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POISSON BRACKETS ASSOCIATED TO THE CONFORMAL
GEOMETRY OF CURVES

G. MARI BEFFA

ABSTRACT. In this paper we present an invariant moving frame, in the group
theoretical sense, along curves in the Mobius sphere. This moving frame will
describe the relationship between all conformal differential invariants for curves
that appear in the literature. Using this frame we first show that the Kac-
Moody Poisson bracket on Lo(n + 1,1)* can be Poisson reduced to the space
of conformal differential invariants of curves. The resulting bracket will be the
conformal analogue of the Adler—Gel’fand-Dikii bracket. Secondly, a confor-
mally invariant flow of curves induces naturally an evolution on the differential
invariants of the flow. We give the conditions on the invariant flow ensuring
that the induced evolution is Hamiltonian with respect to the reduced Poisson
bracket. Because of a certain parallelism with the Euclidean case we study
what we call Frenet and natural cases. We comment on the implications for
completely integrable systems, and describe conformal analogues of the Hasi-
moto transformation.

1. INTRODUCTION

The theory of completely integrable partial differential equations and the theory
of infinite dimensional Poisson manifolds are very closely linked. In fact, the inte-
gration of the majority of completely integrable PDEs relies on the existence of two
compatible Hamiltonian structures with respect to which the system is Hamilton-
ian (that is, the system is bi-Hamiltonian.) If one of the Hamiltonian structures is
nondegenerate and can be inverted, a recursion operator can be defined, generating
a family of integrals or preserved quantities of the flow, effectively integrating the
system.

The particular case of completely integrable systems linked to the finite dimen-
sional differential geometry of curves has been studied in depth recently. Hasimoto
([Ha]) showed that the equation for curvature and torsion of the Vortex filament
flow was linked geometrically to the nonlinear Shrodinger equation, a well-known
integrable system. More developments in that direction were obtained later in
[MW], [LPT], [LP2], [DSa], [YS] and [MSW], among them a theorem stating that
the Hasimoto transformation is a map taking curvature and torsion to the so—called
natural curvatures of a curve in Euclidean R?. A rich family of Poisson brackets
was produced in the case of a manifold with constant curvature. The Hasimoto
map is also a Poisson map, that is, it takes Hamiltonian structures for the NLS
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equation to Hamiltonian structures for the Vortex filament flow. The Poisson struc-
tures themselves can be defined using an invariant Riemannian moving frame along
the flow. This point of view allowed the generalization of these Poisson brack-
ets to the n-dimensional Euclidean space and the generalization of the Hasimoto
transformation as the map taking Frenet curvatures to natural curvatures ([MI]).
A vector modified KdV system of equations was linked to these structures in the
n—dimensional Euclidean case ([T'T], [TU]). Again, the general Poisson structures
used to integrate these systems can be defined simply with the use of an invariant
Frenet moving frame along the flow. More specifically, the Hamiltonian structures
are reductions of a more general Poisson structure defined on the space of loops in
o(n)* to the submanifold of Frenet coframes or natural coframes ([MI]).

Surprisingly enough, this relation also exists in other kind of geometries. In the
projective case, the Adler—Gel’fand—-Dikii bracket or second Hamiltonian structure
for generalized KAV system of equations is obtained by reducing a Poisson structure
defined on the space of loops in si(n + 1)* to a certain submanifold of matrices
containing the projective differential invariants of curves ([DS], [M2]). We will call
these matrices the Frenet projective matrices, they are of the form

0 ki ke ... kn
1 o o0 ... 0
0 1 0 0
o o ... 1 0

and they can be written as p_ld—dzp, where p is a certain projectively invariant

moving frame (in the group theoretical sense) along a curve in a manifold with a
projective structure (in the theory of differential invariants these are called moving
coframes.) In [M2] the author classified all invariant flows of curves in RP™ induc-
ing Hamiltonian evolutions on their differential invariants. There is an intriguing
and fundamental difference between the Euclidean and projective cases. When we
consider invariant flows in the Euclidean case, these need to be parametrized by
arc—length and the invariant flow of curves needs to be arc-length preserving. In
the projective case we need to allow the element of arc-length to flow also and
hence we must consider arbitrary parametrizations. In the projective arc—length
preserving case one does not obtain an associated Hamiltonian structure. The rea-
son for this difference is still unclear but could have a very interesting geometrical
interpretation.

