = Ker M.

Corollary 1 (Casimirs of class-A Lie-Poisson brackets). Let M € End(R®) be a symmetric matrix (of any rank). Then, the Lie-Poisson
bracket {G, H}ym = ([0¢G, O:H]1x, M&) has a Casimir given by a quadratic form

C®) = 5 (6. M8). (38)

Proof. By the symmetry of M, 0;C = M&. Inserting this, we obtain
Jm(€)0:C = ix(ME)ME = —(ME) x (ME) = 0.
|

This corollary does not preclude the existence of Casimirs for the class-B algebras; as shown in Table I, they are singular functions in
the sense that each Casimir leaf contains the singularity 0 where Rank J(&) drops to zero. As we will see in Subsection [V C, this singularity is
related to the chirality of the spectra.

The three-dimensional Lie algebras are special in that all of them have a unique mother s0(3), and the symmetry/asymmetry of the
deformation matrix M determines the classification into A and B. As we will see later (Sec. V), this is no longer true in higher dimensions
so that we will need to introduce “class C” to separate the classes A and B. Before extending to higher dimensions, we show how the class-A
algebras yield Hamiltonian symmetric spectra around the singularities. This property will be used as the determinant of class A in higher
dimensions.
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C. Spectra of three-dimensional Lie-Poisson systems

Let us analyze the spectra of the three-dimensional Lie-Poisson systems linearized around the singularities & € o0 = Ker M. The aim is
to prove the Hamiltonian symmetry for the class-A systems and, conversely, that this symmetry is generally broken for class-B systems. As is
easily inferred, the Hamiltonian symmetry of the class-A systems is due to the symmetry of the deformation matrix M.

Let H(§) be an arbitrary Hamiltonian (energy-Casimir functional) and denote h = 9;H|¢ , which is a fixed vector. The linearized
equation (27) reads

= [ Ei = [ MET (9)

Because type IX is semi-simple, we may formally calculate as [a, b]ix = [a,b]ix = a x b (see Remark 1). Therefore, the right-hand side of (39)
reads

(1, &1y = [h ME]x = —[ME h]ix = ~Jix(W)ME. (40)

Note that MS is now regarded as a member of X. With the constant-coefficient matrix _#, = —Jix(h), the linearized equation (39) can be
written as

d - .
55 S ME (41)

By the definition, _¢j defines a homogeneous Poisson bracket {G,H}j = (GEG, B4 h8gH ) (see Remark 2). If M is a symmetric matrix (class
A), we can define a ‘Hamiltonian”

o®) - 5 (MEE),

by which the linearized equation (41) reads Hamilton’s equation
d - .
35 S n0L®). (42)

Hence, the spectra of class A have the Hamiltonian symmetry (Remark 4). The Hamiltonian Cé)is nothing but the Casimir evaluated for the
perturbation (see Corollary 1).

Remembering Proposition 1, one may postulate that the other invariant, the linearized energy H;(€) = (h, &) is the Casimir of F 1. One
can easily confirm that this is true. It is remarkable that the roles of the Casimir and Hamiltonian are switched when linearized around the
singularity.

For the class-B Lie-Poisson systems, M is not symmetric, so _# ;M is not a Hamiltonian generator; hence, its spectrum need not have
the Hamiltonian symmetry. However, C(§) and H 1(2) are still invariant (Proposition 1).

In summary, we have the following corollary of Theorem 1:

Corollary 2 (Hamiltonian spectral symmetry). A three-dimensional class-A Lie-Poisson system, given by a symmetric deformation matrix
M, has Hamiltonian symmetric spectra when linearized around a singular equilibrium point & € Ker(M).

Remark 6 (Linearized class-A system). Corollary 2 explains the observation in Sec. III C. The mathematical structure underlying the
class-A linearized systems has the following two common ingredients that produce Hamiltonian symmetric spectra around the singularities:

1. The full antisymmetry of the “mother” bracket [x,¢]ix = [x, ¢]ix = eijkxigbjek, which is used in (40) to obtain the Poisson matrix

HFn=-Jx(h).

