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Abstract

For a given skew symmetric real n X n matrix N, the bracket [X,Y]y =
XNY — YNX defines a Lie algebra structure on the space Sym(n, N) of sym-
metric n xn real matrices and hence a corresponding Lie-Poisson structure. The
purpose of this paper is to investigate the geometry, integrability, and lineariz-
ability of the Hamiltonian system X = [X?2, N, or equivalently in Lax form, the
equation X = [X, XN + NX], on this space along with a detailed study of the
Poisson geometry itself. Integrability on a generic symplectic leaf of Sym(n, N)
with the Lie-Poisson structure is proved if N has distinct eigenvalues. This is
established by finding another compatible Poisson structure.

If N is invertible several remarkable identifications can be implemented.
First, (Sym(n, N), [, ]) is Lie algebra isomorphic with the symplectic Lie alge-
bra sp(n, N~1) associated to the symplectic form on R™ given by N~1. In this
case, the system is the reduction of geodesic flow of the left invariant Frobenius
metric on the underlying symplectic group Sp(n, N~1). Second, the trace of
the product of matrices defines a non-invariant non-degenerate inner product
on Sym(n, N) which identifies it with its dual. Therefore Sym(n, N) carries a
natural Lie-Poisson structure as well as a compatible “frozen bracket” struc-
ture. The Poisson diffeomorphism from Sym(n, N) to sp(n, N~!) maps our
system to a Mischenko-Fomenko system, thereby providing another proof of its
integrability if N is invertible with distinct eigenvalues. Third, there is a sec-
ond ad-invariant inner product on Sym(n, N); using it to identify Sym(n,N)
with itself and composing it with the dual of the Lie algebra isomorphism
with sp(n, N71), our system becomes a Mischenko-Fomenko system directly on
Sym(n, N).

If N is invertible and has distinct eigenvalues, it is shown that this geodesic
flow on Sym(n, N) is linearized on the Prym subvariety of the Jacobian of
the spectral curve associated to a Lax pair formulation with parameter of the
system. If, on the other hand, N has nullity one and distinct eigenvalues, in
spite of the fact that the system is completely integrable, it is shown that the
flow does not linearize on the Jacobian of the spectral curve but that a complex
generalization does linearize on the generalized Jacobian of the spectral curve.
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1 Introduction

The Problem and Discussion of the Results. Fix N € so(n), the space of
skew symmetric n X n matrices, also regarded as the Lie algebra of SO(n), the n-
dimensional proper orthogonal group. This paper continues the analysis, begun in
Bloch and Iserles [2006], of the following set of ordinary differential equations on
Sym(n), the linear space of n x n symmetric matrices:

X =[X2 N]. (1.1)

Here, X € Sym(n), X denotes the time derivative, and initial conditions are denoted
X(0) = Xy € Sym(n). It is easy to check that [X?, N] € Sym(n), so that if the
initial condition is in Sym(n) then X (¢) € Sym(n) for all ¢. As will be seen shortly,
this system is Hamiltonian and, despite its quadratic dependence on X, conservation
of energy guarantees that solutions of (1.1) exist for all ¢ € R.

Because of the obvious identity [X? N] = [X,XN 4+ NX] = X2N — NX?,
equation (1.1) may be rewritten in the Lax form

X = [X, XN + NX], (1.2)

again with initial conditions X (0) = Xy € Sym(n).!

Define the N-bracket by [X,Y]y := XNY —YNX. It is easy to check that
this makes Sym(n) into a Lie algebra and with this structure it will be denoted
Sym(n, N). The structure of this Lie algebra is completely analyzed in the present
paper. Using the trace inner product, identify Sym(n, N) with its dual and endow
it with the associated Lie-Poisson structure. As will be done below, it is straightfor-
ward to show that the system (1.1) is Hamiltonian with respect to this Lie-Poisson
structure with Hamiltonian equal the quadratic form defined by the Frobenius met-
ric. Interestingly, the system is also Hamiltonian with respect to a compatible
“frozen” Poisson structure; this provides a bi-Hamiltonian structure for equation
(1.1). We study the Poisson geometry on Sym(n, N) for both Poisson structures
and, in particular, determine the generic leaves and the Casimir functions of both
Poisson structures relative to which the system (1.1) is bi-Hamiltonian. The Poisson
geometry in the case N is not invertible turns out to be particularly rich.

A key result of the paper is that if N has distinct eigenvalues (one of which
could be zero), this system is integrable on the generic symplectic leaf of Sym(n, N)

Integrable equations that bear a formal resemblance to equation (1.1); that is, to (1.2), in the
context of free associative algebras are given in Mikhailov and Sokolov [2000] and Odesskii and
Sokolov [2006].
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(of either the Lie-Poisson or the frozen Lie-Poisson structures). The proof makes
use of the Lax pair with parameter found in Bloch and Iserles [2006] to find a class
of integrals that, as we show using the preceding bi-Hamiltonian structure together
with a technique inspired by Morosi and Pizzocchero [1996], are in involution.?
Related work on bi-Hamiltonian structures may be found in Meshcheryakov [1983]
and Bolsinov [1992]. Independence is proved directly.

We show that if N is invertible, the Lie algebra Sym(n,N) is isomorphic to
the symplectic Lie algebra sp(n, N 1), where the symplectic form on R" is given by
N~1. Thus, in this case, the system (1.1) is Lie-Poisson on (the dual of) sp(n, N~1),
and so the system is the (Euler-Poincaré or Lie-Poisson) reduction of the geodesic
flow on the underlying symplectic group, denoted by Sp(n, N~!), relative to the
Frobenius metric.

If N is invertible there is a Poisson diffeomorphism from sp(n, N 1) to Sym(n, N),
the inverse of which maps our system to a Mischenko-Fomenko system (see Mis-
chenko and Fomenko [1976, 1978, 1979])3, thereby providing another proof of in-
tegrability in the case that N is invertible with distinct eigenvalues. In addition,
by identifying the symmetric matrices with themselves by an an ad-invariant inner
product if N is invertible (as opposed to the standard identification by the trace of
the product used before which is valid in general, even if N is not invertible), our
flow can be seen as a Mischenko-Fomenko flow on its dual. A byproduct of our work
is thus bi-Hamiltonian structure for the associated Mischenko-Fomenko system on
sp(n, N~!). Bi-Hamiltonian structures for Mischenko-Fomenko systems were first
discussed in Meshcheryakov [1983], Bolsinov [1992], and later in Morosi and Pizzoc-
chero [1996]. We also note that the sequence of integrals we produce by our Lax
pair with parameter method on Sym(n, N) is not produced by shifting the argu-
ments in Casimir functions. Relative to the Lie-Poisson structure on Sym(n, N),
our method for analyzing this system appears to be fundamentally different from
completely integrable systems either of rigid body or Toda type (on symmetric ma-
trices) and none of the standard involution theorems (see e.g. Ratiu [1980]) seem
to be applicable.

Since the system (1.1) is integrable and its integrals are polynomials, one would
expect that this system may be algebraically completely integrable (as defined, for
example, in Adler, van Moerbeke, and Vanhaecke [2004]). It turns out that the
situation is quite involved.

If N is invertible and has all eigenvalues distinct, then the linearization criterion
in Adler, van Moerbeke, and Vanhaecke [2004] or Griffiths [1985] applies and the
system is linearizable on the Jacobian of the associated spectral curve. In spite
of this fact, we could not prove that the system is algebraically completely inte-
grable. However, the spectral curve has an involution, and thus the system is in fact
linearizable on a Prym variety.

If N has odd size, distinct eigenvalues, and nullity one, we show by the concrete

2A related result on bi-Hamiltonian structures for rigid body type equations with a parameter
can be found in Bolsinov and Borisov [2002]. Note that the bi-Hamiltonian structure in the present
paper is for the equations without parameter, which is more relevant for the present study.

3We thank A. Bolsinov for this observation and the referee for a related observation.
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study of the case n = 5 that the system (1.1) is not linearizable on the Jacobian
of the spectral curve. On the other hand, it was already shown that the system
is integrable, so this situation is an example of an integrable system all of whose
integrals are polynomials but whose flow does not linearize on the Jacobian of the
spectral curve.

However, if N has distinct eigenvalues and X € gl,,(C), it is proven that the
system is a generalized algebraic completely integrable system by linearizing it on the
generalized Jacobian of the spectral curve. Related work on complex integrability
(rather than generalized algebraic integrability) may be found in Mumford [1984],
Vanhaecke [1998, 2001].

The Structure of the Paper. In §2, the Lie algebra structure on the space of
symmetric matrices induced by N is introduced and in the case in which IV is in-
vertible, the isomorphism with sp(n, N=1) is set up. In §3, two compatible Poisson
structures are defined and the associated bi-Hamiltonian structure is analyzed, and
the symplectic leaves and Casimir functions of both Poisson structures are deter-
mined. In §4 the system (1.1) is shown not to directly lie in this family. However, the
dual of a Lie algebra isomorphism defines a Poisson isomorphism from sp(n, N=1!)
to Sym(n, N); its inverse maps (1.1) to a Mischenko-Fomenko system on sp(n, N~1)
if NV has distinct eigenvalues. This fact provides a proof of complete integrability of
(1.1) if N is invertible with distinct eigenvalues. §5 returns to the system (1.1) on
Sym(n, N), presents the Lax pair with parameter, and finds a new family of func-
tions containing the right number of functionally independent integrals of motion;
this set of functions is thus a candidate for the Liouville integrals. In §6 involutivity
of these integrals is shown using the bi-Hamiltonian structure and §7 proves the in-
dependence of these functions provided that /N has distinct eigenvalues and is either
invertible or has nullity one. Finally, §8 is devoted to the proofs of the linearization
statements given above.

2 The Lie Algebra and the Euler—Poincaré Form

Regarding N as a Poisson tensor on R”, the bracket of two functions f, g is defined
in the standard way as

{f.9}n = (V))NVg. (2.1)

The Hamiltonian vector field associated with a function h (with the convention that

f(z) = Xn(2) - Vf(z) ={f,h} (2)) is easily checked to be given by
Xn(z) = NVh(z). (2.2)

Quadratic Functions. For each X € Sym(n), define the quadratic Hamiltonian
QRx by

1
Qx(z):= izTXz, z € R"™.

Let Q :={Qx | X € Sym(n)} be the vector space of all such functions. Note that
the map @ : X € Sym(n) — Qx € Q is an isomorphism. Using (2.2) it follows that
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the Hamiltonian vector field of () x has the form
Xg,(2) =NXz. (2.3)
The Poisson bracket of two such quadratic functions is easy to work out.

Lemma 2.1. For X,Y € Sym(n), we have

1Qx,Qv iy = Qx,y]n (2.4)

where, as earlier, [X,Y|n := XNY —YNX € Sym(n). In addition, Sym(n) is a
Lie algebra relative to the Lie bracket [-,-]n and with this structure will be denoted
Sym(n, N). Therefore, Q : X € (Sym(n,N),[-,-]n) — Qx € (Q,{-,-}n) is a Lie
algebra isomorphism.

Proof. Using (2.1), we have
(Qx, Qv )}y (2) = (VQx) )TN (VQy) (2) = (X2)' NYz =TXNY2

1
:§£XXNY—YNmz:QWym@)

Recall that the notation @)y is reserved only for symmetric matrices V. Since
X,Y € Sym(n, N) implies that [X, Y]y = XNY —YNX € Sym(n, N) we can write
Q[x,y]y in the preceding equation.

