HAMILTONIAN EVOLUTIONS OF CURVES IN CLASSICAL
AFFINE GEOMETRIES

GLORIA MARI BEFFA

ABSTRACT. In this paper we study geometric Poisson brackets and we show
that, if M = (G x R™)/G endowed with an affine geometry (in the Klein
sense), and if G is a classical Lie group, then the geometric Poisson bracket
for parametrized curves is a trivial extension of the one for unparametrized
curves, except for the case G = GL(n,IR). This trivial extension does not
exist in other nonaffine cases (projective, conformal, etc).

1. INTRODUCTION

In the last years a large number of papers have appeared in the literature linking
invariant evolutions of curves to completely integrable systems, much like the Vortex
Filament flow is related to the non-linear Schrédinger equation via the Hasimoto
transformation. Other examples can be found in [1, 2, 5, 6, 9, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 25, 26, 27, 28, 29]. An interesting difference between the
many examples is that some of them correspond to arc-length preserving evolutions
(for example Vortex filament), while others do not preserve arc-length or any other
invariant parameter (for example the KdV Schwarzian evolution).

In several recent papers ([15]-[21]) the author studied this problem from the
point of view of biHamiltonian structures. She defined geometric Poisson brackets
as brackets defined on the space of differential invariant of curves through reduction
of well-known Poisson bracket in the algebra of Loops on a Lie algebra. These
structures seemed to exist in pairs whenever a geometric realization of an integrable
system was present, but one of them always existed by itself, for any geometric
setting. Most known biHamiltonian structures for completely integrable PDEs are
geometric Poisson brackets. The construction of these brackets would require the
preservation of arc-length in some cases (for example the Euclidean case, where
the Vortex Filament flow exists), while other cases did not require it (for example
RP! where the Schwarzian KdV flow exists). The question of whether or not the
geometry itself imposes the preservation condition on the flow has not been resolved
yet. In this note we aim to clarify the situation further.

Let M = (G x IR")/G = IR™ be a manifold endowed with an affine geometry
(in the Klein sense) determined by the affine action of G x IR™ on IR™ given by
(g,v)-u = gu+v. Assume G C GL(n,IR) is semisimple. Associated to M there is a
natural Hamiltonian structure {, }(k) defined on the space of differential invariants
of parametrized curves with a monodromy in the group, i.e., curves u(z) € R"
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such that u(x + T) = mu(z) for all , where m € G and T € R is the period
(these curves have periodic differential invariants, other conditions can be imposed
to ensure that the coefficients vanish at infinity, for example). The author showed
in [15] that, locally on the neighborhood of a nondegenerate curve, the space of
differential invariants of curves could be written as a quotient of the form U/LN
where U C Lg* = C*°(S!, g*) is an open subset and N C G is the isotropy subgroup
of a certain element A € IR™. This fact led to the definition of a natural Poisson
structure on the space of differential invariants of parametrized curves, obtained by
reduction from a natural and well-known Poisson bracket on Lg*.

One of the generators of the manifold of differential invariants is the invariant
used to define arc-length (and other similar ones), for example k = uy - uy in the
0 I
-1 0
matrix), in the case of symplectic geometry G = Sp(n), k = det(uq,...,u,) in the
case of equiaffine geometry G = SL(n), etc. An appropriate power of each one of
these lowest order invariants can be used to define an invariant one form, and hence
a special choice of parameter that, because of its parallelism with Euclidean geom-
etry, we will call parameter of arc-length type. Its associated differential invariant
will be called invariant of arc-length type.

In this note we will investigate two points; first of all we will look into properties
of those evolutions of curves on the manifold that induce a Hamiltonian evolution
on the invariants of the flow. In particular, we prove the following fact: consider
G C GL(n) to be a classical Lie group. Let

(1.1) up = Fu, g, g, - . . )

case of Euclidean geometry G = O(n), k = uf Juy (J= is the symplectic

be any evolution of u(t, z) € IR™ which is invariant under the affine action of G xIR™.
This evolution induces an evolution on its differential invariants. If G # GL(n,R),
and if the evolution induced on the invariants is Hamiltonian with respect to the
reduced geometric bracket, then (1.1) is arc-length preserving. Secondly, we will
prove that, also for G # GL(n,IR), the geometric Poisson brackets are trivial
extensions of Poisson brackets for the unparametrized case. That is, it vanishes
on functionals that depend only on the parameter of arc-length type and can be
restricted to the submanifold where the invariant of arc-length type is constant.

2. GEOMETRIC POISSON BRACKET IN AFFINE GEOMETRIES

In this section we will briefly describe the definition of geometric Poisson brackets
for M = (G x R")/G, G semisimple. More details can be found in [15].

Definition 1. Let J*(IR, M) the space of k-jets of curves, that is, the set of
equivalence classes of curves in M up to k*" order of contact. If we denote by
u(x) a curve in M and by u, the r derivative of u with respect to the parame-

ter x, u, = ‘;;?, the jet space has local coordinates that can be represented by
uk) = (z,u,us,uz,...,ug). The group G acts naturally on parametrized curves,

therefore it acts naturally on the jet space via the formula

g'u(k) = (x?g'u’(g'u)la(g'u)Qv"')
where by (g - u)r we mean the formula obtained when one differentiates ¢ - u and

then writes the result in terms of g, u, w1, etc. This is usually called the prolonged
action of G on J*(IR, M).
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Definition 2. A function

I:J*MR,M) - TR
is called a kth order differential invariant if it is invariant with respect to the
prolonged action of G.

Definition 3. ([7, 8]) A map
p: J*MR,M) — G

is called a left (resp. right) mowving frame if it is equivariant with respect to the
prolonged action of G on J*(IR, M) and the left (resp. right) action of G on itself.

If a group acts (locally) effectively on subsets, then for k large enough the pro-
longed action is locally free on regular jets. This guarantees the existence of a
moving frame on a neighborhood of a regular jet (for example, on a neighborhood
of a generic curve, see [7, 8]).

The group-based moving frame already appears in a familiar method for calcu-
lating the curvature of a curve wu(s) in the Euclidean plane. In this method one
uses a translation to take u(s) to the origin, and a rotation to make one of the axes
tangent to the curve. The curvature can classically be found as the coefficient of the
second order term in the expansion of the curve around u(s). The crucial observa-
tion made in [7, 8] is that the element of the group carrying out the translation and
rotation depends on u and its derivatives and so it defines a map from the jet space
to the group. This map is a Tight moving frame, and it carries all the geometric
information of the curve. In fact, Fels and Olver developed a similar normalization
process to find right moving frames (see [7, 8] and our next Theorem).

k)

Theorem 1. ([7, 8]) Let - denote the prolonged action of the group on u® and

assume we have normalization equations of the form
g-u® =

where ¢y, are constants (they are called normalization constants). Assume we have
enough normalization equations so as to determine g as a function of u,uy, ..., Up,.
Then g = g(u(m)) 1s a right invariant moving frame of order m.

This method works equally well if instead of constants we choose ¢, depending on
differential invariants generators of order less than k. Although we were not able to
find this fact explicitly in the literature, it is a consequence of the method in [7, 8]:
the transverse section which forms the basis for the normalization method can be
equally chosen to be defined by appropriate invariants instead of constants. That
is, ¢g could as well be differential invariants generated by the differential invariant
generators of order less than k£ (and their derivatives), and the method will be as
valid. In particular the generating property (given below) of the resulting moving
frame is unchanged.