2. The symmetry of the deformation matrix M, which is used in (41) to define the “Hamiltonian” %(ME’, &).

V. EXTENSION TO HIGHER DIMENSIONS

For dimension greater than three, the range of deformation falls short of encompassing all possible Lie algebras. Yet, we can produce a
class of Lie algebras (and the associated Lie-Poisson brackets) by symmetric and asymmetric deformations of some fully antisymmetric Lie
algebras. We propose an extended classification:

Definition 1 (Classification into A, B, and C). Let g be an n-dimensional real Lie algebra.

o If g is fully antisymmetric (i.e., the Lie bracket is given by fully antisymmetric structure constants), or it is the deformation of some fully
antisymmetric Lie algebra by a symmetric matrix M € End(R"), we say that g is class A.

o If g is the deformation of some fully antisymmetric Lie algebra by an asymmetric matrix M € End(R"), we say that g is class B.

o If g is neither class A nor class B, we say that g is class C.
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Remember that every three-dimensional Lie algebra is either class A or class B because all of them are produced by deformations of the
unique “mother” 50(3). We can easily generalize Corollary 2 to arbitrary dimension:

Theorem 2 (Hamiltonian spectral symmetry). Suppose that gy is a real n-dimensional class-A Lie algebra endowed with a Lie bracket
[, ]m= MT[ , |as, where [, |as is a fully antisymmetric Lie bracket and M € End(R") is a symmetric matrix. Then, the linearized generator

A=—[h,Mo]xs (hegm)

has the Hamiltonian symmetric spectra. On the other hand, the linearization of the class-B or class-C system has chiral (non-Hamiltonian)
spectra.

The proof is evident from Remark 6. Note that this theorem does not preclude the possibility of Hamiltonian symmetry of spectra in
class-B or class-C systems; special selection of h can produce symmetric spectra (see Table V).
By Remark 1, we find

Corollary 3 (Semi-simple Lie-Poisson system). When a Lie-Poisson bracket {G, H} = ([0¢G, O¢H g, &) is defined by the Lie bracket [, ]q
of a semi-simple Lie algebra g, it is class-A so that the linearized generator A = —[h, 0] = —[h, o]y (h € g) has Hamiltonian symmetric spectra.
The Casimir L [E* is the Hamiltonian of the linearized system.

We also note that unlike the case of three-dimensional Lie algebras, the deformation matrix M is not so easily found, as in Theorem 1.
Even a symmetric M may deteriorate Jacobi’s identity. A small-rank M such as N @"~2 0 no longer yields an abelian derived algebra, so the
multiplication table of the deformed algebra must be carefully constructed to satisfy Jacobi’s identity.

To see how the extended classification applies, let us examine the four-dimensional Lie algebras; we invoke the complete list given in
Ref. 14.

As is well known, there are no simple (or semi-simple) four-dimensional Lie algebras (we exclude algebras that are direct sums of lower-
dimensional algebras). For the “mother” algebra, we choose a fully antisymmetric algebra R @ so(3) [which is not in the list of Ref. 14 because
it has the three-dimensional sub-algebra s0(3)]; the multiplication table of this algebra is

| [oe] [oe] [oes] [osed]

e 0 0 0 0
e - 0 [} —es3
e3 - - 0 e
The linearized generator [h,o]* = —[o, h]* (here we have used the full asymmetry) has Hamiltonian spectra determined by the characteristic

equation A*(A* + [h|*) = 0. All possible deformation matrices and the resultant multiplication tables are listed below:

1. Symmetric deformation yielding A4,10 (class A) algebra:

0 0 0 1 | _[o.e1] [o,e2] [0, €3] [0 e4]
M= 0 1 0 O e 0 0 0 0

0 0 1 or e - 0 e] —es3

1 0 0 0 el - - 0 e

The linearized generator has Hamiltonian spectra determined by the characteristic equation A>(A? + (h*)?) = 0.
2. Symmetric deformation yielding A4 g (class A) algebra:

0 0 0 1 | [o,e][o,e2] [o,€3] [0, e4]
Y O e 0 0 0 0

0 -1 0 (VN § e - 0 e e

1 0 0 0 e - - 0 —es

The linearized generator has Hamiltonian spectra determined by the characteristic equation NPA-KmHA+ kY =0.
3. Symmetric deformation yielding A4, (class A) algebra:

0 0 0 1 | [o,e1] [o,e2] [o,e5] [o,e4]
Mi-| 0 -1 o of el 0 0 0 0
0 0 0 0 [} - 0 e; 0
1 0 0 O e3] -— - 0 —-e
The linearized generator has only zero eigenvalue.
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4. Asymmetric deformation yielding A4 3 (class B) algebra:

0 -1 0 0 | [o,e1] [o,e] [o,es] [o,ed]
P (R el 0 0 0o o0

0 0 0 0 ? e - 0 e 0

0 0 00 e - - 0 —e

The linearized generator has chiral spectra determined by the characteristic equation A*(A - k%) = 0.