The bracket [-,-]y on Sym(n,N) is clearly bilinear and antisymmetric. The
Jacobi identity follows by a straightforward direct verification. |

It is a general fact that Hamiltonian vector fields and Poisson brackets are related
by
(X, Xyl = =X {1015 (2.5)
where the bracket on the left hand side is the Jacobi-Lie bracket. Thus, it is natural
to look at the corresponding algebra of Hamiltonian vector fields on the Poisson
manifold (R", {-,-}~) associated to quadratic Hamiltonians. If we take f = Qx and
g = Qy, with Xy = NX and X, = NY, and recall that the Jacobi-Lie bracket
of linear vector fields is the negative of the commutator of the associated matrices,
then we have the following result, which can also be verified directly.

Proposition 2.2. Equations (2.4) and (2.5) imply
NIX,Y]y = [NX,NY]. (2.6)

Letting £LH denote the Lie algebra of linear Hamiltonian vector fields on R™
relative to the commutator bracket of matrices, (2.6) states that the map

X € (Sym(n,N), [, |n) — NX € (LH,[-,"])

is a homomorphism of Lie algebras®.

4We thank Gopal Prasad for suggesting isomorphisms of this type; they are closely related to
well-known properties of linear Hamiltonian vector fields, as in Marsden and Ratiu [1994], Propo-
sition 2.7.8.
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Invertible Case. If N is invertible, then this homomorphism is an isomorphism.
In addition, the non-degeneracy of N implies that n is even and that R"™ is a
symplectic vector space relative to the symplectic form defined by N~!, that is,
(u,v) — u-N~1v for u,v € R". Therefore, the Lie algebra (LH, [-,-]) is isomorphic
to the Lie algebra sp(n, N~!) of linear infinitesimally symplectic maps of R” relative
to the symplectic form defined above by N~1. Recall that elements Z € sp(n, N~!)
are characterized by the identity ZTN~! + N=1Z = 0 which is equivalent to the
statement that N71Z is a symmetric n x n matrix. Thus NX € sp(n, N7!) is
equivalent to X = X7, as expected.

We summarize these considerations in the following statement that can also be
found in Trofimov and Fomenko [1995] at the end of remark 22 in §44 page 245.

Proposition 2.3. Let N € so(n). The map Q : X € (Sym(n,N),[-,-]n) — Qx €
(Q,{-,-}n) is a Lie algebra isomorphism. The map ® : X € (Sym(n,N), [, |n) —
NX € (LH,[-,-]) is a Lie algebra homomorphism and if N is invertible it induces
an isomorphism of (Sym(n, N),[-,-]n) with sp(n, N71).

Noninvertible Case. Assume that N is a general skew-symmetric matrix, not
necessarily invertible. We shall determine now the structure of the Lie algebra
(Sym(n, N),[-,-]n). The point of departure is the fact that if N is non-degenerate,
then X € (Sym(n,N), [, ]n) — NX € (LH,[,]) = (sp(n, N71),[-,-]) is a Lie
algebra isomorphism. Recall that if R™ has an inner product, which we shall take in
what follows to be the usual dot product associated to the basis in which the skew-
symmetric matrix IV is given, and L : R" — R" is a linear map, then R™ decomposes
orthogonally as R" = im LT @ ker L. Taking L = N in this statement and recalling
that N7 = — N, we get the orthogonal decomposition R” = im N @ ker N. Let 2p =
rank N and d := n—2p. Then N := Nlimn :im N — im N defines a non-degenerate

skew symmetric bilinear form and, by the previous proposition, (Sym(2p), [-,-]5) is
isomorphic as a Lie algebra to (sp(2p, N~1),[-,-]). In this direct sum decomposition
of R™, the skew- symmetric matrix N takes the form
N 0
N =
b

where N is a (2p) x (2p) skew-symmetric non-degenerate matrix.

The Lie algebra (Sym(2p),[-,-]5) acts on the vector space Mgp)xq of (2p) x d
matrices (which we can think of as linear maps of ker N to im N) by S- A := SN A,
where S € (Sym(2p),[-,-]y) and A € Mgp)xg- Indeed, if 5,5 € Sym(2p) and
Ae M(2p)><da then

(S, ]y - A= (SNS'— S'NS)NA=SNS'NA—-S'NSNA
=5 (5-A)-5-(5-A). (2.7)
Now form the semidirect product Sym(2p) ® M zp)xq- Its bracket is defined by

[(Sv A)v (S/v Al)] = ([Sv S/]Kh S A -5 A)
— (SNS' — S'NS,SNA' — §'N A) (2.8)
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for any S, 8" € Sym(2p) and A, A" € M ap)xq-
Next, define the Sym(d)-valued Lie algebra two-cocycle
C': Sym(2p) ® M (gp)xa % Sym(2p) ® M 2p)xq — Sym(d)

b
’ C((S,A), (8, A):= ATNA' — (AN A (2.9)

for any S,.8" € Sym(2p) and A, A" € M gp)xq- The cocycle identity
C([(S,A), (5", AN)], (8", A")) + C([(S", A"), (8", A")], (S, A))
+ C([(S”v A”)v (Sv A)]? (S/7 Al)) =0

for any 5,5, 8" € Sym(2p) and A, A", A” € Mgp)xq is a straightforward verifica-
tion. Now extend Sym(2p)(® M gp)xq by this cocycle. That is, form the vector
space (Sym(2p) ® M ap)xa) ® Sym(d) and endow it with the bracket

(S, A, B), (S, A", B')]® ::(SNS’ _S§'NS,SNA' — S'NA,
ATNA — (A’)TNA) (2.10)
for any S, 8" € Sym(2p), A, A" € M(9p)xq, and B, B" € Sym(d).
Proposition 2.4. The map
U ((Sym(2p) ® M zp)xa) ® Sym(d), [, 1) — (Sym(n, N), [, |n)

given by

(2.11)

U(S, A, B) = [ s A}

AT B
1s a Lie-algebra isomorphism.
Proof. It is obvious that ¥ is a vector space isomorphism, therefore only the Lie-
algebra homomorphism condition needs to be verified. So, let (S, A, B), (5", A',B’) €
(Sym(2p) ® M 2p)xq) © Sym(d) and compute
U([(S,A,B),(S",A',B)]) = ¥(SNS'— S'NS,SNA" — S'NA,ATNA — (A)TNA)
[ SNS'—S'NS SNA'—S'NA
T {(SNA' - S'NA)T ATNA — (A)TNA
_[S A][N 0 S’A’_S’A’NOSA
— AT Bl |0 of (AT B (At p'llo o |AT B
=[¥(S,A,B),¥ (S A, BN
as required. |

For a different description of the structure of this Lie algebra using its Levi
decomposition and not involving cocycles see Trofimov and Fomenko [1995], §44,
Remark 22, page 245.
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Euler—Poincaré Form. The Euler—Poincaré form for the equations can be de-
rived as follows. Identify Sym(n, N) with its dual using the the positive definite
inner product

(X,Y)) :=trace (XY), for X,Y € Sym(n,N). (2.12)

Remark. The inner product (X,Y)) is not ad-invariant relative to the N-bracket,
but the bilinear form
kN(X,Y) = trace(NXNY), (2.13)

is invariant, as is easy to check. Note that for N invertible ky is non-degenerate and
hence an inner product and provides another method of identifying Sym(n) with its
dual. We shall return to this observation at the end of §4.

Define the Lagrangian [ : Sym(n, N) — R on the Lie algebra (Sym(n, N), [, ]n)
by

I(X) = %traee (X?) = %trace (XXT) = - (X, X)). (2.14)

N | =

Proposition 2.5. The equations
X =[X2, N] (2.15)

5

are the Euler-Poincaré equations® corresponding to the Lagrangian (2.14) on the Lie

algebra (Sym(n, N), [, ]n).

Proof. Recall that the general (left) Euler-Poincaré equations on a Lie algebra g
associated with a Lagrangian [ : g — R are given by

d :
£.DI(E) = adg DI(E),

where DI(§) € g* is the Fréchet derivative of [ at £. Equivalently, for each fixed

n € g, we have

d

SDIE) = DIE) - (6] (216)
In our case, letting £ = X and n =Y arbitrary, time-independent, equations (2.16)

become

CXY) = (XX V)
= (X, XNY —-YNX));
that is,
trace (XY) = trace (X (XNY —YNX))
= trace ((X’N — NX?)Y),
which gives the result. |

SFor a general discussion of the Euler-Poincaré equations, see, for instance, Marsden and Ratiu
[1994].
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3 Poisson Structures

Two compatible Poisson structures on Sym(n, N) are introduced in this section.
Their associated Poisson geometry is studied in detail. These two structures together
with the bi-Hamiltonian methodology will be the key to proving integrability of (1.1).

Two Poisson Structures. Identifying Sym(n, N) with its dual using the inner
product ((-,-)) defined in (2.12), endows Sym(n, N) with the the (left, or minus)
Lie-Poisson bracket

{£,9} (X) = = trace [ X (VF(X)NVg(X) - Vg(X)NVF(X))|,  (31)

where Vf is the gradient of f relative to the inner product ((-,-)) on Sym(n, N).
Later on we shall also need the frozen Poisson bracket

{9} ex (X) = —trace (VF(X)NVg(X) - Vg(ONVF(X)).  (32)

It is a general fact that the Poisson structures (3.1) and (3.2) are compatible in the
sense that their sum is a Poisson structure (see e.g. Exercise 10.1-5 in Marsden and
Ratiu [1994]).

For what follows it is important to compute the Poisson tensors corresponding to
the above Poisson brackets. Recall that the Poisson tensor can be viewed as a vector
bundle morphism B : T*(Sym(n, N)) — T'(Sym(n, N)) covering the identity. It is
defined by B(dh) = {-, h} n for any locally defined smooth function h on Sym(n, V).
Since Sym(n, N) is a vector space, these bundles are trivial and hence the value Bx
at X € Sym(n,N) of the Poisson tensor B is a linear map Bx : Sym(n,N) —
Sym(n, N) by identifying Sym(n, N) with its dual using the inner product ((-,-)).

Proposition 3.1. Denote the value at X € Sym(n, N) of the Poisson tensors cor-
responding to the Lie-Poisson (3.1) and frozen (3.2) brackets by Bx and Cx, re-
spectively. Then for any Y € Sym(n, N) we have

Bx(Y)=XYN - NYX (3.3)
Cx(Y)=YN — NY. (3.4)

Proof. Let f and g be locally defined smooth functions on Sym(n, N). The defini-
tion of Bx gives

(VF(X), Bx(Vg(X)) ={f, g}n(X)
—  trace [X (v F(X)NVg(X) — Vg(X)NV f(X))}
= trace [v F(X) (ng(X)N - Nvg(X)X)]
= (Vf(X), XVg(X)N — NVg(X) X)),
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which implies (3.3) since any Y € Sym(n, N) is of the form Vg(X), where g(X) =
(X,Y)). Similarly, the definition of C'x gives
(Vf(X),Cx(Vg(X)) ={f, gtrn(X)
— — trace (Vf(X)Nvg(X) - vg(X)NVf(X))
— trace [Vf(X) (vg(X)N - Nvg(X))}
= (VF(X),Vg(X)N — NVg(X)),

which proves (3.4). [

Hamiltonian Vector Fields. Let us determine the Hamiltonian vector fields
associated to a smooth function for both Poisson brackets. Recall that if g is a
Lie algebra, the Lie-Poisson equations defined by h € C*°(g*) relative to the minus
Lie-Poisson bracket are

u = adj;h/ﬁ/,t H
where p € g*.
We shall identify Sym(n, N)* with itself via the inner product ((-,-)). Therefore,
for any X,Y, Z € Sym(n, N), we have
<< (add)" X, Z>> — (X,[V, Z]n)) = trace (XY NZ — XZNY)
= trace (XYN — NYX)Z) = (XYN — NY X, Z))
and hence
(ad))" X = XYN — NY X,

If h € C*®°(Sym(n,N)), we denote by Vh(X) the gradient relative to the inner
product ((,)). Therefore, the Lie-Poisson equations for h € C°°(Sym(n, N)) are

that is, '
X = XVh(X)N — NVA(X)X. (3.5)
Similarly, Hamilton’s equations for the frozen bracket are
X = VA(X)N — NVh(X). (3.6)
In particular, if 2(X) = trace(X?2)/2, equation (3.5) becomes X = [X2, N|. Simi-
larly, if h(X) = trace(X?)/3, equation (3.6) becomes X = (X% N]J.