Definition 4. Consider Kdz to be the horizontal component of the pullback of the
left (resp. right)-invariant Maurer-Cartan form of the group G via a group-based
left (resp. right) moving frame p. That is

K=p'pocg (resp. K=pyp ")

(K is the coeflicient matrix of the first order differential equation satisfied by p).
We call K the left (resp. right) Serret-Frenet equations for the moving frame p.
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Notice that, if p is a left moving frame, then p~! is a right moving frame and their
Serret-Frenet equations are the negative of each other. A complete set of generating
differential invariants can always be found among the coefficients of group-based
Serret-Frenet equations ([10]). Again, this is also true for moving frames obtained
as above with appropriate invariants ¢y, rather than merely constants.

The relation between classical moving frames and group-based moving frames is
stated in the following theorem.

Theorem 2. ([15]) Let ®, : G/H — G/H be defined by multiplication by g.
That is ®4([z]) = [gz]. Let p be a group-based left moving frame with p -0 = u
where o = [H] € G/H. Identify d®,(0) with an element of GL(n), where n is the
dimension of M.

Then, the matriz d®,(0) contains in its columns a classical moving frame.

Let us assume now that M = (G x IR™)/G so that a left moving frame can be

represented as
by _ (1 O)
u =
P( ) (pu PG

where p, (u®)) € R" and pg(u®) € G. If p-0 = u, then p, = u. With this choice
of representation, the Serret Frenet equations are described as

_ 0 0
K=p 1pw:<A KG)

The author of [15] showed that A contains first order differential invariants. Assume
that the first order differential invariants of the curve are all constant, either because
the prolonged group action is transitive on an open subset of J! (so there are
no first order differential invariants, such is the case for G = SL(n,IR), GL(n,IR)
and Sp(n)) or because we can make them constant by choosing x to be a special
arc—length parameter. Such is the case for all other classical groups, since they
are the symmetry group of bilinear forms whose associated norm does not vanish
generically. In this case (uj,u;) is a first order invariant of arc-length type, see
definition below. Under those assumptions pél (pu), = A € IR™ is constant. (The
condition A = constant is needed to define the geometric Poisson bracket as we will
see below.) Define LN to be the group of Loops on the subspace N, where N C G
is the isotropy subgroup of A, that is

(2.1) N = {g € G such that gA = A}.

Let IC be the set of elements of the form K¢ = p(_;l(pg)l., where p¢ is a left moving
frame associated to curves locally in a neighborhood of u, and where the same
normalization constants have been used to find the moving frame for any curve in
the neighborhood. That is, K contains in its entries a complete set of generating

differential invariants. If a special parameter has been fixed, then we assume that
all the curves are parametrized by that special choice.

Theorem 3. ([15]) Assume that LN acts on Lg* with the action
a*(m)(L) = m ™ 'my +m ™~ Lm.
Then, there exists an open subset of Lg*, U, such that U/LN =2 K

The following is a well-known Poisson bracket on functionals defined on L£g*. Let
H,F : Lg* — IR be two functionals. The variational derivative of these functionals
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can be naturally identified with an element of Lg (see [15]), %‘(L), ‘;—f(L) € Lg.
Define the Poisson bracket of H and F to be given by

22) {HFHD) = /S < (?;(L))z 4 ad’ (?2(@) (L), ‘;JLT(L)> do

where (,) is the pairing between g and g* (for example, the trace if we identify g*
with g and g C gl(n,R)).

Remark 1. Notice that if the Lie algebra g is not semisimple then this bracket
will be defined only on its semisimple component. Therefore, we always assume
that g is semisimple. Since g @ IR™ is not semisimple, one is forced to reduce to
the g term. This is the reason why the component A needs to be constant, so that
we can define our Poisson bracket on the space K generated by the g* component
of the Serret-Frenet equations. Also, from now on we will identify g and g* using
semisimplicity.

The following Theorem was also proved in [15].

Theorem 4. The bracket (2.2) can be reduced to K = U/LN to produce a Poisson
bracket defined on the space of differential invariants of curves on a neighborhood
of a generic curve.

The practical calculation of this bracket is not too complicated. If the normaliza-
tion sections are chosen so that the Serret-Frenet equations are simple, calculating
explicitly the Poisson bracket can be done algebraically, and in lower dimensions
by hand. Indeed, assume h, f : K — IR are two functionals defined on K, that is,
defined on a submanifold generated by a basis of differential invariants k = (k;).
Define h; = g—]z. In order to define the reduction of (2.2) one needs to extend h
and f to H and F defined on L£g* and constant on the leaves of LN. But one does
not need to know explicitly these extensions. Being constant on the leaves of LN
means that

(2.3) (?z)z + [L, %] en’

likewise with F, where n is the Lie algebra of N and n® C Lg* is its annihilator.
When we restrict to K, condition (2.3) determines enough components ofi 3% (K¢)
in terms of h; and k; to completely describe the reduced bracket as

{h, fIr(k) = /S < <‘;72(KG))$ + [KG, ‘?;(KG)] , (;]L:(KG)> dz.

We will call the reduced bracket {, }r a geometric Poisson bracket. The result in
[15] proves that this expression indeed defines a Poisson bracket. The bracket (2.2)
has a family of compatible brackets {, }o, i.e., brackets such that a{, } + 3{, }o are
also Poisson, for any «, 8 € IR. They are given by

(2.4) {H,F}o = /S <ad* (?Z(L)) (Lo), ‘;JZ(L)> dz,

where Ly € g* is any constant element. These companion brackets do not always
reduce to K (the result in [15] stating the opposite is incorrect), and its reduction
usually signals the existence of completely integrable evolutions of curves in M.
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We give next the theorems in [15] that we will use in this note. Assume we
choose moving frames along curves on a neighborhood of a generic curve using the
same normalization sections. Assume that

pa = (T1,Ty,...Ty)

where T; are the columns of the matrix. Theorem 2 above shows that T; form an
invariant set of independent vectors along the curves. Therefore, it is known ([23])
that any invariant evolution of curves in M can be written as

(2.5) U = per =r111 +rolo+ -+ 1T,

where r = (r;) is a differential invariant vector, i.e., each r; is generated by k1, ..., k,
and their derivatives.

Theorem 5. ([15]) Assume that u(t,z) is a flow solution of the equation (2.5),
and assume that there exists h : I — IR such that for any extension H holding
(2.3) one has

0
(26) 6%([(@)/\ =r;+ KGI‘.

Then, the evolution induced on k by (2.5) is Hamiltonian with respect to the geo-
metric bracket, with Hamiltonian functional h.

3. HAMILTONIAN STRUCTURES AND INVARIANTS OF ARC-LENGTH TYPE

Definition 5. We say a differential invariant k is an invariant of arc-length type
if k is a lowest order density, i.e., if y = ¢(z) is any change of variable, then

¢k = (¢3k) 097"
form some integer s, and s is the lowest nonzero such value.