As shown in Table I of Ref. 14, there are twelve four-dimensional real Lie algebras (excluding those which are direct sums of lower-
dimensional algebras). Separating out the aforementioned four algebras, the remaining eight are class C, i.e., they are not obtained by any
deformation of a fully antisymmetric four-dimensional Lie algebra. As easily inferred, the linearized generator is not Hamiltonian. For
example, the A4, algebra

| [o,e1] [o,e2a] [o,e5] [o,e4]

e; 0 0 e —e
e - 0 e el
es3 - - 0 0

is class C. The characteristic equation of the linearized generator is /12[(/1 W)Y+ (h4/\)2] = 0, which gives a chiral spectrum.

VI. VECTOR BUNDLE OF s0(3) FIBERS AND ITS DEFORMATIONS

Here, we give an example of an infinite-dimensional Poisson manifold that is relevant to vortex dynamics in fluids.

A. Vector bundle

We introduce a base space Q c R?, which is a bounded domain with a smooth boundary Q. We consider the vector bundle E that
consists of fibers of the s0(3) algebra; each fiber has the Lie bracket

[a,blx=axb (abeR).

We assume that each v € E is a C™ -class three-vector function of x € Q) and write it as v(x). Then, E is regarded as a function space (totality
of C*-class cross-sections) endowed with a Lie bracket,

[v(x), wx)]ix = v(x) x w(x), (xeQ).

The L*-completion of E is denoted by V. Taking the L? inner product as the paring (, ), the phase space is V* = V. Evidently, [ , Jix
=[, Jix. For a functional F € C**(V™), we define the gradient 9,F € V by

OF = F(u + ¢it) — F(u) = ¢(O,F, it) + O(¢*)  (Vite V7).
The “mother” Lie-Poisson bracket (which will be deformed in various ways) is
{ F,G }}ix := {[OuF, 0uGlix, ) = (OuF, [0uG, u]ix), (43)

and the corresponding Poisson operator is

Jx(u) = [o,ulix = (o xu). (44)

We may evaluate the brackets on the dense subset Ec V* = V.

B. Local deformations

By applying the deformation using a 3 x 3 constant-coefficient matrix M of a type specified in Theorem 1, we obtain a bundle of three-
dimensional Lie algebras. Each of them is just the “direct sum” of the local Lie algebras; hence, Jacobi’s identity evidently holds.

An asymmetric M yields a bundle of class-B algebra, and the corresponding Lie-Poisson system exhibits chirality. Let us demonstrate
this with type IIL Using

0 0 0
M=|-1 0 0},
0 0 O
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(see Table. VI), we define a bracket
[v(x), w(®) ] = M [v(x), wx)]ix = M (v(x) x w(x)). (45)

Evidently, this defines a Lie algebra on E. The Lie-Poisson bracket (43) is deformed to
{F, G P = ([OuF, 0uGlu, u) = ([OuF, 8uG]ix, Mu), (46)

which gives a Poisson operator
Jm(u) = o x (Mu), (47)

where Mu = (0 —u; 0)". This deformed system exhibits chirality. The linearized equation around the singularity u; = 0 is (denoting
h = 0uH|u,-0)

o (0 —Ki
a 112 = 0 >
113 hllil

. . L -t 3. . 3. :
which generates a chiral solution #; o< e™" *. Here, h” is a function of space x, so —h” is a continuous spectrum.

C. Deformation by the “curl” operator: Vortex dynamics system

Here, we deform u € E by a differential operator curl (to be denoted by Vx) and choose vorticity w = V x u as our observable. Then, we
obtain the Lie-Poisson bracket of vortex dynamics. We start by preparing the mathematical definition of the curl operator.