If N is invertible, we have seen that there is an ad-invariant inner product
kN (X,Y) = trace(NXNY'). Therefore, we can identify Sym(n, N)* with itself using
the inner product ky. Denote by (ad{y )T the adjoint relative to ky of the N-adjoint
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map ad¥ (Z) := [Y, Z]n, for any Z € Sym(n, N). To determine it, let M,Y,Z €
Sym(n, N) be arbitrary (M thought of as an element in the dual), compute
K ((aoly)T M, Z) = ki (M, [Y, Z]y) = trace (NMN(YNZ — ZNY))
— trace (N(MNY — YNM)NZ) = iy (MNY —YNM), Z),
and conclude that
(ad)" M = MNY - YNM = [M,Y]y.
If h € C*®(Sym(n, N)), denote by VN h(M) the gradient relative to the inner prod-
uct ky. Therefore, the Lie-Poisson equations for h € C*°(Sym(n, N)) are
. T
M = (ad@Nh(M)) M = [M,VNh(M)] . (3.7)
For example, if h(M) = trace(N2M N2M) /2, then for any S € Sym(n, N) we get
trace(N2MN2S) = dh(M) - S = kn (VN R(M), S)
= trace (NVNh(M)NS)

and hence
VNW(M)=NMN,

so Hamilton’s equations (3.7) are

M = [M,NMN]y. (3.8)

Note that if I(X) = (X, X)) /2 = trace(X?)/2 then the Legendre transform
M :=VN](X) = N"1XN~! gives the Hamiltonian

h(M) = kn(M,X) —1(X) = %trace(NzMNzM).

Hence the Lie-Poisson equation (3.8) is equivalent to the Euler-Poicaré equation
(2.15). One can check this fact explicitly: substituting for M in terms of X in (3.8)
gives (2.15) and vice versa.

Generic Leaves. Next, the dimension of the generic leaves of the two Poisson
brackets are determined. The Lie-Poisson bracket is treated first. The following
Proposition follows from Trofimov and Fomenko [1995], §44, Proposition 23, page
245. We give below an elementary proof.

Proposition 3.2. Let n = 2p 4+ d, where 2p = rank N. The generic leaves of the
Lie—Poisson bracket {-,-}n are 2p(p + d)-dimensional.
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Proof. Asin the proof of Proposition 2.4, we orthogonally decompose R" = im N &
ker N so that N = N|im N : im N — im N is an isomorphism. In this decomposition
the matrix N takes the form

N 0
=1 )
and, according to the isomorphism ¥ in Proposition 2.4, the matrix X can be written
as
S A
=L 5]

where S € Sym(2p), B € Sym(d), and A € Mgp)xq. Therefore, if

u cC
Y = {C’T D] € Sym(n, N)

with U € Sym(2p), D € Sym(d), C' € M ap)xq; the Poisson tensor of the Lie-Poisson
bracket {-,-}n takes the form (see Proposition 3.1)

Bx(Y)=XYN - NYX
s Al|lU C N 0 _ N ol[U C][Ss A
—|AT B||CT D||0 0 0 o||cT D||AT B
| [SUN — NUS+ ACTN — NCAT —NUA— NCB
- ATUN + BCTN 0 ’
Since N is invertible, the kernel of Bx : Sym(n, N) — Sym(n, N) is therefore given
by all U € Sym(2p), D € Sym(d), and C € M gp)xq such that
SUN — NUS + AC'N —NCAT" =0 and UA+CB =0.

To compute the dimension of the maximal symplectic leaves, we assume that the
matrix X is generic. So, supposing that B is invertible, we have C = —UAB~! and

(S—AB'ATYUN — NU (S — AB™'A™) =0.

Since S—AB~'AT € Sym(2p) is given, this condition is identical to the vanishing
of the Poisson tensor on the dual of the Lie algebra (Sym(2p, N), [-, ] 5) evaluated at
S — AB~'AT. But N is invertible so, according to Proposition 2.3, this Lie algebra
is isomorphic to sp(2p, N~1) whose rank is p. Therefore, the kernel of the map

U € Sym(2p, N) — (S — AB™'ATYUN — NU (S — AB~*A") € Sym(2p, N)

for generic S — AB~'A” has dimension p.
Since C' = —UAB™! is uniquely determined and D € Sym(d) is arbitrary, we see
that the dimension of the kernel of By for generic X has dimension p + d(d + 1)/2.
Thus, the dimension of the generic leaf of the Lie—Poisson bracket {-,-}x is

1 1
5(2p+d)(2p—|—d—|— 1)—p— §d(d+1) =2p(p+d)

as claimed in the statement of the proposition. |



3 Poisson Structures 14

Proposition 3.3. All the leaves of the frozen Poisson bracket {-,-}pn are

(i) 2p(p + d)-dimensional if N is generic, that is, all its non-zero eigenvalues are
distinct, and

(ii) p(p + 1 + 2d)-dimensional if all non-zero eigenvalue pairs of N are equal.

Proof. Proceeding as in the proof of the previous proposition and using the same
notation for IV, X, and Y, the Poisson tensor of the frozen bracket takes the form

Cx(Y)ZYN—NY:[U C] [N 0}_[N OHU c]

cT Do 0 0 ol|cT D
_[UN-NU NC
- CTN 0

Thus, since N is invertible, the kernel of Cx is given by all U € Sym(2p), D €
Sym(d), C € Mzp)xa such that C' =0 and UN — NU = 0.
Since N is non-degenerate, there exists an orthogonal matrix @) such that

= 0 Vv
-] Ve

where V' = diag(vy,...,vp,) and v; € R, v; # 0 for all i = 1,...,p. Therefore,

- 0 Vv 0 Vv
0:UN—NU:UQT[_V O]Q—QT[_V O]QU

e [ oo

is equivalent to

U [_OV ‘ﬂ - [_OV ‘g] U=0 (3.9)

where U := QUQT e Sym(2p). Write

~ U Ups
U=
{Uﬂ Um]

with Up; and Usg symmetric p X p matrices and Ujo an arbitrary p x p matrix. Then
(3.9) is equivalent to

Up =VUnV 1 =v7U3V and UL =-VIUpV =-VULVL  (3.10)

(i) Assume now that v; # v; if @ # j. Since VUn V! =V~lU;V is equivalent
to V2U11V_2 = Uy, it follows that

v2

—2u11ﬂ-j = U11,ij for all 1,] = 1, ey Dy

J
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where u11;; are the entries of the symmetric matrix Uy;. Since the fraction on the
left hand side is never equal to one for ¢ # j, this relation implies that u11,;; = 0 for
all ¢ # j. Thus Uy is diagonal and Usg = Up1. A similar argument shows that Ujo
is diagonal. However, then it follows that Ui = —Ulg which implies that U5 = 0.
Therefore, the kernel of the map U — UN — NU is p-dimensional.

Concluding, the dimension of every leaf of the frozen Poisson structure equals
12p+d)(2p+d+1)—p—3d(d+1) =2p(p +d).

(ii) The other extreme case is when v; = v; =: v for all 4,5 = 1,...,p. Then
V = wl, where I is the identity matrix, and (3.10) becomes Uy = Uiy, Ulg =
—Ujo. Therefore, the kernel of the map U — UN — NU has dimension equal to
sp(p+ 1)+ spp—1) = p*.

Concluding, the dimension of every leaf of the frozen Poisson structure equals
s2p+d)2p+d+1)—p? — 1d(d+1) =p(p+1+2d). u

Casimir Functions. The next job will be to determine Casimir functions for both
brackets. Here is the main result.

Proposition 3.4. Let the skew symmetric matric N have rank 2p and size n :=
2p + d. Choose an orthonormal basis of R+ in which N is written as

0o VvV o
N= |-V 0 0},
0 0 0
where V' is a real diagonal matriz whose entries are vy, ..., vp.

(i) If v; # vj for all i # j, then p+ d(d + 1)/2 Casimir functions for the frozen
Poisson structure (3.2) are given by

. 1
Cp(X) = trace(E; X), i=1,...,p+ 5d(d+ 1),

where F; is any of the matrices

S 00 00 0
0 Sw O, |00 o0
0 0 0 0 0 Su

Here Sy, is the p X p matriz all of whose entries are zero except the diagonal
(k, k) entry which is one and Sy is the d X d symmetric matriz having all
entries equal to zero except for the (a,b) and (b,a) entries that are equal to
one.

(ii) Ifv; =v; for alli,j =1,...,p, then p*>+d(d+1)/2 Casimir functions for the
frozen Poisson structure (3.2) are given by

. 1
CL(X) = trace(E; X), i=1,...,p°+ Fdd+1),
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where F; is any of the matrices

Sk 0 0 0 A O 0 0 O
0 Swu 0, —Ay 0 0, 00 O
0 0 O 0 0 0 0 0 Su

Here Si; is the p x p symmetric matrix having all entries equal to zero except
for the (k,1) and (1, k) entries that are equal to one and Ay is the p X p skew
symmetric matriz with all entries equal to zero except for the (k,l) entry which
is 1 and the (I, k) entry which is —1.

(iii) Denote

= 0 Vv

w= 5 )
The p+ d(d + 1)/2 Casimir functions for the Lie-Poisson bracket {-,-} 5 on
the open set det(B) # 0 (see (2.11)) of Sym(2p + d) are given by

CH(X) := i trace ([(5 — AB7'AT) N—l]%) . for k=1,...,p

and
1
C*(X) = trace(XEy), for k=p+1,....p+ §d(d+ 1),

where Ey is any matriz of the form

00 O
00 O
0 0 Sa

In the special case when N is full rank the Casimir functions are just

1 _1y\ 2k
Ck(X):ﬁtrace[(XN 1) }, for k=1,...,p,

Proof. To prove (i), recall from Proposition 3.3(i) that the kernel of the Poisson
tensor Cy has dimension p + $d(d + 1). Moreover, if E belongs to this kernel, then
the linear function given by X +— trace(EX) has gradient E, which is annihilated
by the Poisson tensor Cx. Thus all C% are Casimir functions. Since the gradients
of all these functions are the p + %d(d + 1) matrices in the statement which are
obviously linearly independent, it follows that the functions C}. form a functionally
independent set of Casimir functions for the frozen bracket {-, -} rn.