In this paper we present the study of the Mobius sphere (the flat conformal
case, since it is a local study.) A classification of differential invariants of curves in
a manifold with a conformal structure was originally published by Fialkow ([E]),
and a second one was done by the author in [M3]. In Section 3 we use the second
classification to produce a group theoretical moving frame p along a curve u. A
moving frame in this sense is not known for a curve in a conformal manifold.
We then show that p*I%p equals what we call the conformal Frenet matrices,
whose shape also appears for the case n = 3 in Sharpe’s book ([Sh]), obtained in a
completely different way. Thus we describe the exact relationship between all the
conformal differential invariants of curves that appear in the literature. We also
introduce what we call the conformal natural curvatures, which have a similar role
to the natural Euclidean ones, and the associated natural moving frame.
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In Section 4 we introduce the Poisson bracket in the space of loops in o(n+1,1)*
and we show that we can reduce it to the space of Frenet matrices. This way we
obtain what we call the conformal Adler—Gel’fand—Dikii bracket. We show that the
bracket can also be reduced to the space of conformal natural matrices and that the
map taking natural curvatures to conformal Frenet curvatures is a Poisson map.
This map is the generalization of the Hasimoto transformation to the conformal
case.

In Section 5 we classify those conformally invariant flows of curves which induce
a Hamiltonian evolution on their conformal differential invariants. We first use the
moving frame p to write explicitly the evolution induced on the conformal curva-
tures by the flow. We then describe the reduced bracket and establish the relation
between both evolutions. Surprisingly enough one needs to allow the element of
arc—length to evolve also, just as in the projective case. So somehow, the conformal
case seems to be related to the Euclidean case by the existence of natural curva-
tures, Hasimoto transformations, etc., but also linked to the projective case by the
reduction process which is different from the Euclidean one and closely resembles
the projective one. We do both regular and natural cases in parallel even though
the natural case can only be done formally, or under different assumptions. But, as
it happens in the Euclidean case, the conditions for the flow to produce a Hamil-
tonian flow on the curvatures are easier to check in the natural case, and hence they
are likely to be favoured by someone working in completely integrable systems.

Section 6 presents open problems and describes implications for completely in-
tegrable systems.

The author would like to thank the students in her Math 376 Honors class
for throwing a party to celebrate the results in this paper. She appreciates their
encouragement.

2. DEFINITIONS AND BASIC RESULTS

In this section we will provide the background definitions and results in Differ-
ential Geometry and invariant theory needed throughout the paper. Much of it is
stated as in the two excellent books [Sh] and [O).

2.1. Cartan connections and conformal geometry.

Definition 1. Let G be a Lie group and let H C G be a closed subgroup such that
G/H is connected. The pair (G, H) is called a Klein Geometry.

Assume that a group G acts transitively on a manifold M, and let H, = {g €
G, such that g.p = p}. The manifold M = G/H, is called a homogeneous space. Ex-
amples of homogeneous spaces are Euclidean and projective spaces and the Mobius
sphere.

The definition of Klein geometry is due to Klein and Killing. They developed the
idea of classical geometries as homogeneous spaces with Klein geometries for which
the principal group G preserves the associated geometric axioms which traditionally
defined the geometries since Euclid. For example, the n-dimensional Euclidean
space is a homogeneous space given by R” = Fuc,(R)/SO,(R). By Euc,(R) we
denote the Euclidean group defined as

-1 3}
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¥ € SO, (R), where we identify SO, (R) with its copy inside Fuc,(R) (that is,
v =0.) Eucy,(R) acts on R™ by multiplication of matrices if we identify x € R™

with < ; > The subgroup SO,,(R) leaves the origin fixed.

Definition 2. If P is the standard H,, principal bundle associated to the homoge-
neous space G/Hp, a g—valued 1-form on P, w, is called a Cartan connection if it
satisfies the following conditions:
(i) for each point p € P, the linear map wy : T,P — g is an isomorphism;

(i) (Rp)*w = Ad(h~Yw for all h € H;

(iii) w(0,X)=X forall X € b
where, as usual, Rj, denotes the right multiplication map, h € H, Ad represents
the Adjoint action of the group, and (0, X) is a trivialization of the element in P
associated to X € §.

In the case of a flat homogenous space, the Cartan connection is locally given by
the pullback via a Cartan gauge (a choice of a local section in G/H) of the Maurer—
Cartan form in G. This pullback immediately satisfies the structural equation

(2.1) dw + %[w,w] =0.