If we consider G C GL(n) to be a classical group, and if G is the symmetry group
of a bilinear form (,) such that (v, v) does not vanish generically, then k& = (u1,u;)
is a first order differential invariant of a generic curve u, and also an invariant of
arc-length type with s = 2. As we saw in the previous section, one needs to have k
constant in order to be able to define the reduced Poisson bracket. Hence, for the
k evolution to be Hamiltonian and induced by an invariant evolution of curves in
M, we will need the evolution to preserve k also.

The question here is: what happens in the other cases, G = SL(n,IR) (equi-
affine geometry), G = Sp(n) (symplectic geometry) and G = GL(n,IR) (general
affine geometry)? We will show that in the first two cases there is a differential
invariant of arc-length type, k, and that (2.6) implies the preservation of k by the
evolution (2.5). In the last case G = GL(n, IR), there is a choice of invariant &, but
(2.6) could hold with no invariant of arc-length type evolving trivially under the
flow (2.5).

Furthermore, we will also show that in the first two cases the Poisson bracket is
in fact a geometric bracket defined on unparametrized curves and trivially extended
to the differential invariant of arc-length type. In the last case the bracket is not
such a trivial extension, i.e., it is a true parametrized geometric bracket. Other
parametrized geometric brackets appear in projective and conformal geometries
([16], [17]), but this is the first example for which the transformation group is of
affine form G x IR™.
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3.1. The case G = SL(n,IR). The description of group-based Serret-Frenet equa-
tions for equi-affine geometry can be found in [15]. In there, it was shown that a
left moving frame could be found so that p-0=w and p-e; =u;,i=1,...,n—1
(the vectors e; represent the standard basis for R"), p-e, = %un and such that its
associated Serret-Frenet equations are given by

0 0
K=o <)

where

0o 0 ... O kq

1 0 ... 0 ko

Ke=|: . =~ .

0 ... 1 0 Kkn_1

0 ... 0 k 0
The invariants k; = det(uy, ..., Ui—1, Unt1, Wit1,-- ., Uy) and k = det(ug, ..., uy,)
form a basis for equi-affine differential invariants of parametrized curves. The com-
ponent p¢ defining an invariant basis of vectors is given by pe = (u1, uz, . . ., Un—1, $us).

In this case A = e; and so the isotropy subgroup N is given by

1 =x

0 ©
with © € SL(n — 1,IR). Its Lie algebra is defined by matrices in sl(n, IR) with zero
first column, and its annihilator n° is given by matrices of the form

« *
0 —z2p1)

where I indicates the identity matrix and o € C*°(S1).
Assume we have an invariant evolution. From [23] we know that this can be
written in the form

n—1
r
(3.1) up = ; riu; + ?nun = pgr
where r;,4 = 1,...,n are the differential invariants defining the invariant evolution,

i.e., functions of k, k; and their derivatives. Assume a given evolution of this type
induces a Hamiltonian evolution on k, k;, Hamiltonian with respect to the geometric
bracket. This means that there exists a Hamiltonian functional i and an extension
to Lsl(n)*, H, constant on the leaves of LN and satisfying

0H oH
3.2 — (K, Kg, —(K 0
(32) (57 Ke)) + Ko 5 e e
(which is a consequence of H being constant on the leaves of LN). Also, coming
from (3.1), H will satisfy

OH
oL
if we are to ensure that the induced evolution on the invariants is Hamilton-
ian. For more information see [15]. On the other hand, there is a simple way

to describe the equation induced on the invariants k,k;. Indeed, assume N =

(33) (K(;)el =7r; + K(;I'

p lpr = (2 ]\? ) represents the evolution of p under the flow (3.1). Given that
G



8 GLORIA MARI BEFFA

plps = pt (12 (p(();) > = <S 2), we have that s = r. The compatibility

condition, and the fact that - and < 4 commute imply K; = N, + [K, N}, that is

(8 (K(L)t):(si <Ni>x>+[<£ f?a>’<(s) Agc)]

Ngey =r, + Kgr
which is the same condition required for ?L{ (Kg) in (2.6). Therefore, if a Hamil-

From here

tonian evolution is induced by a curve evolution, then %‘(Kg)el = Nge;.

Theorem 6. If 9£(Kg)e; = Ngey as above, then evolution (3.1) preserves the
parameter k.

Proof. First of all, let N be associated to an evolution (3.1) as above. Assume
that evolution (3.1) is also Hamiltonian with respect to a Hamiltonian functional
f, that is,

of
Pék
In that case we know that Nge; = %(Kg)el. Assume h is any other Hamiltonian
functional and let H be an extension such that (3.2) holds true. In that case, since
(Kg)t = (Ng)w + [Kg,NgL we have that

(3.4) <‘;72(KG> (Ne)s + KG,NG> Zh D0 = {f, h}(K),

where h; = f—}z and kg = k. This is true since H is an extension and hence it has h;
located in the dual position to k;. We will show that, for any Hamiltonian functional
H, (3.4) above does not depend on hy = %' This will imply that (ko) = k¢t =0
and hence evolution (3.1) preserves arc- length

To see that (3.4) does not depend on hg = notice that

&
oH oH oH
(Frtce). e + ke Nol) = = (57 (06 +1Ke. 5 ()] Ner).
Therefore, (3.4) will depend on whatever entries of $% (K ) are involved in ($(Kq))  +
(K¢, 3% (K¢))]. But

(000 = (5706 + Ko 57 (el S ) )

-~ ((§wa) + Ko Tt 57 )

and so only the entries of (K(;) in the direction dual to n® will appear in the
bracket. Likewise for —(Kg)

Assume now that @7 _ g, is the standard gradation of gl(n) (i.e. g; are ma-
trices with zeroes outside the ¢ diagonal, and the positive and negative gradation
corresponds to upper and lower triangular matrices, respectively). Let

q) = ZHZ

1=—n
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be the decomposition in terms of the gradation. Then, the entries involved in
(%(Kg))z +[Kgq, %(Kg)] will be in the non positive part of the gradation, since
that is where the dual to n° lies (in fact, it would be entries in the first column and
the main diagonal only).

Finally, we can prove that the non positive part of the gradation of %(Kg)
does not depend on hg. Indeed, condition (3.2) implies that the components in the
negative gradation of (%(K@))I + [Kgq, 2 (K¢)] will vanish. Let’s denote by T
the matrix below

0 0 ... 0
10 ... 0| /0 k
ke=remo=|. .|+ (06)
0 E 0
Condition (3.2) implies that
(H—n):r + [F7H—n+1] =0
(anJrr)z + [F, H7n+r+1] + Z knfi[Ei,na H7n+r] - 07
i=1
forr=1,2,...,n— 1, where E; ; has a 1 in place (i, j) and zero elsewhere. These

equations show that H, for s < 0 depend on k, k; and the (n,4) entries of 3% (K¢)
for i =1,...,n—1. Since hg is in the (n — 1,n) entry of $¥(K¢) and the (n, 1)
entry is given by h;, the theorem follows. &

Notice that the proof of this theorem also shows that the geometric Poisson
bracket {h, f} does not depend on hy = ‘g—Z and fo = %. Therefore, the following
theorem is partially proved.

Theorem 7. The equi-affine geometric Poisson bracket can be restricted to the
Poisson submanifold k = 1, where k is the equi-affine arc-length. Furthermore, the
reduced Poisson bracket is equivalent to the Adler-Gel’fand-Dikii Poisson bracket
or second Hamiltonian structure for generalized KdV equations.