Part (ii) has an identical proof.

Now consider Part (iii). First, we compute the gradient relative to ((-,-)). We

compute for any
0S8  JdA

0X = [(6A)T 5B

] € Sym(n, N)
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the derivative

DC*(X)-6X = trace (N~' (S — AB'AT)N~!1...N7! (S — AB~'AT) N!
((6S) — (6A)B~*AT — AB~*(6A)T + AB~*(6B)B~'AT)). (3.11)

Now denote

VCH(X) = [;} ﬂ

so that

trace (VC (X)((FX)) = <<VC (X),5X>> = trace ([,BT 7} [(5A)T 5B
= trace (a(6S) + B(6A)" + BT (6A) +v(0B)) . (3.12)
By (3.11) and (3.12) we have
a=N"'1(S—AB'"AT)N"'... N1 (S - AB'AT) N!
B=-N1(S—AB'"AT)N"'... N1 (S—AB'AT)N~'AB™!
vy=B'ATN"' (S—AB'"AT)N"'... N1 (S — AB'AT)N"'AB™!
where in each term we have 2k factors of N~1. Therefore

« —aAB™! ]

Vo) = [—BlATa B 1ATaAB™!

with a given above. Now we check that all these matrices VC¥(X) are in the kernel
of the operator of the Lie-Poisson operator BxY = XY N — NY X. Indeed,

XVCHX)N - NvCk(X)X
s A « —aAB™! N 0
~|AT B| |-B'ATa B 'ATaAB'| |0 0

[N 0 o —aAB™! S A
0 0| |-B'ATa B 'ATaAB~ 1| |AT B
_ S A aN 0 _ Na —NaAB! S A
“ |AT B| |-BtATaN 0 0 0 AT B
_ SaN — AB 1ATaN 0 _ NaS — NaAB AT NaA—- NaAB™ 1B
“ |ATaN — BB 1ATaN 0 0 0
_ [(S — AB7'AT)aN — Na(S — AB~1AT) 0]
- 0 0"

This vanishes if and only if

(S — AB'AT)aN — Na(S — AB7'AT) = 0. (3.13)
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However, we know that o = N—! (S — ABflAT) N-1...N71 (S — ABflAT) N1
where in each factor we have 2k factors of N~!. We replace o with this expression
in (3.13) and get

(S — AB™'AT)aN — Na(S — AB~'AT)
=(S—AB'AT)N"' (S—AB'AT)N'... N7 (S — AB'AT) NN

—~NN'(S—AB'"A")N'... N1 (S — AB'AT) N"!(S — AB7'AT)
=(S—AB'AT)N"' (S—AB 'AT)N'... N7 (S — AB7'AT)
—(S—AB'"AT)N' .. N (S —ABTTATYNTH (S — ABT'AT) =0

since both factors are equal; each once contains 2k — 1 factors of N 1.

However, sp(2p, N™!) is identified with the subalgebra consisting of the (1,1)
blocks of elements of Sym(n,N) (see Proposition 2.4). The isomorphism S €
Sym(2p, N) — NS € sp(2p, N~1) given in Proposition 2.3 identifies the basis of
p Casimirs in the dual of sp(2p, N~1) (given by the even traces of the powers of a
matrix) with the functions S +— trace [(SN~1)?*] /2k. Therefore the functions C*
for k =1,...,p given in the statement of the proposition are functionally indepen-
dent Casimirs for the Lie-Poisson bracket of Sym(n, V).

To see that the remaining functions C*(X) = trace(X E},) are Casimirs observe
that in this case

VCF(X) = [8 S‘ib]

and
k_SAOONOfNOOO S Al
Bx(VEH(X) = [AT B] [0 SGJ [0 0 0 of|o Sl la” B ="
Since the matrices S, span symmetric &k x k matrices, these Casimirs are functionally
independent. The two sets of Casimirs are also independent taken together, since
each set depends only on a subset of independent variables and these two sets of
variables are disjoint. We have thus obtained p + d(d + 1)/2 Casimirs, which is the

codimension of the generic leaf, thus proving that they generate the space of all
Casimir functions of the Lie-Poisson bracket. |

The Equations in the Degenerate Case. If N is degenerate, representing it
and the matrix X € Sym(n, N) as in Proposition 2.4, the equations X = [X?2, N]
are equivalent to the system

S =52+ ATA N]
A=—-N(SA+ AB)

B =0.



4 The Sectional Operator Equations and Relation to Mischenko-Fomenko Flows

Example. It is illuminating to examine the system in the lowest dimension de-
generate case, i.e. p=1and d = 1. Let

e f
X:ebg—[ST A}
A c

[ g c

and
0O 1 0 -

N = —100—:{](;7 8]

0O 0 O

Then the dynamics becomes

a=—2(ae+eb+ fg)
b= 2(ae + b+ fg)
c=0
b=a 4 2B g
g=af+ge+tcf
f=—(ef+bg+gc).

In this case the two Casimir functions of the Lie-Poisson bracket are given by

1 2 2p det X
01=<—ba+ga+eg—2fge+f>:— °
2 c c c 2c

and by C? = ¢, so that ¢ = 0 in equations of motion expresses the conservation of
this Casimir directly.

As we shall see in forthcoming sections the two integrals of motion which prove
integrability are trace(X) and trace(X?). We already know these are conserved
since the flow is isospectral. Observe also that conservation of trace(X) is given by
summing the first two equations of motion while trace(X)?/2 is the Hamiltonian.

We illustrate this example with time plots in Figure 3.1 and two phase plots
plots in Figure 3.2.

4 The Sectional Operator Equations and Relation to
Mischenko-Fomenko Flows

It is shown that the equation (1.1) can be mapped to a Mischenko-Fomenko type
system (see Mischenko and Fomenko [1976, 1978, 1979] or Trofimov and Fomenko
[1995]) in the case N is invertible with distinct eigenvalues.

The Mischenko-Fomenko Construction. Consider a semisimple complex or
real split Lie algebra g with Killing form (-,-). Let h be a Cartan subalgebra, let
a,b € h and a be regular (i.e. its value on every root is non-zero). Define the

19
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evolution of a
------- evolution of b
= = - evolution of ¢
evolution of e
....... evolution of f
- — -evolution of g

0 10 20 30 40 50 60 70 80 90 100

Figure 3.1: Time plot of flow in the 3 by 3 case for a, b, ¢, e, f, and g.

a
A Ab
0.8 0.7
0.6
0.6
0.5
0.4
0.4
0.2
0.3
0 >° 0.2 .6
-0.4 -0.2 0 0.2 0.4 0.2 0.4 0.6 0.8

Figure 3.2: Phase plane portraits in the 3 by 3 case projected to the a-e and the b-e
planes.

sectional operators Copp : g — g by Copp(§) = ad; tady(¢1) + D(&) where
£=¢6 +&, & €b, & € bt (the perpendicular is taken relative to the Killing form
and thus b is the direct sum of all the root spaces), and D : h — b is an arbitrary
invertible symmetric operator on h. Then Cyp p : g — g is an invertible symmetric
operator (relative to the Killing form) satisfying the condition

[Ca,b,D(’S)a a] = [67 b] (4'1)
for all € € g.
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The Lie-Poisson bracket on g* = g (the isomorphism being given by the Killing
form) has the expression

{£,93(&) = = (& [VF(E), Va(&)])

for any f,g € C*(g), where V is taken relative to (-,-). Hamilton’s equations for
h € C*(g) have thus the form

§ = [¢, VA(E)].

In particular, if .
h() = 5 (Cap,0(£):€)

then VA(§) = Cyp.p(€) since Cyp p is (-, -)-symmetric. Thus the equations of motion
are

§=[& Cap,n(8)]- (4.2)

Ezample: For g = so(n), the Killing form is a multiple of the symmetric bi-
invariant two-form (1, €s) +— tr(£21€s), and one chooses C~1(Q) := QJ + J for
a given diagonal matrix J satisfying J; + J; > 0 if ¢ # j. We have

[C(M)vj] = [MN]Q]

for any M € so(n). Then M = [M,C(M)] is the n-dimensional rigid body equation.
Note in this case that J and J? are not in the Cartan subalgebra of so(n), but the
general theory in Mischenko and Fomenko [1978, 1979] deals also with this situation
for any semisimple complex or real split Lie algebra; J an J? are in the Cartan
subalgebra (after one makes them trace zero) of sl(n, C).

Returning to the general case note that (4.2) can be written as

% (&4 Xa) = [+ Aa, C(&) + Y] (4.3)
if and only if (4.1) holds.

Now it is obvious that & — fr(§ + Aa), k = 1,...,¢ := rank(g) = dimb, are
conserved on the flow of (4.3), for any element of the basis of the polynomial Casimir
functions fi,..., fr and any parameter A. Since the fj are polynomial, it follows
that the coefficients of A’ in the expansion of fi,(£+ Aa) in powers of A are conserved
along the flow of (4.2). There are redundancies: some coefficients of A’ vanish and
other coefficients are Casimir functions.

Mischenko and Fomenko [1978, 1979] proved the following result.

Theorem 4.1. Let g be a semisimple complex or real split Lie algebra and C :
g — g a symmetric operator satisfying (4.1). Then the Lie-Poisson system § =
[€,C(&)] on g defined by the Hamiltonian H (&) = (C(€),£)/2 is completely integrable
on the mazrimal dimensional adjoint orbits of the Lie algebra g and its commuting
generically independent first integrals are the non-trivial coefficients of ' in the
polynomial A-expansion of
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fia(€) = fi(§ + Aa)

which are not Casimir functions; here f1, ..., fo is the basis of the ring of polynomial
invariants of g. In addition, all functions f; x commute with H.

A Poisson Isomorphism for N invertible. We want to compare the Lie-Poisson
bracket (3.1) on Sym(n, N) with that on sp(n, N=1)*.

To obtain the Lie-Poisson bracket on sp(n, N~1)* we identify sp(n, N1)* with
sp(n, N~1) via the invariant non-degenerate symmetric bilinear form

<<Z1, Z2>> := trace (leg) .
Therefore, the Lie-Poisson bracket on sp(n, N~1)* 2 sp(n, N~1) is given by

{9, 0}ap(2) = = (2, [Vo(2), VY(2)])) (4.4)

where V is taken relative to ((-,-)) and ¢, : sp(n, N~!) — R are smooth functions.
In the following proposition, Sym(n, N)* is identified with itself using the non-
invariant inner product ((-,-)) (see (2.12)).

Proposition 4.2. The map Z € (sp(n, N™'),{-,-}sp) — ZN € (Sym(n,N),{-,-}n)
18 an tsomorphism of Lie-Poisson spaces.