See |Sh] for more details.
Consider the Lorentz space R"*? with the indefinite quadratic form defined by

the matrix
0O 0 -1
(2.2) J=(10 I 0],
-1 0 0

where [ is the identity matrix. Let L be the light cone, that is, the submanifold of
vectors v such that

vl Jv =0.
The projectivisation of L is called the Mdébius sphere, and we will denote it by S™.
The group O(n + 1,1) of matrices preserving J,

(2.3) O(n+1,1)={Re GL(n+2); RTJR=J}

acts on S™ in the following manner: clearly O(n+1,1) preserves L, since it preserves
J. An element in u € S™ can be identified with an element of L given by the lift
(q,u,1) € L with —2¢ + >";_,(u*)? = 0, a property that is necessary to belong
to the light cone. The action of O(n + 1,1) on the sphere S™ is given by the
projectivisation of the action of an element of O(n + 1,1) on (g, u,1). For more
details see [Sh] or [GS].

The group PO(n+1,1) = O(n +1,1)/ £ I is called the Mébius group. Let H
be the subgroup of PO(n + 1, 1) leaving e} 2 invariant (here e+ is the canonical
vector e; in R"+2). Tt is easy to see that H is the projection on PO(n+1,1) of the
subgroup of O(n + 1,1) defined by matrices of the form

0 0 1 T 1/2¢%¢
® 0 0 1 13
0 —/ \0 0 1

(2.4)

oo™

with ¢ > 0 and © € O(n).
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Definition 3. The pair (PO(n +1,1), H) is called the Mébius model.

It is known that PO(n+1,1) acts on S™ as a group of conformal transformations.
It is also known that the Mdobius sphere is diffeomorphic to the flat homogeneous
space PO(n + 1,1)/H. For more information see [Sh], [GS] or [K].

2.2. Moving frames. Let M be an n—dimensional homogeneous space with G a
Lie group acting transitively on M. Let J(™ = J(™)(R, M) denote the mth order
jet bundle consisting of equivalence classes of parametrized curves modulo mth
order contact. We introduce local coordinates z on R, and u = (u®) on M. The
induced local coordinates on J("™) are denoted by wuy, with components uj, where
uy = %, 0<k<m,a=1,...,n, represent the derivatives of the dependent
variables — u® — with respect to the independent variable — = —.

Since G preserves the order of contact between submanifolds, there is an induced
action of G on the jet bundle J("™) known as its mth prolongation, and denoted by
G™) (the underlying group being identical to G). The group G does not act on ,
and the prolonged action becomes quite simple, namely the action is given by

Gm) x jm) _, j(m)
(g, ur) = (9w
Recall that, if a group G acts on a manifold M, then there is an induced action on
the space of vector fields on M given by a multiplier representation with a Jacobian

multiplier (or weight, see [O] for more information). Hence, the following definition
of invariant vector field is very natural.

Definition 4. A map (or tangent vector) F' : J(™) — R™ is called a (infinitesimal)
relative vector differential invariant of the action of G with Jacobian weight if for
any infinitesimal generator of the group action, w, defined as w = Y., 51%, F

satisfies
m 23
prMuw(F) = %F,
where g—i is the Jacobian and where pr(m)w(F ) represents the application of the

prolonged vector field (infinitesimal generator for the prolonged action) pr(™w to
each one of the entries in F'.

A map I : J™ — R is called a mth order differential invariant if it is invariant
under the prolonged action of G(™). From an infinitesimal point of view, I is a
differential invariant whenever pr(m)w(I ) = 0 for any infinitesimal generator w.

Definition 5. An nth order (left) moving frame is a map p(™) : J) — G which is
(locally) G—equivariant with respect to the prolonged action of G on J(™), and the
left action of G on itself.

The pull-back of the left-invariant Maurer—Cartan form on G by a moving frame
p™ is called an nth order (left) moving coframe.

It is known (see [Q]) that a complete set of differential invariants can be found
among the coefficients of a moving coframe, that is, when all possible dependencies
have been found among the moving coframe entries. In fact, classical Frenet equa-
tions are a simple reformulation of this method. For an effective and systematic
method applying these ideas, see [FO1] and [FO2].
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2.3. Differential invariants and classical moving frames for curves in the
Mobius sphere. The classical method of moving frames is due to Cartan [C]
and relies on the identification of an invariant frame (a set of n—independent and
invariant vectors) along the curve u. This frame is usually called the classical
moving frame. For example, in the Euclidean case, one looks for an orthonormal
frame along the curve, the Frenet frame. From the group theoretical point of view
classical invariant frames are formed by what we called above relative invariants
with Jacobian weight.