1. Self-adjoint curl operator

We consider a subspace Es c E consisting of smooth three-vectors that are solenoidal (V - v = 0), tangential to the boundary (n - v =0,
where n- is the trace of the normal component onto 9Q), and zero-flux (fsv - vd?x = 0, where S is an arbitrary cross section of the handle, if
any, of 2 and v- is the trace of the normal component onto S). Let L%(Q) be the Hilbert space given by the Lz—completion of Ey,

L3(@) = {v e (Q; Vv =0nv=0, [vvdx=0}.

The orthogonal complement of L%(Q) is Ker (Vx), which we will denote by LZH(Q), ie.,
L*(Q) = L3(Q) ® LE(Q).

We denote by &5 the orthogonal projection onto L3(Q) (when operated, this projector subtracts the irrotational component) and
Pn=1-Ps.

To formulate a system of vortex dynamics, we invoke the self-adjoint curl operator given by Ref. 16. Let
Hyx(Q) = {u e [3(Q)s V x ue L3(Q)},

which is a dense, relatively compact subset of L2(€2). We define a self-adjoint operator in Ly (€2) such that Su = V x # on the domain His (Q).
This is a surjection to L3((2) with a compact inverse S, so the set of eigenfunctions of S gives an orthogonal complete basis of Lz (Q).
Combining with & 5, we consider S in LZ(Q),
S =8Ps. (48)

We may write & = S ® 02 1. Evidently, .7 is a self-adjoint operator in V* = L*(Q) (note that this .7 is different from the non-self-adjoint
curl operator T or T discussed in Ref. 16).

2. Deformation by the self-adjoint curl operator

Let us deform {{ G, H }}1x = ([0uG, OuH]ix, #) to ([DuG, 0uH ]Jix, Fu) [which means that we deform the Poisson operator Jix(u) to
Jix(:#u)]. Consequently, the Lie bracket [u, v ]ix of E is deformed to

[w.¢]s = L [w, ¢]ix (@, ¢€Es). (49)
Note that we define the Lie algebra on a reduced space Es= & s E (see Remark 8). On Es, we may evaluate (usingV - @ =V - ¢ =0)
Fw,¢]ix = Vx(@x¢) = (¢ V)w—(w-V)¢.

The right-hand side is nothing but the Lie derivative of the vector: Lsw. Hence, Jacobi’s identity is evident (being equivalent to the Leibniz
law for Lie derivatives) (cf. Ref. 19).
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The reduction to Es is naturally implemented in the definition of the deformed Lie-Poisson bracket because Es can be regarded as the
phase space of vorticities; by the definition of the self-adjoint curl operator S, we find

Es ={w=Su; uckE}.
By the chain rule, we observe, for a functional F(w) € C*(Ez),
OF = (OuF, 0t) = (OuF, @) = (OuF, L u1) = (F OuF, it).
Therefore, we may evaluate, for a functional F(w) € C™(Es),
OuF = S 0uF.
We define the curl-deformed Lie-Poisson bracket on C*°(Ex),

{{ G)H}}f/ = ([@G,&,H]hx,yu)
([.#0uG, & 0uH]1x, w)
(

(

704G, [ 0uH, 0]ix)
= (0wG, L[ L 0uH, w]ix)- (50)
The corresponding Poisson operator reads
JTr(@) =S (F o) xw)= PV x((Vxo)xw), (51)
which applies to the vortex dynamics equation for formulating a Hamiltonian form (see Remark 7). The Casimir is

1

Clw) 5

(S0, 0), (52)

which is known as the helicity, an important invariant of ideal (barotropic and dissipation-free) fluid motion.

Remark 7 (Vortex dynamics). The “Hamiltonian” of the incompressible fluid (mass density = 1) is given by
1 1
Hw) = - f IS W dPx = = f lu2 dx. (53)
2Ja 2Ja
Here, u = S'w € L3(Q) is the dynamical component of the fluid velocity [the irrotational component € L%(Q) is fixed by the boundary
condition and the circulation law]. Hamilton’s equation %F = {{F, H}} » yields the vortex dynamics equation
Oiw = -V x (w x u). (54)
The helicity
1 - 1
C@-3 [w& edx=2 [ Fuudx (55)
2Ja 2Ja

is a Casimir of the bracket {{ G,H }}.».

Evidently, this curl-deformed system is class A. The linearized equation reads, denoting h = (. 9w H)w=0,
O = S (hx ). (56)

By the symmetry .%(h x @) = —.# (@ x h), we may rewrite the right-hand side of (56) as, using the Poisson operator of (51) and the Casimir
of (52),
0o = -T (WS '@ = -7 5 (096 C(@), (57)

which is a linear Hamiltonian system with the Casimir as the Hamiltonian (the linear operator has a continuous spectrum due to flow shear;
cf. Refs. 17 and 18).