Proof. By Proposition 2.3, the map @ : (Sym(n,N),[,-]n) — (sp(n, N71),[,"])
given by ®(X) := NX is a Lie algebra isomorphism. Therefore its dual ®* :
(sp(n, N71),{-, }sp) — (Sym(n, N),{-,-} ) is an isomorphism of Lie-Poisson spaces
(see, e.g., Marsden and Ratiu [1994]). Since for any Z € sp(n, N~!) and YV €
Sym(n, N) we have

(@°(2),Y)) = (Z,@(Y))) = (2, NY)) = trace(ZNY) = (ZN,Y)
it follows that ®*(Z) = ZN. [

Since N is invertible, as we have seen in §3, Sym(n, N)* can be identified with
itself using the ad-invariant inner product xy. To compute the pull-back ®f :
sp(n, N~1) — Sym(n, N) if we identify Sym(n, N)* with itself using sy, let Z €
sp(n, N) and Y € Sym(n, N). We get

kn(®1(2),Y) = (Z,8(Y)) = (Z,NY)) = trace(ZNY) = kn(N~'Z,Y)

and hence

o' (Z)=N"'Zz. (4.5)
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The Mischenko-Fomenko System on (sp(n, N~1),{-,-}s,). We now show that
for N with distinct eigenvalues ®* maps the system (1.1) to a Mischenko-Fomenko
system on (5p(n, N=YH {, '}5p)- Indeed, denoting X := ®*(Z) = ZN, we get

Z=XN'=[X2 N][N1=Xx2_NXx2N"!
=ZNZN - NZNZNN~' =[Z NZN].

The following lemma, which can easily be verified, shows that the linear invertible
operator C' : sp(n, N7!) — sp(n, N7!) defined by C(Z) = NZN is a sectional
operator.

Lemma 4.3. The map C

(i) is well-defined, i.e. NZN indeed belongs to sp(n, N~1),

)

(i) is symmetric relative to ((-,-)),

(iii) satisfies [C(Z), N~ =[N, Z],
)

(iv) is of the form Copp witha = N~1, b= —N, and D having the same formula
as C' on the Cartan algebra.

Applying the Mischenko-Fomenko Theorem 4.1 we get the following result.

Proposition 4.4. Let N be invertible with distinct eigenvalues. The system

7 =[Z,NZN] (4.6)

is integrable on the mazimal dimensional orbits of sp(n, N~1) and its generically
independent integrals in involution are the non-trivial coefficients of \* in the poly-
nomial expansion of % tr(Z + AN~Y)* that are not Casimir functions, k = 2,...,n.
The Hamiltonian for (4.6) is H(Z) := trace((ZN)?)/2.

Pushing forward Z by the map ®* we obtain the following statement.

Theorem 4.5. Let N be invertible with distinct eigenvalues. The equation X =
[X2, N] is an integrable Hamiltonian system on the mazximal dimensional symplectic
leaf of Sym(n, N) defined by the function [(X) = tr(X?)/2 relative to the Lie-Poisson
bracket (3.1). The independent integrals in involution are the non-trivial coefficients
of A" in the polynomial expansion of %tr(XNfl + AN"Y¥ that are not Casimir
functions, k=2,...,n.

The Mischenko-Fomenko System on the Dual of Sym(n). For N invertible
we can also show that our system (1.1) is a system of Mischenko-Fomenko type
directly on Sym(n, N) viewed as its own dual under the ad-invariant inner product
kN (X,Y) = trace(NXNY) defined in equation (2.13).

Recall from Proposition 2.3 the Lie algebra isomorphism

®: X € (Sym(n,N),[,]n) — Z :=NX € (sp(n, N 1), [,]).
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It is easy to see that the ad-invariant inner product xky on Sym(n, N) is pushed
forward by ® to the non-degenerate ad-invariant form given by the trace of the
product on sp(n, N~'). Therefore, the pull back ®! : sp(n, N~1) — Sym(n, N),
where Sym(n, N)* is identified with itself using kp, is an isomorphism of Lie-
Poisson spaces. Hence ®f(Z) = N~'Z maps the Mischenko-Fomenko system (4.6)
on sp(n, N~1) to a Mischenko-Fomenko system on Sym(n, N). A direct computation
shows that M := N—1Z satisfies (3.8).

In the ensuing sections we provide a direct proof of integrability on Sym(n, N) for
N with distinct eigenvalues but not necessarily invertible, that is, N has at most one
zero eigenvalue. In the invertible case, we provide a different sequence of integrals
and, in addition, derive a second Hamiltonian structure for the Mischenko-Fomenko
system on sp(n, N~1).

5 Lax Pairs with Parameter

To prove that system (1.1) is integrable for any N having distinct eigenvalues, we
will compute its flow invariants. Bear it in mind that, by virtue of the isospectral
representation (1.2), we already know that the eigenvalues of X, or alternatively,
the quantities trace X* for k = 1,2,...,n — 1, are invariants.

One way to compute additional invariants is to rewrite the system as a Lax pair
with a parameter. One can do this in a fashion similar to that for the generalized
rigid body equations (see Manakov [1976]).

Theorem 5.1. Let A be a real parameter. The system (1.2) is equivalent to the
following Lazx pair system

d
(X HAN) = [X + AN, NX + XN+ AN?]. (5.1)
Proof. The proof is a computation. The only nontrivial power of A\ to check is the
first. In fact, the coefficient of A on the right hand side of equation (5.1) is
[N,NX + XN] + [X, N?]
= N?X + NXN -~ NXN — XN? 4+ XN? - N?X =0,

which proves (5.1). [ |

Manakov [1976] noticed that the generalized rigid body equations M = [M, Q)]
(see §4), can be written as a Lax equation with a parameter in the form

%(MJFAJQ) = [M +AJ* Q4+ \J]. (5.2)
Note the following contrast with our setting: in the Manakov case the system
matrix M is in so(n) and the parameter J is a symmetric matrix while in our case
X is symmetric and the parameter N € so(n).
For the generalized rigid body the nontrivial coefficients of A?,0 < i < k in the
traces of the powers of M 4 \.J? then yield the right number of independent integrals
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in involution to prove integrability of the flow on a generic adjoint orbit of SO(n)
(identified with the corresponding coadjoint orbit). The case i = 0 needs to be
eliminated, because these are Casimir functions.

Similarly, in our case, the nontrivial coefficients of \',0 < i < k, in

1
hp(X) = - trace(X + AN k=1,2,...,n—1 (5.3)

yield the conserved quantities. The coefficient of A",0 < r <k, in (5.3) is

trace »  » XUNAXP..XWNF r=0,...k k=1,...n-1

li|=k—r |j]=r

where i = (i1,42,...1), j = (J1,J2,.-.Js) are multi-indices, iy, j, = 0,1,...,k, and
il = Yo_1ig, lil = Yo5—1 Jq- The coefficient of A* is the constant N* so it should
not be counted. Thus we have r < k. In addition, since the trace of a matrix equals
the trace of its transpose, X € Sym(n, N), and N € so(n), it follows that

trace XU NJLX 2 ... X% NJs = (=1)ll trace N7s XJs ... X2 N1 X",
Therefore, if 7 is odd, then necessarily
trace »  » XUNIXP... XN =0
li|=k—r|j|=r
and only for even r we get an invariant. Thus, we are left with the invariants

hpor(X) :=trace > Y XANIX2... X0 NI (5.4)
li|=k—2r |j|=2r

for k=1,...,n—1,4g=1,...,k, jg =0,....k — 1, r = 0,..., [55}], where [(]
denotes the integer part of ¢ € R.

The integrals (5.4) are thus the coefficients of A\>", 0 < 2r < k, in the expansion
of 7 trace(X + AN)*. For example, if k = 1 or k = 2 then we have one integral,
the coefficient of \°. If k = 3 or k = 4, only the coefficients of A\? and \° yield
non-trivial integrals. If k = 5 or k = 6 it is the coefficients of A\*, A2, and \° that
give non-trivial integrals. In general, for the power k we have [%] integrals. Recall
that k=1,...,n—1. If n — 1 = 2¢, we have hence

n—l—l—l] [n—l—i—l
_|_

2 2

—1(n—1 —in+1
= U(0+1) = = <"2 +1):"2 ”;

1+1+2+2+---+[ }:1+1+2+2+--~+€~|—£

integrals. If n — 1 = 2¢ + 1 then we have

n—2+1] [n—2+1} [n—l—i—l]
+ +

2
=14+14+24+2+---+L+L+(L+1)

A 2
—U(l+1)+(l+1)=(t+1)?% = 5)

1+1+2+2+---+[
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integrals. However,

-1 1
o 1 ”2 ”; O if n s odd
<§>, if n iseven

Concluding, we have

HIEs
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invariants which are the coefficients of A\2", 0 < 2r < k, in the expansion of

1 trace(X + AN)K for k=1,...,n— 1.

We now address the issue of whether or not these integrals are the right candi-

dates to prove complete integrability of the system X = [X2, NJ.
e If N is invertible, then n = 2p and hence

8- )

(dim sp(2p, N~ — rank sp(2p, N_l))

1
2

which is half the dimension of the generic adjoint orbit in sp(2p, N~1). There-
fore, these conserved quantities are the right candidates to prove that this
system is integrable on the generic coadjoint orbit of Sym(n, N). This will be
proved in the next sections.

If N is non-invertible (which is equivalent to d # 0), then n = 2p + d and

T

2p+d| [2p+d+1
2 2

= 2) (- [57])
([ [+ 4[5

dl [d+1
_ 2 ht
=p +pd+[2][ 5 }

The right number of integrals is p(p + d) according to Proposition 3.2, so this
calculation seems to indicate that there are additional integrals. The situation
is not so simple since there are redundancies due to the degeneracy of N. Note,
however, that if d = 1, then we do get the right number of integrals. We shall
return to the study of the degenerate case in §7.

Remark. Recall that in the special case when N is invertible, we found the sequence
of integrals given in Theorem 4.5. Note that these integrals have a different form
from the family of integrals in (5.4). This does not necessarily mean that the two

sets of functions are functionally independent.
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6 Involution

In this section we prove involution of the integrals found in the previous section for
arbitrary N € so(n).

Bi-Hamiltonian Structure. We begin with the following observation.

Proposition 6.1. The system X = X2N — NX? is Hamiltonian with respect to the
bracket {f, g}y defined in (3.1) using the Hamiltonian ho(X) := 3 trace(X?) and
is also Hamiltonian with respect to the compatible bracket {f, g}y defined in (3.2)
using the Hamiltonian hg(X) := % trace(X?).

Proof. We have already implicitly checked the first statement using Euler-Poincaré
theory, but here is a direct verification. We want to show that the condition
f= {f ho}y for any f determines the equations X = X2N — NX2. First note
that f( ) = trace(Vf(X)X). Second, since Vhyo(X) = X, the right hand side
{f, hg}N becomes, by (3.1),

{f.ha}y (X) = — trace [X (Vf(X)NX _ XNVf(X))}
= —trace (Vf(X)NX2 - Vf(X)X2N>.

Thus, X = X2N — NX? as required.
To show that the same system is Hamiltonian relative to the frozen Poisson
bracket, we proceed in a similar way. Noting that Vhz(X) = X2, we get from (3.2)

{f.h3} py (X) = — trace (v FNX? — X2NV f)
= — trace (VfNX2 — VfXQN),

and hence X = X2N — NX?2, as before. |

Involution. Next we begin the proof that the [%] [%‘H] integrals given in (5.4),
namely
g2 (X) := trace Z Z XUNTX2 L X NTs
|i|=k—2r |j|=2r
where k = 1,...,n—1,4, =1,...,k, jo =0,...,k—=1,r =0,..., [%], are in
involution. It will be convenient below to write the expansion of hg starting with
the highest power of A, that is,

1
hp(X) = Etrace (X + AN)F Z)\k "hgg jp—r (X)) . (6.1)

As explained before, not all of these coefficients should be counted: roughly half of
them vanish and the last one, namely, hj j, is the constant N k. Consistently with
our notation for the Hamiltonians, we set hy = hy .