The relationship between classical and group theoretical moving frames is known
only in some particular cases. For example, if F' has in columns the Frenet frame
along a Euclidean curve u, the frame p : J) — Euc(n),

o™ = (5 )

where Euc(n) is the Euclidean group, is a moving frame in the group theoretical
sense. Analogous formulations can also be found for the projective case; see Section
7 in [FOI1]. In the next section we will find a group theoretical moving frame for
a curve in the Mobius sphere and we will establish the proper relation between
classical and group theoretical frames. A classical moving frame was found by
Fialkow in [F] and by the author in [M1] using different approaches.

What follows is a description of the classical frame and differential invariants as
found in [MI].

Let S be the Mobius sphere and let u : I — S be a parametrized nondegenerate
curve, where I is some interval in R. We denote by p; ; the expression

U+ Uy

2.5 =
(2.5) Dij uy - U1

where we are denoting by - the usual dot product in R™. From now on we will
denote by ¢ the length (uq - ul)% and, along the curve u, we will define the inner
product (v,w) = e%v -w, so that p; ; = (u;,u;). Assume we define g via the
following recursion fomula

d
ge" = 505~ PLags + ghas
for s > 2, r > 3 with initial conditions g~ = 1 for all 7, g} = —2p; 2 by definition,
and
T
(2.6) g ==Y Dpisgi
s=2

The following two theorems describe the invariant frame and differential invariants
for parametrized conformal curves.

Theorem 1. The vectors

r+1
Gi=u, Gp= Zgnglusa
s=1
forr=2,...,n, form an invariant frame (in the classical sense) along the curve u.
That is, they are relative invariants with Jacobian weight for the prolonged action

of O(n+1,1).
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Notice that, from (28] all G, are orthogonal to G1. The following two properties
of the invariant frame can also be found in [MI].

Proposition 1. Let {G;} be given as in Theorem [l Then, the following holds
true:

o The products (G;,G;) are all differential invariants for the curve u.
e The following relation is satisfied fori=2,...,n—1

d Gi - Gi+1 Gi
(2.7 (%) -6 (D).

The following theorem naturally identifies a set of generators for the differential
invariants.

Theorem 2. Let I, r=1,...,n be defined as

3 1
Il = p173 —+ §p272 — 3pi2, I?" = £_2G7' . GT
forr=2,....,n. Then {I1,...,I,} form a complete set of generating and indepen-

dent differential invariants for u. Furthermore, 121/ Y is an element of arc-length.

Example 1. In the case n = 2 we have gg =1, gg’ = —3p1,2 and gf = piQ — P13
from formula (Z3). Therefore, a classical moving frame will be given by

G1 = u1, G2 = uz — 3p12u2 + (p%,z — Pp1,3)U1.

The differential invariants are I; as above and Iy = p3 3—6p1,2p2,3 —p%3+6p%2p173+
9p%72p272 — 5p‘1172 as arc—length parameter.

These frames and invariants are relative and absolute invariants, respectively, un-
der the action of the conformal group, but they are not invariant under reparame-
trizations. In [MI] we described how any orthonormalization of {G;} with re-
spect to the inner product (, ) would be an invariant frame, invariant also under
reparametrizations. We chose a simple Gramm-—Schmidt process there, but a Frenet
process would also work, as shown below. As in the Euclidean case, we need to
assume a certain nondegeneracy of the curve u.

Theorem 3. Let {G;} be the invariant frame obtained in Theorem[l Then, for a

generic curve, there exists an mvaﬁiant frame {F1, Fs, ..., F,} such that F1-F; =0,
fori=2,....n, and such that if F has {Fs,..., F,} in columns, then
FT d (F

i )
where

0 —kKo 0 0

Ko 0 —K3 0
(2.9) Ky, =

0 ... Kn_o 0 —Kn—1

0o ... 0 Kn—1 0
The functions k1 = —I1 and k;, i = 2,...,n — 1, together with the arc—length

s = 121/4 form a generating set of conformal differential invariants for the curve u.

These differential invariants coincide with the ones presented in [F].

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2806 G. MARI BEFFA

Proof. The construction of {F;} is very similar to that of a Frenet frame in Eu-
clidean geometry. The main difference is that F; = G1 needs to remain orthogonal
to the rest of the frame, and so we need to project on Fi- after each differentia-
tion. That is, the G term in ([2.7) needs to be systematically ignored along the
construction. This is, of course, necessary to maintain the invariance of the frame