Proof. Since the bracket is independent of hg, it can be trivially restricted. The
only part of the theorem that has not been proved yet is that the resulting reduced
bracket is equivalent to the Adler-Gel’'fand-Dikii bracket. If k = 1 the authors of
[4] proved that the Poisson bracket (2.2) for g = sl(n + 1) could be reduced to the
affine subspace of £sl*(n) defined by matrices of the form

0 Fn, ... k

1 0 ... 0
(3.5)

0o ... 1 0

This affine subspace of Lg* is directly related to ours, as explained in [3], Drinfel’d
and Sokolov’s are merely a different choice of generating differential invariants.
Therefore, Drinfel’d and Sokolov’s Poisson bracket (the AGD bracket) is equiv-
alent to our geometric Poisson bracket when written using our set of generating
invariants. &
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Incidentally, the authors of [4] also proved that (2.4) reduces to (3.5) for the
choice Ly = Fy . In fact, for n = 2 there exists a completely integrable invari-
ant evolution of equiaffine curves preserving arc-length and inducing the Sowada-
Koterra equation on k; (see [24]). It is not known if all higher order ones exist.

Example 1. Consider the case n = 3. In this case the matrix Kg is given by

00 Kk
Ke=|1 0 ko
0k 0

and an invariant evolution of curves will be given by

T3
Uy = r1uU1 + roUug + —uUs3.

k

The matrix describing the evolution of the moving frame under this evolution is
determined by Nge; = r, + Kgr (i.e.. n;; are determined), and the relation
(Kg)t = (ZV(;)JL + [KG,Ng]; That is

nii * * k1n31 — N2 * *
N21  M22 * + kong1 + ni1 — nao * *
ng1 Nz —ni— N/ knai — nas k(2n22 +n11)  knse
0 0 (ki)e
(3.6) =0 0 (ko)
0 K 0

The arc-length preserving condition is given by k; = 0 or
(3.7) (n32)z + k(2n22 +n11) = 0.

Using the entries (2,1) and (3,1) of (3.6) we obtain that nss = (n31). + kney and
Nag = (n21)z + kang1 + ni1. Therefore, in terms of the first column entries. the
arc-length preserving condition is given by

(38) (ngl)m + (kngl)m + Qk(ngl)x -+ 2kk2n31 -+ 3]’67111 = O

If h: K — IR is a Hamiltonian functional and H is any extension constant on the

leaves of LN, then 3% (K¢) needs to hold the condition (3.2). If $¥(Kg) = (hyj),

then this condition becomes

hit hio hi3
hot  hao ha3
hai hza —hi1 — haa
(3.9)
k1hgi — hi2 k1hza — khy3 —k1(2h11 + ho2) — kohio
+ | k2hs1 + ha1x — haa  kohaa + hia — khog  his — ka(h11 + 2ha2) — k1hos
kha1 — h3a k(2hgg + h11) *
* k *k
=10 % O
0 0 =«

Being an extension of h implies hyg = g—:, h31 = % and h3p = % since they are
located in the dual positions to k, ki and ko (we are identifying g with g* using
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the trace and K € Lg*, %% (K) € Lg). Using the entries (2,1), (3,1) and (3,2) of
(3.9) we get

3khi1 = —(ha2)z — 2kkahs1 — 2k(ho1)e, khor = haa — (h31)a,
and, from here hgo = kha1 + (h31), and
(310) 3khi1 = —(kh21) — (h31)xa¢ — 2kk2h31 — 2I€(h21)

Imposing a condition of the form (KG)61 =r, + Kgr = Nge; implies h;1 = n;
and, therefore, conditions (3.8) and (3.10) are clearly identical. Hence, for a curve
evolution to induce a Hamiltonian evolution on its invariants, the evolution needs
to be arc-length preserving.

Notice that using the equations in place (2,1),(3,1),(3,2) and (2, 3) we are also
able to solve for all entries as functions of hsg, hg; and hso, i.e., in terms of the
variational derivative of h. We obtain

1 i
3khiy = —hiy — 2kkahsy — 2k (k<h32 - 2),1)>
1 !
3khay = —hiy+kkahsi +k (k(h32 - él))
khlg = —kghé@ + kl(h32 - hil?.l) - h/23
khgl = h32 - hl31

Finally, assume that h, f are two functionals and H, F are two suitable extensions.
We will use the same notation for F as we did for H. We can find the geometric
Poisson bracket directly from the values we just found. The geometric bracket is
given by

oH oH 6F 5fT _6h
h.yw = [ ((5Ke)) + 1Ko 0. 57 060) yao = [ 3 P
Sf _ (8f Sf ISFNT St ;
where % = (5z, oo 6k2) . Substituting all entries and after rather long, but

straightforward, calculations one gets that the matrix of differential operators P
defining the bracket is given by

0 0 0
P: 0 P11 P12
0 —P;, Py
where
1 1 1
P, = 7D D3D ka—szD DD2k D>-Dky —k;D=D
11 3PV +3(2 2 2D A 2) + o 1o,
ky ky 1,1 1,1 1 )
Py, = 2D+D kot~ Yoplp2lpiopipsty s Yeptip 4 ok,D
12 k+k+1k 3(1<;1<;+ PPt 3(2k+2k)’
ko ke 2 5 1, 1,1 51
Py = JD+D-—(Dy 'pipilp pip2l  1pelp
22 PP+ Ds 3Dy +k k) 3PP+ PP

and where D = %. As expected, the first row and column vanish and hence we
can further restrict the bracket to K = 1. When k& = 1, the restricted bracket is
defined by the matrix of differential operators

2DP + 2(kyDky — ksD? — DPky) + D%ky — kD> —D* + kyD? + 2ky D + Dk,

D* — D?ky + 2Dk + k1D —2D3 4+ koD + Dky
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a bracket which is equivalent to the Adler-Gelfand-Dikii bracket or second Hamil-
tonian structure for generalized KdV equations. For a description of this equiva-
lency, see [3]. Finally, the restriction of (2.4) with Ly = Ej 3 is given by

) 5 5fT _ 5h
{h,f}o(k) = /Sl <|:E1’3(S72(KG):| ,5(KG)> dl‘ = o % ,P()@ddi

where the operator Py is given by

0 0 0
Po=10 0 1D+ D+
0 2Dt++D 0

This bracket restricts to £k = 1 to obtain the bracket defined by the differential

operator
z 0 D
2\D 0

which is the well-known companion to the AGD bracket.

3.2. The case G = Sp(2n). As in the previous subsection, we need to determine
what is the condition to have a preservation of the arc-length invariant by an
evolution of curves u(t,z) € IR™, invariant under the symplectic group. We then
need to show that, if the induced evolution on k is Hamiltonian, then the condition
to preserve the parameter holds true.

In this case a generating system of independent differential invariants is given
by

(3.11) ki = uly Juivo

fori=0,1,...,n— 1. Clearly k = kg is an invariant of arc-length type.