Firstly we require the gradients of the functions hg.
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Lemma 6.2. The gradients th are given by

VAN(X) = %(X FANFT 4 S (X — AN)EL (6.2)

DN | =

Proof. We have for any Y € Sym(n, N),
(VAN(X),Y) = dh}(X) - Y = trace ((X + /\N)k*1Y>
1 k—1 _ k—1
—2trace(((X+)\N) + (X — AN) )Y)

Since ((,)) is non-degenerate on Sym(n, N), the result follows. [

Proposition 6.3.
Bx (VI (X)) = Cx(Vhi (X)) (6.3)

Proof. Using (3.3) we get
Bx(Vh)(X)) = XVh)(X)N — NVh) (X)X
- % [X(X FAN)EIN 4+ X(X — AN)FIN
~N(X +AN)*1X - N(X —AN)F1X
- % [(X FANEN — AN(X + AN*IN 4 (X — AN)EN + AN(X — AN)FIN
“N(X + AN £ AN(X + AN)EIN — N(X — AN)F — AN(X — AN)’HN}
1
-3 [(X FANEN 4 (X — AN)EN — N(X + ANk — N(X — AN)’C}
= Vh2+1(X)N - NVh?ﬂ(X) = CX(vhz‘-i-l(X))
by (3.4), which proves the formula. [
Proposition 6.4. The functions hy ., satisfy the recursion relation

Bx (Vhig—r(X)) = Cx (Vhis1pr(X)). (6.4)

Proof. Substituting (6.1) into (6.3) we obtain

k k+1
> AT By (Vhgp—r(X)) = Y MNHTTCx (Vhyyr g1 (X)) -
r=0 r=0

Since Vhgi1x+1(X) = N¥L formula (3.4) implies that Cx (Vhgi1x+1(X)) = 0.
Thus on the right hand side the sum begins at » = 1. Changing the summation
index on the right hand side from r to » — 1 and identifying the coefficients of like
powers of A yields (6.4). [
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Remark. It is worth making a few remarks about Propositions 6.3 and 6.4. Note
that unlike the similar recursion for the rigid body Manakov integrals (see e.g.
Trofimov and Fomenko [1995] and Morosi and Pizzocchero [1996]), our polynomial
recursion relation (6.3) does not have a premultiplier A on the right-hand side and
the polynomials on the left and right hand sides appear to be of different order.
This cannot be and indeed is not so. Indeed, the highest order coefficient on the
right hand side vanishes by virtue of following result.

Corollary 6.5. The functions hy ,—1(X) are Casimirs for the frozen Poisson struc-
ture, i.e.

Cx (Vhpp-1(X)) =0 (6.5)
for all k.
Proof. By (6.1), hyr—1(X) = trace (Nkle), so its gradient equals Vhy —1(X) =
Nk=1.So (3.4) immediately gives (6.5). [

The recursion relations (6.4) for » = 0 also imply the following relation between
the Hamiltonians that can also be easily checked by hand.

Corollary 6.6.

Bx (Vhie(X)) = Cx (Vhp41(X)) (6.6)
Example: An interesting nontrivial example of the recursion relation to check
is Bx(dhgg(X)) = Cx(dh472(X)), where h372(X) == trace(N2X) and h472(X) =
trace(N2X?2)+1 trace(NXNX). This example illustrates how the recursion relation
works despite the apparent inconsistency in order.

Involution follows immediately, using the recursion relations.

Proposition 6.7. The invariants hy, ;—, are in involution with respect to both Pois-
son brackets {f,g9}n and {f, g} py-

Proof. The definition of the Poisson tensors Bx and Cx and the recursion relation
(6.4) give
{hi—rs Pii—qt y = (Vhip—r(X), Bx(Vhy—q(X))))

= (Vhip—r(X), Cx (Vhir11-4(X))))

= { M k—r, li11—g} py = — {10 i o—r oy

= —{(Vhiy1,1-4(X), Cx (Vhy p—r (X))

= —{(Vhiy1,1-4(X), Bx (Vhi—1,5—(X))))

= —{hisr g -1kt y = 1Ph—1k—r hig10-q} y
forany k,l =1,....n—1,r=1,...,kand ¢ = 0,...,l — 1. Of course, in these
relations we assume that &k —r and [ — ¢ are even, for if at least one of them is odd,
the identity above has zeros on both sides. Repeated application of this relation
eventually leads to Hamiltonians hy, —, where either k —r is a power of A that does
not exist for £, in which case the Hamiltonian is zero, or one is led to hg o which is

constant. This shows that {hy r—,, hi1—q}, = 0 for any pair of indices.
In a similar way one shows that {hgx—r, hii—¢}py = 0. [
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Bi-Hamiltonian Structure on sp(n, N~!). Using the bi-Hamiltonian property
of system (1.1) and the Poisson isomorphism in Proposition 4.2 we get the following
statement.

Theorem 6.8. The Lie-Poisson isomorphism Z € (sp(n, N™1), {:,-}sp) — ZN €
(Sym(n, N),{:, }n) induces a bi-Hamiltonian structure for the Mischenko-Fomenko
equations (4.6) on sp(n, N=1). The second Hamiltonian structure is

{f.9}n-1(Z) = —trace (NT' [V f(Z), Vy(2)])

for any f,g € C*®(sp(n, N~Y) and the Hamiltonian corresponding to this Poisson
structure is h(Z) = trace ((ZN)?) /3.

7 Independence

To complete the proof of integrability we need to show that the integrals hy o, are
independent. We will demonstrate this first in the generic case when N is invertible
with distinct eigenvalues.

By (5.4), the gradients of the integrals hy o, have the form

thVQT(X) = Z Z X NI X2 L. X s (7'1)
li|l=k—2r—1|j|=2r

where k =1,...,n—1,ig=1,...,k, jo=0,...,k— 1,7 =0,..., [55].

The Generic Case. We consider the case N invertible with distinct eigenvalues.
Therefore d = 0 and n = 2p. In this case we show that the integrals hj 9, given in
(5.4) are independent, and hence the system (1.1) is integrable.

Theorem 7.1. For N invertible with distinct eigenvalues, the integrals hy o, given
by equation (5.4) are independent.

Proof. We are concerned with the linear independence (in a generic sense) of (7.1)
where k=1,...,n—1,i3=1,...,k, jg=0,...,k—land r =0,...[3(k — 1)]. We
recall that N is invertible with distinct eigenvalues and, without loss of generality,
assume that X is diagonal,

X = diag p.

This reduces the statement of the theorem to a problem about the independence
of polynomials in single matrix variable.
Now, we aim to prove a stronger statement: the terms

v = XU NILX2 .. Xl NTs

are independent for all multi-indices ¢ and j in the above range. Note however
that each v; ; is a g-degree polynomial in p1, pa,. .., iy, where ¢ = k —2r — 1 €
{0,...,n—2}. Let

Hy = {vi;

il = g, |j] even}.
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Clearly, in a generic sense, if linear dependence exists, it must exist within the set

H,. In other words, if we can prove that there is no linear dependence within each

H,, we are done. (Note that since k& < n — 1 in the expression (7.1) there is no

dependence of powers of X on lower powers through the characteristic polynomial.)
There is nothing to prove for ¢ = 0. For ¢ = 1 we have

Hy = {XN7 |jeven} U{N/X | j even}.

Suppose that there exists linear dependence in H;. Then there necessarily exist
00,02, - - s Pn—2 and Ko, K2, ..., Kn—2, not all zero, such that

X (Z ijsz) + (Z @jz\ﬂj) X =0=XR(N)+ K(N)X = 0.
Therefore,
balR(N)ap + [K (Mapis =0,  a,b=1,...,n.

Generically (i.e., for all u except for a set of measure zero) this can hold only if
R(N),K(N) = 0. But degR,deg K < n — 1 and, since the eigenvalues of N are
distinct, the degree of the minimal polynomial of NV is n. Therefore K, R = 0, a
contradiction. Hence there is no linear dependence.

We continue to ¢ = 2. Now

Ho = {XONIX2N2XS : 4y 4y + i3 = 2, ji + jo even}.
Assume that there exist p; ;, not all zero, such that
> i XUNIXRN2XS = 0.
1,3
Therefore

me Zua 1132 W3 (NI1) gy (N72) . = 0, a,c=1,...,n.

Note that we want the above to hold for all real pyg, but this is possible only if

0= ZP%JZ NJI (NjQ)b,C = Zpi,j(Nj1+j2)a,Cv a,C = 17"'7“7
Z‘?j
thus
ZPiij1+j2 —0.
ij
We again obtain a polynomial in N? of degree < n/2, which cannot be zero: a

contradiction.
We can continue for higher s in an identical manner. |

Hence, since we have involution and independence, we have proved the following.

Theorem 7.2. For N invertible with distinct eigenvalues the system (1.1) is com-
pletely integrable.
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Corollary 7.3. For N odd dimensional with distinct eigenvalues and nullity one,
the system (1.1) is completely integrable.

Proof. In this case we have d = 1 and n = 2p + 1. All eigenvalues are distinct with
one of them being zero. The above proof of independence still holds, the only change
being that the characteristic (and minimal) polynomial of N is of form Nw(N?),
where w is a polynomial of degree (n —1)/2. |

Remark. Independently Li and Tomei [2006] have shown the integrability of the
same system in precisely the two cases discussed in this paper employing different
techniques; they use the loop group approach suggested by the Lax equation with
parameter (5.1) and give the solution in terms of factorization and the Riemann-
Hilbert problem.

8 Linearization of the Flow

We have demonstrated integrability of the system (1.1) for appropriate N by showing
involution and independence of a sufficient number of integrals. The purpose of this
section is to analyze the linearization of this system on the Jacobi variety of the
curve

det(2] —AN —X) =0
using the theory discussed in Adler, van Moerbeke, and Vanhaecke [2004] and Grif-

fiths [1985], for example (see also Krichever [1977], Krichever and Novikov [1980],
Dubrovin, Novikov, and Krichever [1989], Adams, Harnad, and Hurturbise [1993]).

Linearization on the Jacobian for N Invertible and Generic. Let us denote
X(A) == X + AN and Y(\) := NX + XN + AN2. For N invertible with distinct
eigenvalues (n := 2p), choose an orthonormal basis of R?" in which N is written as

0 Vv
v-[5 1
where V' is a real diagonal matrix whose entries are vy, ..., v).
Denote by z; the entries of the matrix X and put it in the form
u C
x=ler %

where U € Sym(p), R € Sym(p), and C' € Myy,. Then the matrix Y (A) can be
written as

Y () = —AV2+ Vet —cv VR+UV
- —-VU - RV N2+ CcTv —vel:

The plane algebraic curve (called a spectral curve), associated to each X (),
namely,

Cxy = 1{(A,2) € Cx C|det(2] — X(\)) =0},
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is preserved by the flow of (5.1); the functions which are defined by the coefficients
of the characteristic polynomial Q(\, z) of X (A) are constants of motion of (5.1).
Similarly, for each X () the isospectral variety of matrices Ay y) defined by

Ax(n = {X'(A) | X(A) and X'()) have the same characteristic polynomial}

is preserved by the flow of (5.1). Notice that the spectral curve and the isospectral
variety depend on the values of the constants of motion only (i.e., on the vector
¢ = (qu), where g is the coefficient of A\¥z! in Q(), 2)). Sometimes one writes I'¢
and A instead of I'x(y) and Ax(y). Notice that the spectral curve I'c is non-singular
for generic values of c¢. Let I'¢ be the compactification in the projective plane IP’?C
of I'c. For generic values of ¢ the projective curve I'c is also non-singular. Let
us compute the points at infinity of the spectral curve. The equation of the affine
spectral curve is:

2% 4 v%v%...vﬁ)@p +Q1(\, z) =0, (8.1)

where the polynomial Q1(A, z) has degree strictly less than 2p. Put A = v/zy and
z = (/z0. Now, set zp = 0 in the equation

2"Q(v/20,¢/20) =0
of the projective spectral curve I'c. We get the points at infinity
{Py,..., Py} =T\ g,
with Pyy1 = (1, Bk+1,0), k=0,1,...,2p — 1, where

(2k:+1)7r> -

Br1 :=v/Pexp <Z
2p

v = |v1vg - - Up|.