Remark 8 (Reduction). In the definition (49) of the curl-deformed Lie bracket [ , ].», we reduced the state space from E to Ez= 2 sE
= .%E. In some sense, this means that we are considering a derived algebra, or, the ideal consisting of members such that .#[v, w]ix
(Yu,v € E, while #[v, w]ix is not a Lie bracket on E). If we apply a similar reduction to the three-dimensional Lie algebras discussed in
Sec. [V B, i.e., if we evaluate the deformed bracket [, | = MT[, Jix on MTX, it becomes abelian (as mentioned when we derived rank-2
systems). However, the present example of reduction yields the non-abelian algebra.
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D. Variety of vortex systems

We may modify the standard curl operator to a variety of differential operators, by which we can formulate generalized vortex systems.
We consider a symmetric deformation by a combined self-adjoint operator

M =M S+ FM, (58)

where M is some deformation matrix (either symmetric or asymmetric; see Table. VI).
We define a deformed vorticity

wv =Mu, (uecE). (59)
The totality of the deformed vorticity constitutes a phase space,
Ey={wm=Mu;uckE}. (60)
On C*(E_4), we define a deformed Lie-Poisson bracket (denoting wy = . u)

{ G H v :={[0uG, OuH]ix, A 1)
= [ A D, G, A D, H]1x, w)
= Dy Gy M [ M Do, Hy 01 ] )

The corresponding Poisson operator is

T.a@m) = A (A ) x wn), (61)

which has a Casimir
1 _
Cu) = E(«//lole,wM>>

where .# o = M [Ker(.# ) so that .4 . ;' wy = wpr. This symmetric Casimir plays the role of the Hamiltonian in the linearized system,
resulting in the Hamiltonian symmetry of the spectra.

VII. CONCLUSION

The Lie-Poisson algebra is a special class of Poisson algebras, which is naturally introduced to the phase space X* that is dual to some
Lie algebra X. The coadjoint action, generated by a Hamiltonian (a smooth function on X*), describes the evolution of an observable (point
& € X). The problem we have explored is how the Lie algebra X is deformed when we transform the observable & —~ M& by M € End(X™).
Guided by Bianchi’s list of Lie algebras, we found that the symmetry/asymmetry of the deformation matrix M gives an interesting classifi-
cation A/B, which corresponds to the Hamiltonian symmetry/asymmetry of spectra in the neighborhood of the singularity (nullity) of the
coadjoint action; the symmetry breaking, occurring in class-B systems, appears as chirality (breaking of the time-reversal symmetry) in the
neighborhood of the singularity, which is forbidden in usual Hamiltonian spectra evaluated around regular equilibrium points (critical points
of a given Hamiltonian). Since the linearization works out differently in the neighborhood of singularities (which commonly exists in Lie-
Poisson manifolds, but the dimension of the set of singularities depends on the Lie algebra), there is no general reason for the spectra to have
the Hamiltonian symmetry. Therefore, it is more interesting that class-A systems maintain the Hamiltonian symmetry (Remark 6 explains
how this occurs).

The deformation induced by M € End(X") is different from a “coordinate change” in a Lie algebra (or the isomorphic deformations;
see Ref. 4); in the latter, T € Aut(X) applies as [x,y] — [x/,y']r := T[T~'x’, T™'y']. It is also different from a reduction (homomorphism to a
sub-algebra; see Ref. 20, as well as Remark 8) or a constraint yielding a Dirac bracket (see Ref. 19). It is a back reaction to the Lie algebra caused
by deforming the observable. Possible deformations M are rather restricted (even for symmetric ones) by guaranteeing Jacobi’s identity for
the deformed bracket M"[, ]. Interestingly, however, the three-dimensional Lie algebras are totally derived from s0(3) by some deformations.
Given a base space, this mother algebra produces a variety of field models; the deformation by the self-adjoint curl operator, for example, yields
the Poisson manifold (infinite-dimensional) of vortex dynamics. However, it is challenging to obtain class-B infinite-dimensional systems and
demonstrate chirality in such field theories. This will be discussed in future work.
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