Lemma 1. There exists a left moving frame along a generic curve such that its
associated Serret-Frenet equations are defined by the matrix

0 0
K= (61 KG)

1
Kg = (keny1,..., kel + %62,-~-)

and where the entries not shown are not relevant to the present calculation, the two
nonzero columns shown are in place 1 and n+1, and the invariant ky is defined as

k
ky = — k.

where

Proof. This lemma is a consequence of Lemma 2 below. &

As before, if
(3.12) w =per=riTi+ - +r,T,

is any invariant evolution, then the induced evolution on the differential invariants
is given by the equation

(3.13) Ky = N, + [K,N]
where K = p~1p, and N = p~1p;. Again, from [15] we know that

0 0 0 O
e (2 2 wan= (00,
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and condition (3.13) splits into
NG61 =r,; + KGr and (Kg)t = (Ng>$ + [Kg, Ng].

Recall now that the algebra sp(n) is represented by matrices of the form

(e )

where both B and C are symmetric. This means that, if the first column of K¢g €
sp(n) is ke, y1, then the n + 1 row of K¢ is given by kel. It also implies that, if
R = (r;;) € sp(n) then 711 = —7rpq1nt1-

Since the invariant k appears in the (n + 1,1) entry of K¢, we have that, if
Ng = (n; ), the arc-length preserving condition is given by

(3.14) ke = (Mpt11)s +kn11 — knpg1n+1 = (Mpt11)s + 2kn1,1 =0

or mi = *%(nn+1,1)x- Finally, given a Hamiltonian functional h :  — IR, the
variational derivative of an extension H constant on the leaves of LN needs to
satisfy

(3.15) (?;(Kg)>$ + [K@ ?2(1(@)} en’.
In this case n is the subalgebra of sp(n) with zero first column (and hence zero n+1
row). Therefore, n° is defined by matrices in sp(n) whose only nonzero entries are
those of the first row and n + 1 column. Furthermore, since H is an extension of h,
along K the (1,n + 1) entry of %(K@) is given by the variational derivative of h
with respect to k (since k is in the (n + 1,1) entry of K¢) and the (n+ 1, 1) entry
of 2% (K¢) is given by hy = gs—,fl(k) (since k; is the entry in place (1,n + 1) of Kg).
With this information we can now finish the proof of our result. Condition (2.6)
is necessary and sufficient for an evolution to induce a Hamiltonian evolution on
its differential invariants. Therefore, the condition can be read as

oH
E(K@)el = Ngei; =r, + Kqr.

The arc-length preserving condition of an evolution is given by (3.14), which be-
comes (Hp111)s + 2kHy1 = 0, where %(Kg) = (H; ;). But, using the vanishing
of the (n + 1,1) entry of the expression (3.15) we have that

(Hn+1,1)a: + kHl,l - anJrl,nJrl =0

which is equivalent to (H,411)s + 2kH;; = 0, since %(Kc) € sp(n) and so
Hy 1 n+1 = —Hi,1. We just proved the following theorem.

Theorem 8. Let u(t,z) be a flow solution of an invariant evolution of the form
(8.12), and assume that the differential invariants of the flow satisfy an evolution
which is Hamiltonian with respect to the geometric Poisson bracket. Then the evo-
lution is arc-length preserving.

As before, the fundamental reason why evolutions need to be arc-length preserv-
ing is the nature of the geometric Poisson bracket. The Sp(2n) geometric Poisson
bracket is in fact defined on the submanifold where k constant and it was extended
trivially to the entire manifold of differential invariants. That is what our next
theorem shows. First, a previous, somehow technical, lemma. Notice that finding
Serret-Frenet equations might not be enough to make a Poisson study, quite often
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we need to find moving frames that result in Serret-Frenet equations as simple as
possible. This time constant choices of normalizing cross sections is not sufficient to
define simple Serret-Frenet equations. Hence, we need to modify the normalization
method used in [7, §].

Lemma 2. There exist normalization equations and a (left) moving frame p such
that the space K of Serret-Frenet matrices associated to them is the affine subspace

of Lg* defined by matrices of the form K = (0 0 > where
€1 KG
(0 K

a0 ko= (0, )
and where

B 1 0 ... 0 o 0

1 ks 1 0 00 by 0

Kl frg E .. .. . : s K—l frd
0 ... 1  kops 1 : ’ ’ ’
0 ... 0 1 kan 0 o 0 hons

The invariants {k;} form a system of functionally independent and generating dif-
ferential invariants for curves.

Proof. To prove this lemma we will use a modified normalization process, similar
to the one that appears in [7, 8]. In [7, 8] the authors proved that, if enough
normalization equations of the form ¢ - u(™ = ¢,, with ¢, constant, can be found
to completely determine p(u(s)) = g, then p is a right moving frame for v and
the entries of p,p~! generate all other differential invariants for the curve. On the
other hand, the condition ¢, constant is not essential. Indeed, one can use, instead
of constants c,, differential invariants of order less than r, and their derivatives,
and the method will still work as well. It will create a right moving frame whose
Serret-Frenet equations produce a system of generators for all other differential
invariants. As we said in the introductory section, we could not find this published
anywhere, but it can be concluded directly from the process in [7, 8]. Here we will
use normalization equations for which ¢, are differential invariants of lower order.
Although not standard, the choices simplify the appearance of K.

The normalization equations and the moving frame will be created following a
recursion process. Let a moving frame be given by (we use p~! since we are looking
for a left moving frame and the process will produce a right one -its inverse-)

e
Pu PG

The first normalization equation is of course p™" - u = pg - u + p, = 0 which
determines p, = —pgu. The rest of the normalization equations are of the form
pau; = ¢;. The first two in that group are given by

1

paur = e1, pguz = koeny1.

the coefficient kg of the second equation is given as in (3.11) and it is determined
by the condition pg € Sp(n) (since uf Jus = (pguy)? Jpguz). Our second group of
equations is given by

pcus = Yoes + ag1€1 + Qo ny1€nt1
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pauy = koenyo + Xoea + B21€1 + Bont1€n41

where asq = —’fz—;, 0yl = 156, Ba1 = —% and (41 = l%’ — ky are also com-
pletely determined by pg € Sp( ), as before. The generator ky is also completely
determined by the relation kg = Yoko + 02.102,n+1 — B2,100 1, Once Y5 has been
chosen. If Y depends, as it will, on generators of order less than ko, then {ko, ka1, kg}
(functionally) generate the same space of differential invariants as {]AC(), 12:1, 12:2}

These normalization equations define the first four columns of pal for any choice
of X5 and Y5. The two normalization terms X5, Y5 will be chosen to determine a
convenient shape of the Serret-Frenet equations.

The recurrence equations in [7, 8] help us relate the entries of Kg and the
invariants ¢, = I, = pgu,. Indeed, if K¢ is the g-block of the left moving frame,
then

Kgl, =141 — I
for any r. This formula is a rewriting in our notation of the formula found in [7, 8].
Using the formula we quickly see that

R , s
Kgl = Kge, = (k0)6n+1 — € = k0€n+1
and
7 7
Kgly = koKgent1 = Yoeg + ag €1 + oo nii1€ny1 — kgeny1 = Yoea +an 161,

If we choose Y, = ko, k1 = k = :; and kg = ]AC(), we have that Kge; = koent1
0

and Kgent1 = kiex + e2, with kg and k1 functionally generating the same set

of differential invariants as ko and k1. Notice that Y5, which appears in I3, is

determined by a choice of Kges. Next
Kgly =1, I}
which becomes, after straightforward calculations,

YaKges = kaenta — (Qani1 + Yy — Xo)es

so that the choice X5 = 212;6 and ko = % will guarantee that Kgeo = koepyo. Also
{ko, k1, k2 } functionally generates the same set of differential invariants as ko, ]%1’ ko.