At each of these points the meromorphic functions A and z on I'¢ have a pole of order
1. Note also that the genus of the plane curve I'¢ is g := (p—1)(2p—1) (the genus of
a non-singular plane curve is given by the well-known formula g = (n —1)(n —2)/2,
where n is the degree of the homogeneous polynomial equation of the curve; see also
Griffiths [1985]).

Take now a generic value of the vector c such that I'c is non-singular and
note that for generic (A, z) € ¢, the eigenspace of X (\) with eigenvalue z is one-
dimensional. If we denote by Ag;(z, X(\)) the cofactor of the matrix zIy, — X(X)
corresponding to the (k,[)-th entry then, the unique eigenvector of X (\) with eigen-
value z, normalized by £ =1, is

f(Z,X()\)) = (515 . anp)Ta

where
&k = Auk(z, X(A))/An1(z, X (N)).

By Adler, van Moerbeke, and Vanhaecke [2004], p. 187, when X (A, t) flows according
to (5.1), the corresponding eigenvector () := £(z, X (), t)) satisfies the autonomous
equation ‘

£+ YE=pg,
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where Y := Y (A, X(\,t)) and p is the scalar function

2p
pi= p()‘a ZvX()‘7t)) = ZY(Av X()Vt))llAll(Z)X()‘at))/All(ZvX()‘7t))‘
=1

The role of the eigenvector £ is to define the divisor map
ic 1 Ac — Divi(Te), X () = Dx(y),
where Dy y) is the minimal effective divisor on I'c such that
(Ek)re = —Dxn), k=1,...,2p.

Here, d := deg(Dx(y)) is independent of X ()\) € A (for generic ¢ we can assume
Ac connected) and so, Dx(y) defines an effective divisor of degree d in Te.

Now choose and fix a divisor Dy € Div?(T,), a basis (wi, . .. ,wg) of holomorphic
differentials on T, and consider the vector @ := (wy,...,wy)T. One defines the
linearizing map by

Dx
je: Ac — Jac(Te), X +— w,
Do

where Jac(T¢) denotes the Jacobian of the curve T.
The role of the function p is to linearize the isospectral flow of (5.1) on A, that
is, to be able to write

Dx(t) 2p
/ @=1Y Resp,(p( 2, X(X,0)@), Dx() =D,
Dx(0) k=1

if it is possible. The Linearization Criterion in Adler, van Moerbeke, and Vanhaecke
[2004] p.195 says that this happens if and only if for each X € A, there exists a
meromorphic function ®x on I'¢ with

2p
(®x)g, ==Y P
k=1

such that for all Py,
(Laurent tail of dp(\, z, X)/dt at P;) = (Laurent tail of ®x at Py);

see also Griffiths [1985].
Now we shall apply the linearization criterion to our case. Firstly, we have:

Ar1(z, X(N) =271 + 0302220772 + Quu(2, N),
where the polynomial @11(z, \) has degree strictly less than 2p—1. Then we compute

Alg(z,X()\)) = Mlg(z, )\) + ng(z, )\),
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where the polynomial Q12(z,\) has degree strictly less than 2p — 2 and the homo-
geneous polynomial

2p—2 2 2y2p—2
Mlg(z, )\) = —T1,2%7 P + ...+ $P+17P+201U2U3‘“Up)‘ P

has degree 2p — 2. Similarly, we get for [ =3,...,2p, l #p+1,
All(zu X(A)) - Mll(za >\) + Qll(z) )‘)7

where the polynomial Qq;(z, A\) has degree strictly less than 2p — 2 and the homo-
geneous polynomial My;(z, \) has degree 2p — 2. For [ = p+ 1, we get

At pr1(2, X(N) = Mipyi(2,A) + Q1 pr1(2, A),

where the polynomial Q1 ,+1(2,\) has degree strictly less than 2p — 1 and the ho-
mogeneous polynomial M ;41(z, A) has degree 2p — 1.

Let z; be a local parameter around the point at infinity Py, £k = 1,...,2p. The
Laurent tail of z at Py is (/2 and the Laurent tail of A at Py is 1/z;. By using
the formulas above we conclude that the Laurent tail of

All(zvX(A))/All(ZvX()\))v l:2772p

at Py is zero, since this meromorphic function is holomorphic at P,. Moreover, this
function has a zero at Py for each k = 1,...,2p, and | # p + 1 (note that on the
denominator the constant term ﬁzp -1y ﬁkv%...vg is non-zero for generic c).

Now we compute the Laurent tail of dp(\, z, X')/dt at P,. We emphasize that p
only depends on ¢ through X (). Firstly, we see that the Laurent tail of

LA XO)/An (= X)), 12,2

at each P is zero, because this meromorphic function is holomorphic at P, k =
1,...,2p. Since
2
Yii = -y, Yu=wvizp1 —vripn for 1=2,...p,
and
Yipti = vz +v1zpr1pp for =1,...,p,
we conclude that the Laurent tail of

Aq(z, X(\1))
YA (z, X\ 1)

2P d Ay(z, X\t
DRI s ciwi B

at each Py is zero for all k = 1,...,2p. Thus, the linearization criterion applies with
®x = 0. We have proved the following.

d
X) X(
yrdO Zd (A, X (A1)

Theorem 8.1. For N invertible with distinct eigenvalues the map jc linearizes the
isospectral flow of the system (5.1) on the Jacobian Jac(Tc).
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Linearization on the Prym Variety for N Invertible and Generic. Since
(X +AN)T' = X — AN, we have

Q(=A 2) = QX 2).
Thus there is an involution 7 : ' — T'¢ of the spectral curve defined by
T(A 2) = (=A, 2).
In homogeneous coordinates A = v/zy, z = (/7 this involution is given by

T(v,(, 20) = (=1, (, 20).

Notice that the involution 7 has no fixed points at infinity (z9 = 0 and v = 0 would
imply ¢ = 0 from the homogeneous equation of the curve). Thus, the fixed points
are obtained from the equation

Q(Ov Z) =0,

which is the characteristic polynomial of the symmetric matrix X. Generically,
we obtain 2p distinct points Z1,...,Zs, as its fixed (ramification) points, where
Z = (0,2,1), k=1,...,2p, with zj the (real) eigenvalues of the symmetric matrix
X. By the Riemann-Hurwitz formula, the quotient (smooth) curve Cy := I'¢/7 has

genus g1 := (p — 1)%
Associated to the double covering

Fc — Oy
is the Prym variety Prym(T¢/C1), with the property that Jac(T¢) is isogenous to
Jac(C1) x Prym(Tc/Ch).

It follows that B
dim (Prym(Te/Ch)) = g — g1 = p* — p.
Let us denote by €y _ the sheaf of holomorphic 1-forms on T¢. Recall that

Jac(Te) 2 H(Te, O )" /Hi (T, Z).

The involution 7 acts on the vector space H°(T., ch) and on the free group
H1(T¢,Z) having eigenvalues £1. The Prym variety Prym(T'./C) can be equiva-
lently described as the quotient

HOTe, Q)" /Hi(Te, Z) ™,
where the upper + index on a vector space denotes the +1 eigenspaces.

Note that

2p
p:=pA\z, X(\t)) = ZY(A, XN ) uly(z, X (A1) /A11(z, X (A 1))
=1
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= i 4 p1(\, 2, X(\ 1)),

where the meromorphic function p;(A, z, X(A,t)) has residue zero at each Py; see
the computation above. By Griffiths [1985], or by direct computation, we have

Resp, (7p(A, 2, X(X,0))) = —Resp, (p(A, z, X (A, 0))).
It follows that the flow is actually linearized on Prym(T¢/C}). Thus we have proved:
Corollary 8.2. For N invertible with distinct eigenvalues the map jc linearizes the

isospectral flow of the system (5.1) on the Prym variety Prym(T¢/Ch).

The Case of N Maximal Rank and Nullity One. Let us consider now the
case of n odd and N having distinct eigenvalues and nullity one, i.e., n = 2p+1 and
rank N = 2p. Choose an orthonormal basis of R?’*! in which N is written as

0o VvV 0
N=|-V 0 0f,
0 0 0
where V' is a real diagonal matrix whose entries are vi,...,v,. The equation of the
affine spectral curve is:
2Py v%v%...vﬁ)\sz +QY(\, 2) =0, (8.2)

where the polynomial Q{(), 2) has degree strictly less than 2p + 1. Put A = v/2
and z = (/z9. Now set zp = 0 in the equation

2" Qv /20,¢/20) = 0
of the projective spectral curve I'c. We get the points at infinity
{Py,P1,..., Py} :=Tc\ T,
with Py = (1,0,0) and Pry1 = (1, Bk+1,0), £ =0,1,...,2p — 1, where

(2k + 1)7r> and

— l/p ;
Br41:=v/Pexp <Z o

v = |vjvg - vyl

Note that at each of these points, with the exception of Py, the meromorphic func-
tions A and z on I'¢ have a pole of order 1. At Py, the function \ has a pole of order
1 and z has a zero of order 1.

We shall analyze below in detail the particular case p = 2 (that is, n = 5). A
direct computation shows that
A = (2 +032°20%) + QY (2,0),  deg QY <4
Aqg = (’011}2:(5342’)\2 — :L’1223) + Q(l)Q(Z, )\), deg Q(l)Q < 3,
Az = (—0103203 — 01230) + Q%5(2, N, deg QY5 < 4,
Ay = (022122° A + V173022 — 2142° — V1V2T232A%) + Q4 (2, V), deg QY4 < 3,

(

15 = —Uﬂ)%xgg,)\g + 1)%%152:)\2 — U1$352’2)\ + $15Z3) + Q(l)E)(Z? )\), deg Q(l)E) < 3.

B>
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Let z; be a local parameter around the point at infinity Py, k = 1,...,4. The
Laurent tail of z at Py is (x/zr and the Laurent tail of A at Py is 1/z;. By using
the formulas above we conclude that the Laurent tail of

Au(z, X)) /A1 (2, X(\),  1=2,...,5

at Py is zero, since this meromorphic function is holomorphic at P.

For Py the computation changes. Let u be a local parameter around the point
Py. The Laurent tail of z at Py is zero (z has a simple zero at Py) and the Laurent
tail of A at Py is 1/u. We shall emphasize the leading term for the Laurent tail of

AH = U%($33$55 — x§5)/u2 —+ ... s
Ao = 010223545 — T3aT55) /U + ...,
A3 = Ulv%x%/u?’ + ...,

A4 = v1va(To3T55 — T25T35) /U + ...,

2 3
A15 = —v1v2x35/u + ...,
and we get
V1T55 1
myAH:<2>+m,
33,55 — .5(335 u
—V1T35 1
Ais/Apn=——"5)-+...,
T33T55 — T35 /) U

the other two quotients Aja/A;; and A14/A11 being holomorphic around Fj.
As in the case of n even, we have

A
p(\, z, X) = —U%)\ + (v1z03 — UQ:EM)—A
11

Aq3 Ay ANE

+ v1(x11 + 233) — + (V2x12 + V1X34) — + V1T35—

( )Au ( )All Ay

and hence

(x11 + x33)T55 — 90%5)

2
Resp, p = v7 <—1+ 5
Xr33L55 — L3y

JFrom the system (1.2) we get
r11+x33=C1 and x55 = Cy,
where C1, Cy are constants of the motion. Then a direct computation shows that

dp _ 207Cy350:35(C1 — w33)
dt (nggg - x§5)2 ’

Resp,

which is non-zero generically. By applying Lemma 5.11 in Adler, van Moerbeke,
and Vanhaecke [2004] and the linearization criterion, we get the following result.



8 Linearization of the Flow 39

Proposition 8.3. For N € so(5) having distinct eigenvalues and nullity one, gener-
ically the map je does not linearize the isospectral flow of the system (5.1) on the
Jacobian Jac(T¢).

An easier computation gives the same result in the case n = 3. We carried out the
case n = b as more representative of the general case; for n = 3, there are various
non-typical simplifications of the computations leading to the non-linearizability
result due to the low size of the matrices involved. As will be shown below, however,
this system linearizes on the generalized Jacobian.

Linearization on the Generalized Jacobian. Let us consider now the case in
which N has distinct eigenvalues. In this case either n = 2p and N is invertible or,
n=2p+ 1, rank N = 2p and N has nullity one.

We shall follow Gavrilov [1999] and Beauville [1990] (see also, Adler and van
Moerbeke [1980] and Deift, Li, and Tomei [1989]). Let X(A) = AN + X, where X
is a symmetric real matrix and let Q(A, z) = det(zl,, — X (A\)) be its characteristic
polynomial. Let M”™ be the affine space of all complex matrix polynomials

X'(A)= AN+ X', X' €gl,(C),

with N as above and fixed. To stress the dependence on N and (), we denote now
the isospectral variety by Mg , i.e.

MY = {X'(\) € MY | det(zI, — X'(N)) = Q(\, 2)}.

The subgroup G := PGL,(C; N) of the projective group PGL,,(C) formed by ma-
trices which commute with N is a symmetry group of the system (5.1). Moreover,
the system (5.1) is equivalent to the following Lax pair system

d
S (X HAN) = [X?/A, X +AN]. (8.3)
The Lax pair system (8.3) was studied, for example, in Beauville [1990], Gavrilov

[1999]. Let V be the affine space of polynomials
QN 2) = 2"+ s1(N)2" L+ .+ 5,(N),

where s;(\) are polynomials in A of degree degs; < ¢ for all i = 1,...,n. Consider
the map
h:MN =V,

which sends a matrix of M? to its characteristic polynomial (the components of the
map h are the coefficients of the characteristic polynomial). We shall use the follow-
ing definitions (compare to Adler, van Moerbeke, and Vanhaecke [2004], Gavrilov
[1999], Beauville [1990)):

Definition 8.4. Let h: M — V be a (complex) completely integrable system, where
the Poisson manifold M is a non-singular affine variety, V is an affine space and
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h = (hi,...,hs) is given by regular algebraic functions. We say that the system h :
M — V is an algebraic completely integrable system (a.c.i. system) if each generic
fiber of h is a Zariski open subset of an Abelian variety, on which the Hamiltonian
vector fields generated by h; are translation invariant.

Definition 8.5. Let h: M — V be a (complex) completely integrable system, where
the Poisson manifold M is a non-singular affine variety, V is an affine space and h =
(h1, ..., hs) is given by regular algebraic functions. We say that the system h : M —
V is a generalized algebraic completely integrable system (generalized a.c.i. system)
if each generic fiber of h is a Zariski open subset of a commutative algebraic group,
on which the Hamiltonian vector fields generated by h; are translation invariant.

Since G acts freely and properly on the isospectral variety Mg , it follows that
Mg can be considered as the total space of a holomorphic principal fiber bundle
with base space Mg /G, structural group G, and natural projection map

My — MY /G.

Generically, the spectral curve I'c (where c is the vector of the coefficients of the
polynomial @) is smooth. Then, the manifold Mg /G is bi-holomorphic to a Zariski

open subset of the usual Jacobian Jac(T¢); see Beauville [1990]. By Theorem 2.1
in Gavrilov [1999], the isospectral variety M(g is smooth and bi-holomorphic to a
Zariski open subset of the generalized Jacobian variety Jac(I'.), where T, is the
singular curve obtained from T'. by identifying its infinite points {P, ..., P,} with
a single point oo (for details, see Serre [1959]).

The generalized Jacobian Jac(T';,) is a non-compact commutative algebraic group

given by a non-trivial extension of the usual Jacobian Jac(I'c) by the algebraic group
G =~ (C*)nfl
0 — G — Jac(T,) — Jac(T¢) — 0.

The generalized Jacobian Jac(I',) can also be considered as total space of a holo-
morphic principal fiber bundle with base space Jac(T¢) and structure group G and
has dimension g + n — 1, where g is the genus of T.

Thus we have arrived at the following (see Beauville [1990] and Gavrilov [1999]):

Proposition 8.6. For N having distinct eigenvalues, the system h: MN —V is a
generalized algebraic completely integrable system.

Acknowledgments. We thank G. Prasad for his observation regarding Lie alge-
bras. Luc Haine and Pol Vanhaecke have our gratitude for many very illuminating
discussions regarding algebraic complete integrability. We also thank Alexey Bolsi-
nov, Percy Deift, Igor Dolgachev, Michael Gekhtman, Rob Lazarsfeld, Alejandro
Uribe, and Nguyen Tien Zung for useful conversations that clarified various points
in the paper and thereby improved our exposition. Finally we would like to thank
the referee for an extraordinarily useful and insightful referee report and for pointing
out reference Trofimov and Fomenko [1995].



REFERENCES 41

References

Adams, M.R., J. Harnad and J. Hurturbise [1993] Darboux coordinates and
Liouville-Arnold integration in loop algebras, Comm. Math. Phys. 155, 385-413.

Adler, M. and P. van Moerbeke [1980], Linearization of Hamiltonian systems, Jacobi
varieties and representation theory, Advances in Math. 38, 318-379.

Adler, M., P. van Moerbeke, and P. Vanhaecke [2004], Algebraic Integrability,
Painlevé Geometry and Lie algebras, volume 47 of Ergebnisse der Mathematik
und ihrer Grenzgebiete, Springer-Verlag 2004.

Beauville, A. [1990], Jacobiennes des courbes spectrales et systémes hamiltoniens
completement integrables, Acta Math., 164, 211-235.

Bloch, A.M. and A. Iserles [2006], On an isospectral Lie-Poisson system and its Lie
algebra, Foundations of Computational Mathematics 6, 121-144.

Bolsinov, A.V. [1992] Compatible Poisson brackets on Lie algebras and completeness
of families of functions in involution, Math. USSR. Izvestiya, 38(1),69-90.

Bolsinov, A. V. and A. V. Borisov [2002], Compatible Poisson brackets on Lie alge-
bras, Mat. Zametki, 72(1), 11-34.

Deift, P., L.C. Li, and C. Tomei [1989], Matrix Factorizations and Integrable Sys-
tems, Comm. Pure Appl. Math. XLII, 443-521.

Dubrovin, B.A., S.P. Novikov, and I.M. Krichever [1989], Integrable Systems, Ency-
clopaedia of Mathematical Sciences, 4, Springer-Verlag, Berlin.

Gavrilov, L. [1999], Generalized Jacobians of spectral curves and completely inte-
grable systems, Math. Z. 230, 487-508.

Griffiths, P. [1985] Linearizing flows and a cohomological interpretation of Lax equa-
tions American J. of Mathematics 107, 1445-1483.

Krichever, I.M. [1977], Methods of algebraic geometry in the theory of nonlinear
equations, Russ. Math. Surv. 32, 185-213.

Krichever, .M. and S.P. Novikov [1980], Holomorphich bundles over algebraic curves
and nonlinear equations, Russ. Math. Surv. 35, 53-79.

Li, L.-C. and C. Tomei [2006], The complete integrability of a Lie—Poisson system
proposed by Bloch and Iserles, Intern. Math. Res. Notes, 64949, 1-19.



REFERENCES 42

Manakov, S.V. [1976], Note on the integration of Euler’s equations of the dynamics
of an n-dimensional rigid body, Funct. Anal. and its Appl., 10, 328-329.

Marsden, J.E. and T.S. Ratiu [1994], Introduction to Mechanics and Symmetry,
volume 17 of Texts in Applied Mathematics; Second Edition, second printing,
Springer-Verlag, 2003.

Meshcheryakov, M.V. [1983], A characterisitic property of the inertial tensor of a
multidimensional solid body, Russian Mathematical Surverys., 38(5), 210-202.

Mikhailov, A. V. and V. V. Sokolov [2000], Integrable ODEs on associative algebras,
Comm. Math. Phys., 211(1), 231-251.

Mishchenko, A.S. and A.T. Fomenko [1976], On the integration of the Euler equa-
tions on semisimple Lie algebras, Sov. Math. Dokl., 17, 1591-1593.

Mischenko, A.S. and A.T. Fomenko [1978], Euler equations on finite-dimensional
Lie groups Izvestija AN SSSR, 42(2), 396-415.

Mischenko, A.S. and A.T. Fomenko [1979], Integration of Euler equations on
semisimple Lie algebras, (in Russian), Trudy Seminara po Vekt. i Tenz. Anal-
izu, 19, Moscow MGU, 3-94.

Morosi, C. and L. Pizzocchero [1996], On the Euler equation: bi-Hamiltonian struc-
ture and integrals in involution, Lett. Math. Phys. 37, 117-135.

Mumford, D. [1984], Tata Lectures on Theta. II, volume 43 of Progr. Math.,
Birkh&user, Boston.

Odesskii, A. V. and V. V. Sokolov [2006], Integrable matrix equations related to
pairs of compatible associative algebras, J. Phys. A, 39(40), 12447-12456.

Ratiu, T.S. [1980], Involution theorems. In Kaiser, G. and J. Marsden, editors, Ge-
ometric Methods in Mathematical Physics, volume 775 of Springer Lecture Notes,
pages 219-257.

Serre, J.P. [1959], Groupes Algebriques et Corps de Classes, Hermann, Paris.

Trofimov, V.V. and A. Fomenko [1995] Algebra and geometry of integrable Hamilto-
nian differential equations. Russian, Moskva, Faktorial.

Vanhaecke, P. [1998], Integrable systems and symmetric products of curves. Math.
Z.,227(1), 93-127.



REFERENCES 43

Vanhaecke, P. [2001], Integrable Systems in The Realm of Algebraic Geometry, sec-
ond edition, volume 1638 of Lecture Notes in Mathematics, Springer-Verlag.



	Introduction
	The Lie Algebra and the Euler--Poincaré Form
	Poisson Structures
	The Sectional Operator Equations and Relation to Mischenko-Fomenko Flows
	Lax Pairs with Parameter
	Involution
	Independence
	Linearization of the Flow