One can now readily see the way to proceed. Assume that normalization equa-
tions have been determined of the form

Iz 1 = pgusor—1
k—2

= Yrer + kop—3€r—1 + 02k—1ntk—1€n—k+1 + E (0ok—1,5€s + O2k—1 nt+s€nts)
s=1

k-1
Loy = pguak, = kog—2€n4k + Xrer + Z(ﬂzk,ses + Bok,ntsCnts)s
s=1
for k =1,2,...,r and Y}, X} chosen so that Kgep = kog_se,qi for Kk =1,...r
and ngan = kog—1€x + €xy1 +ex—1 for £ = 1,...,r — 1. Assume also that
{ko, .. kzk 2} generates the same space of d1fferent1al invariants as {ko, vy kor_o}
and as {ko, ..y kor_o}. Likewise with all nested subsets, as before. We define

r—1

PGU2r+1 - Yr+1er+1 + k?rfler + a2r+1,n+ren+r + § (a2r+1,ses + Oé2r+1,n+sen+s)
s=1
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(s

PGU2r4+2 = k2r6n+r+1 + X7‘+16r+1 + Z(ﬂQr—&-Z,ses + ﬁZr+2,7L+s€n+s)

s=1

where all coefficients will be determined by pg € Sp(n), except for Y,.11 and X, 41,
and where ko,._1 is also a generator. Notice that, since K¢g € sp(n) and Kgep =

kog—o€ntk for k =1,... 7, the vectors Kge,11 and Kgée, 4, will not depend on e, ¢
for s =1,...7r. Also, since Kgéntr = kok—1€k + €1 +ex—1 for k=1,...,r =1,
Kgery1 will not depend on e, k = 1,...,7 — 1 and Kge,4,'s only term in ey,

k=1,...,7—1will be e,_1. This fact will greatly simplify our calculations. Using
that Kgls, = o1 — Ib,, substituting the values we have and ignoring terms we
know will vanish, one gets

7 7 1. I
kor—oKGenyr = kop—2er—1 + Yrp1er41 + (k2r—1 — 02p—2 ngr—1 — X, )er.

ChOOSng Yr+1 = :I;IQT_Q and kg,«_l = ];32,«_1 — Q2r_2 ntr—1 — X;q , We obtain that
Kgenir = kop_1€, + €.-1 + €,41. This condition further implies that Kge,41 will
not depend on e, either. Finally, since Kglop+1 = Iop42 — I§r+1> substituting the

values we have and ignoring again terms we know will disappear, we get

, o
YrJrlKGerJrl = (Xr+1 - Yr+1 - a2r+1,n+r)er+1 + k2ren+r+17

so that, if we choose X, 1 =Y/ | + a2rt1n4r and kg, = }f:il we obtain our last
step in this induction process.

Notice that the induction guarantees that, once we fix Y, and X,., the values of
Kge, and Kgepqr—1 get fixed. That means that, once we have completely fixed our
moving frame p, the values of Kges, have not been determined yet by this process.
But that is not a problem. Since Kg € sp(n), fixing the first 2n — 1 columns of
K¢ determines K¢ completely except for one entry, the one in place (n,2n). Also,
this process has generated the invariants kg, ..., ko, 2. Since the entries of Kg are
known to generate all other differential invariants, and to attain that one needs 2n
functionally independent invariants, we call ks,_1 the entry in place (n,2n), and
we finish that way the proof of the lemma. &

Theorem 9. Assume h is a functional on K that depends on k = ko only. That
18, (;% =0 foralli=1,...,n—1. Then, {h, f}(k) = 0 for any functional f on
IC, where {,} is the geometric Poisson bracket of Sp(2n). Therefore, the geometric
Poisson bracket restricts to the submanifold of IC given by k = 1 to produce the
geometric Poisson bracket for unparametrized curves.

Proof. If f and h are two Hamiltonian functionals, their geometric Poisson
bracket is defined as

(.1300 = [ race (((‘?Z(K@)m + e S 6| ) () ) o

where H and F are suitable extensions of the Hamiltonian satisfying (2.3). Given
that H holds (2.3), we can conclude that only the first column and n + 1 row of
%(K @) are involved in the definition of the reduced bracket. By skew-symmetry
the same is true with %(Kg). Therefore, it suffices to show that hy = % does

- b
not appear in the first column of 3% (K¢).
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To prove this we use (2.3) and the fact that n® is given by vanishing entries other
than those in the first row and n + 1 column. Assume H = %(KG) is given by

([ Hp H,y
= i)

with Hy; and H_; symmetric. The diagonals of H; and H_; are determined by %
and kg only appears in the (1,n + 1) entry, in the H; block. Since

Ko ] = (K1 — HiKy ~K\H] — HyK,
G T\HIK 1+ K 1Hy K H —H K,

one has that hy appears only in entries (1,1), (1,n+1), (n+1,n+1) of H, +[K¢, H],
together with the other (;STZ’ i # 0 and the entries that are still to be determined.
Since none of those equations are used (n is defined by matrices with zeroes outside
the first row and n+1 column, and hence only the vanishing entries are used in (2.3)
to determine the remaining entries of H), to prove the theorem it suffices to show
that (2.3) determines all undetermined entries in H that appear in the bracket.

To prove this is a little tricky. Equation (2.3) becomes, in our notation (x are
entries that are not relevant)

* * *

0 0 0
(3.17) Hy+KH ,-HK_ , = :

0 0 0
(3.18) H , +K Hy+H'K, = 0

* 0 0
(3.19) H| - K\H — HyK, = . .

* 0 ... O

where the equations equal zero are the ones we will use to determine the remaining
entries of H. Let’s call HO = (aij), H1 = (bU) and H_1 = (cij)-
(a) Using the diagonal of (3.18), whose entries are given by (%)$+2kgr,2arr =

0, » = 1,...,n, we can solve for the diagonal of Hy, and so all block diago-
nals are uniquely determined. If we now use the diagonal of (3.17), given by
al,. + ko1 M‘Zfﬁ + Crg1r F Cro1p — kgr_g(;ki% =0,r=2,...,n, we obtain equa-

tions for ¢y41, + ¢r—1,, with the last equation solving for ¢,_1,. By symmetry,
this group of equations will determine the second diagonal of H_;. Now, using the
diagonal of (3.19), given by (51@2%)96 —2kop 1y + Gry1r +ap_1,- = 0, we obtain an
equation for a,41, + ar_1,, r = 2,...,n, with the last equation solving for a,,_1.
Since Hj is not symmetric, this does not determine the second diagonal of Hy yet.

(b) We go now to the second diagonal of (3.18). This is given by ¢, +
kor_oQrry1 + korari1, = 0, 7 = 1,...,n — 1. Since anpy1 is determined, this
equation determines a,_1,. Combining these with the equations in (a) solving for
Qpr—1r + Qry1r, We can now solve for both second diagonals of Hy.

We then go directly to both second diagonals of (3.17). The lower one has
entries a;r_l + kgr_lcm«_l + Cr_1p—1 + Cr4lr—1 — kgr_gbm«_l = O, T = 2,3, .. n,
determining completely the second diagonal of H,. The upper diagonal has entries
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A1+ F2r—1Crr41 + Crg1r41 — k2r—2bpr1 = 0 which determined the third diagonal
of H_1 .

(c) Repeating this process with the remaining diagonals we can uniquely deter-
mine all entries of H using the vanishing equations en (3.17), (3.18) and (3.19).
There is probably a more elegant way to describe this fact using the standard
gradation of gl(n), but we could not find a simpler one. &

Example 2. Assume n = 2. In this case one can choose normahzatlon constant
C1 = €1,C = ]{163, C3 = ]C@Q — k—el +k €3 and Cq = k264+2k’ €g — *61 + (]CN kl)eg,
where kko = ko + %(k” — k) + Ek’ik/- With these choices the G component of the
left moving frame is given by

pGer = uhPG(ke:’,) = Ug,

k - k! .
pa(kes — Zlel +K'e3) = uz, pg(kaeq + 2k’ ez — ?161 + (K" — k1)es) = uy.
This determines pg to be given by the matrix pg = (T17127574) where

Ty = w

_ 1 k K
TQ = EUg —+ ?éul — FUQ

(3.20)
T3 = %UQ
2(k 4 "y
= A B~ G+ 25

Its Serret-Frenet equation is given by
0 0 Kk 1
1. _ (0 O 10 0 1 ks
P px‘<el Ke) Te= |k 0 0 o0
0 0 0

A basis of differential invariants is given by k, k1 = —Z—;, ko = 1712 (12:2 + %(k” — l%l) +

and k3 = —1%2153 + S, where S depends on k, 12:1, 1%2 and their derivatives. The term
2

S can be found with straightforward calculations from the data above, but its form
is long and irrelevant here. As before A = e; and so its isotropy algebra n are those
matrices in sp(n) with vanishing first column. If h is a Hamiltonian functional
depending on k, k1, ko, k3 and their derivatives and if H is an extension to Lsp(n)*
constant on the leaves of LN, necessarily 3% (K¢) must hold (2.3). If 8¢ = h,

(;5,:”_ = h;, this implies (* indicates entries that are not relevant)

(3.21)
aj; a2 h b 0 0 kl 1 aj; a2 h b
d a21 Q22 b hg 0 0 1 k3 a21 4922 b h2
% hl a —a11 —a21 k 0 0 0 ’ hl a —Qa11 —ao1
a h3 —ai12 —a92 0 k‘Q 0 0 a h3 —ai12 —a99

O O O *
O O O *
* %k K X
O O O *

k

1
k

)
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We can now calculate the (3,1), (4,2), (2,4) and (2,2) entries of this equation to
obtain

hll + 2kai; =0, hé + 2koage = 0,
h’2 - 2&21 - 2]{)30,22 =0 a’22 —a— k‘ghg + thQ =0.

These equations allow us to solve for a1, as1,ase and a in terms of hi, he and hs
only. Therefore, equations (2.6) are over determined in h; and there will be one
compatibility condition that needs to be satisfied. Now, one can find the general
form of any invariant evolution of curves in IR* which are invariant under the action
of Sp(2) x IR*. Indeed, this is given by (3.20). Any such invariant evolution is of
the form

(322) u = pat = r11y +rods + r3Ts + ryTy

where T; are as in (3.20) and where r; are differential invariants (and hence functions
of k, ki, ko, ks and their derivatives). If u(t,z) is a flow solution of this equation,
one can write (2.6) explicitly to find that the evolution induced on its invariants
will be Hamiltonian whenever

_Llp / 1
k1 kkfk/ ! Esk’ " ,+ kars + g7
gha + g hs + 5 hs = By + s+ ks
, ha , - rh + kry
k (kihg) +k (%hg) — Kkshs + kkohs v+ ks + Koy

Clearly, the compatibility condition for this to be held is given by the first and third
equations. That is, we need the condition

1
i + (kr1) = —2k(r] + kirs + Em).

A somehow long but straightforward calculation shows that this is exactly the
condition needed for (3.22) to preserve k = u? Jus.

For completion we will provide the geometric Poisson bracket for this case. Notice
that Poisson brackets for this dimension are unusual in the literature, most brackets
are one or two dimensional (this will be four, restricting to three). Equations (3.21)
produce more than the first column of %(Kg), it produces all relevant entries of
%(K(;) needed to define explicitly the geometric Poisson bracket. Notice that we
have used only four of the six equations available. If we further use the equations

in entries (2,1) and (4, 1) we also obtain the expressions for b and aj5 in terms of
h;. We get

1 1 ks 1 1
kb = Shy+ 5( hs) +ha+ kskahe = Kshs + Sks(-hs)'
, ’ 1.1 I\ 1 l 1 !
kaiz = —(kaho)' + (kshs) — S (s—h3)" — Skahy — Skshy
2" ko 2 2

We now have all relevant entries in H = 9%(K). If we assume F = 22 (K¢) to
be the analogous one for a different Hamiltonian functional f, we can substitute in
(2.2) to obtain the geometric bracket explicitly. The calculations are very long and
tedious, but again straightforward. The result is given by

of

T
(h.7Y09 = [ 5 09TPS k)d
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where k = (k7 kl? k2? k3)a %( ) (%(k)a %(k)v %(k)v %(k))Ta and

0 0 0 0

0 Pn P P
0 =P P P
0 =Py —Pj5 Ps3

P =

As it was proved above, the bracket restricts to the submanifold where k is constant.
For simplicity we will give the explicit expression of P for k = 1. They are

1
P, = —§D3+Dk1—|—k1D
Piy = koD + 3Dk
1
Ps = k3D — 3Dk3+3D2kD
2
1
Pyy = D3kg+koD? + 5(chgD2 + D?ky D) + 2ky(ksDko 4 Dksks)
+ Dk%k;g + kgng — (Dlﬁkg + kleD)
1,1 1 k 1 1
Py = 7D4k—D7D3k3+szng+k2D2k—3D+k2Dk3Dk—D+k3k2D2% D
2
1 ks 1 1
+ —(DkyD=3D + DkskoD— D)+Dk1k3—k1k3D—ka1D D
2 k‘z k k2
+ k’gkjSD Dk‘3]€2—2k‘2(Dk‘3+k3Dk‘3)
ks s 1 o ks ) , 1
Py = —(D2D3—-D4+D-—D¥3D+ D—D*%3D—D + D—Dk3D>—D
33 (k2k2+k2k2+k23k2+k23k2)
k k
— (D2D%; + ksD? 3D+k:3Dk3D D+D— Dngk3+k3D2 D+ D— D2k3)
ko ko ko ko ko ko
ks ks )
D=2 DksD + DksD-2D D—Dk2D + Dk2D—D D—D—D
+ (kz 3+ 3k2) (kg s 3k2)+2k2k2
kskq ksk1 kgz,kl klk'g 3 3
_ Ykl plpkkigyp D — (DK + k3D
% P P, D PT (Dks + kD)
ks k
+  2(k3Dk? + k2Dks) — (k D+Dk3)
2

In this case we also have a companion bracket. If we choose Ly = FE» 4, the reduction
of (2.4) to K, if indeed a Poisson bracket, would be defined as

13009 = [ (1Baa, S 57 ) ) o

oL 5L
ho
= Z/Sl(hla{1 + 2aha£1 - aglaf — ai‘lfl)dx = 2/51 (fo i fo fg) Py Z; "
hs
where h; = %, ko = k and where Py is the matrix of differential operators
0 1 ) 1 0 0
(3:23) Fo= 8 # o o —Dk’go— k2D Dk; — ng0+ 1D2LD
0 0 ksD—Dhky+3DED? .
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with X = D% (k‘3 + %DéD) + (kg + %DéD) %D This bracket is not guaran-
teed to be Poisson or to reduce to k = 1, but in our case it is both Poisson and it
clearly reduces to k£ = 1. In fact, it is again a trivial extension of an unparametrized
bracket. One can check that the bracket is Poisson using the techniques described
in [23] and used, for example, in [21]. The calculations are long but straightforward
so we will not include them. This bracket provides a compatible companion to the
geometric Poisson previously obtained.

3.3. The case G = GL(n,IR). This case is in some sense similar to G = SL(n,IR),
but, surprisingly, no restriction on the coefficients of the evolution (2.5) is needed
in advance to obtain Hamiltonian evolutions. In particular, we do not need to have
the preservation of a differential invariant of arc-length type.

As before, we can obtain a right moving frame p~! using the normalization
conditions

=0, plup=ex k=1,...,n

)
so that p = (u1,...,u,). Also A = e; since it is always equal to the first nor-
malization constant. In that case, the Serret-Frenet equations are defined by the

matrix

0 0 ... 0 Kk
1 0 ... 0 ke
K:pilpz: : . o :
0 ... 1 0 knp
0 ... 0 1 k,

where the generating differential invariants are of the form
1
ki = g det(ul, oo Up—1, Up+1y Ug415 - - - ,Un), d= det(ul, o ,Un), 1= 1, ... n.

Observe that none of these invariants have the property ¢*k,. = (¢5k,) o ¢~ 1, a
higher order combination needs to be put together to accomplish this. See our
example below.

The first column of %(Kg) is determined by (2.3), that is, if

vi
oH :
—(Kg) = :
oL Vi1
hT
where v; are the rows of the matrix, and h = g—ﬁ(k) = (h;), then
/ﬁez *
VT | VT :
i + [ kzeT.'i‘ 6{ : ] =1:1¢€ n0~
dr | v, . A 0
hT : hT
knel +el' | 0

This relation completely determines 3% (K¢) to be
Vo1 = (ha,h3,...,hp,h-K)T —k,h —h,

2 3 n T
Ve = (Vi Vgt Vi Vet k)T = krpih = (i),
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r=1,2,...,n — 2. Here we denote the entries of v, by v,, = (v%). Therefore, the
first column of %(Kg) is given by %‘(K@)el = (vl ..., vl 5 ho—h) —kyhy, hy)T.
Again, h; = g—&. When one looks closely, vl = h,_,11 + Z,., where Z, depends on

hs, s <n —r+ 1 and their derivatives. Hence, condition (2.6) can be written as
(3.24) h=F(r,ry,ra,...)

for a certain choice of F' (the precise form of F' can be found in each particular
case). The following theorem follows.

Theorem 10. A GL(n,IR) invariant evolution is of the form

n
(3.25) Uy = Zriui = (U1 ...Up)T
i=1
where v = (r;) depends on k; and their derivatives. Given any such evolution,

the evolution induced on the differential invariants of the flow is Hamiltonian with
respect to the geometric Poisson bracket if, and only if, equation (3.24) produces

the variational derivative of a Hamiltonian functional h, i.e., h = g—ﬁ = (h;).

On the other hand, this is the only condition needed to produce a Hamiltonian
evolution. Indeed, the following example shows how no differential invariant needs
to be preserved by all Hamiltonian evolutions and how, in fact, the Hamiltonian
vector fields of functionals that depend only on the lowest order invariant of arc-
length type do not vanish in general, even in the simpler case n = 2.

Example 3. Let’s consider n = 2. In that case the Serret-Frenet matrix obtained
by choosing normalization constants ¢cg = 0,¢1 = e; = A, co = €3 is given by

(0 0 (0 K
K_<€1 KG)’ KG_(]. kg)

1
0
given by matrices with vanishing first column. Hence, n" is generated by matrices
with vanishing last row. Let h(kq,k2) be a functional defined on the space of
differential invariants. Then, if H is an extension to Lgl(n)* = Lgl(n) and constant

on the leaves of LN, its variational derivative 22 (Kq) = ];l }i) ) must satisfy
1 he

d (fa b n 0 kb a b EE

de \h1 he 1 ko) \h1 he/)| \O 0/
This relation determines a = hy — h} — kohy and b = —h}, + kih;. Therefore, the
first column of %(Kg) is given by (ha — h} — koh1,h1)T. From here, an evolution

of the form u; = r1u; + rous, where r; and 7o are functions of kq, ko and their
derivatives, induces a Hamiltonian evolution on k1, ko whenever

hg—hll—kghl (7 0 k; 1y 7”/1+k17“2
(326) < h1 B T2 w+ 1 k/’g 1) B T5+T1+l€2’f2 ’

That is, hy = rh +r1 + korg and hy = vl + (kb + k3 + k1)ro + 2korh + kory + 21].
For those evolutions for which hy = (;% and hy = %, for some Hamiltonian h,
the evolution of (k1, ko) will be Hamiltonian with respect to the geometric Poisson
bracket, with Hamiltonian functional h. A straightforward calculation shows that,

The isotropy subgroup of A = e; is, in this case, N = ( I) Its Lie algebra is
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if h and f are two Hamiltonian functionals, and H, F are two extensions that are
constant on the leaves of LN, then the geometric Poisson bracket is found as

st () (¢ ) ] i)

Using the expression for %(Kg) and ‘;—JZ'(K @) found above we have that the explicit
geometric Hamiltonian structure is given by

k) = [ o )P () an

where

—D? — Dk, 2D

is the matrix of differential operators defining the Poisson structure.

Finally, one can directly check that a differential invariant of arc-length type
(that is, of lowest order) is given by k = ki — 3k} + 2k3. Given that (from (3.26))
an evolution (3.25) induces the Hamiltonian evolution

k1 —p h1 —p 7’/2+7’1+k27"2
kg ¢ o hg - T/Q/ + (ké + k% + k‘l)’f’Q + 2]€27'/2 + ]{)27"1 -+ 27'/1

we can readily see that the evolution of k is given by

p_ (—D3 + k1D + Dky — D%ko + koD? + kg Dky D? — ng)

2 2 1 5 2 2
k= (—3D3 + kD + Dk + ~koD? — =D%ky + —kyDky — ~k2D — Dk§> hy

9 3 9 9 9
1 1
+ (2D*— koD ) h
which does not vanish in general. In particular, and unlike the previous examples,
the geometric Poisson bracket is not a trivial extension to the parametrized case of
a Poisson bracket on unparametrized curves.

For completion, notice that, if we choose an arbitrary Ly = (Z Z), the reduc-
tion of (2.4) is given by

Ptk = [ ([0 5 )| ST (o) yao= [ (5 ) o)) o

where

- 0 D D 0 Dky+ kD —D? + kD
PO_(d_a)(D 0>+2b<0 0>_C<D2+Dk2 0 )

The matrix Py defines a Hamiltonian structure for any values of a, b, ¢, d.
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