The first 2 vectors of the frame are straightforward. Let F} = G and Fy = 71 /2

2
so that (Fy, Fb) = 1. Now, consider the vector F} representing the projection on
Fi- of the vector (-t d (—) That is, using Proposition [l we have

o d 1 1
7 QG
F} = T <Il/2> Ga + I1/2G3.
2 2

Clearly, since (F, Fp) =1, F\Q’ is orthogonal to both F; and F5. Assume that

L 31
By =2_°
(F2 Fa) L 4 I3 =0
and let k3 = (ﬁ;j@ We call
1 —~
Fy=—F]
Ko

Clearly these three vectors are invariant vectors since they are invariant com-
binations of G;. Again, consider the vector F3 + /<;2F2, where F‘3 represents the

projection on Fi- of the vector Zd—dz (F3) That is, F‘3 I (Kz) Gs + ( ) Gy. As
in the Euclidean case, ﬁz + ko Fy is orthogonal to F;, i = 1,2,3. Assume
= <1/Tz + ko By, ﬁ\é + ko Fp) > 0.
Then we denote
Fy= mxg+@&)

Again, the vector Fy is invariant since it is an igzariant combination of the frame
{G,}. We repeat the procedure with the vector F; + k3F5 and the process goes on
until we complete a set of n vectors and n — 2 invariants k;, j = 2,...,n — 1. It
is clear that, together with I; and I, the invariants x; form a generating set of
invariants, since the I; invariants are generators and the x; are formed from the

invariants I;, j = 1,...,n increasing the differentiation order by one at each step.
The need to insert a minus sign on I; to define k; will become clear in the next
section. 0

The Frenet procedure is not the only one to determine an orthonormal frame
along a curve. In [B], the author explained a different approach and the definition
of the so-called natural frame in Euclidean geometry. The same procedure can be
applied here in the production of {F5, ..., F,}, resulting on what one can call the
conformal natural frame. For more details in the Euclidean case, please see [B].

Theorem 4. For a generic curve, there exists an invariant frame {V1,Va,...,V,}
such that Vi - V; = 0, for i = 2,...,n, and such that if V has {Va,...,V,} in
columns, then

VT a (V
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where
0 - —Vp—1
Vg 0 0
(2.11) Ny = .
VUn—1 0 0
The functions v = —I; and v;, i = 2,...,n — 1, together with the arc—length

s = 121/4 form a generating set of conformal differential invariants for the curve u,
which we will call natural curvatures. They are unique up to the action of O(n—2).

Proof. Let {F;} be the invariant frame obtained in Theorem Bl We will show that
there exists a matrix function of the form (é 2) with 6(z) € O(n — 2) such that

10
V:F(oo)

satisfies equation ZI0). Since {Vi,Va,...,V,} will also be an orthonormalization
with respect to (,) of {G1,...,G,} as in Theorem [0 they are also an invariant
classical frame. Therefore, v as in the theorem will be a generating system of
differential invariants for the curve.

Indeed, substituting in (ZI0) we obtain

VEd (VY _ (1 0) (0 0y, (1 0) . (10
¢de\¢) \0 67)\0 ¢ 0 ¢7)7*\0 0/

-1
. 0 —Kage” 1. . .
If we write K9 = ( n—1 Kl , where e]” " is the canonical vector e; in
Ra€q 3

R"!, we can rewrite the right-hand side above as

0 —koel 10
KQ@TC?_l 0Ty + 9TK39 ’
Therefore, if we impose condition (ZI0) we have
v=—rofl el 9 = —K36.

This determines v from k up to a constant matriz in O(n —2). Also, if v is known,
k2 = |v| and we can construct K3 using the first row of © (that is, —év) to initiate
a process similar to the construction of the Euclidean Frenet frame. (Il

3. MOVING FRAMES FOR CONFORMAL CURVES

In this section we will describe a moving frame along a curve on the Mobius
sphere in the group theoretical sense. That is, this time we will find an equivariant
map

p:J® = 0m+1,1).

We will use this map to describe the evolution of the conformal differential
invariants of a curve induced by an invariant curve evolution of the type (BJ)
below and also to describe a Poisson reduction procedure which will result in the
conformal Adler—Gelfand—Dikii bracket. This will be carried out in the next section.
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2808 G. MARI BEFFA

Theorem 5. Let u: R — S be a curve on the Mébius sphere.

Let Fg be the matrix containing the invariant vectors F;, i = 1,...,n, in
columns, and let F; be as in Theorem[3.

Let qi be the vector given by qx = (¢;) where q; = (F;,us), whenever ¢ =
2,...,n and 1 = —(F1,u2) by definition.

Then, the map px : JY) — O(n +1,1) is defined as

1wl Ly-w 14 0 0
(n+1) 2 1 1
(3.1) pr(u y)=10 I u tFrax  7Fk
0 0 1 ¥4k "dK 19k 7

The result also holds true if we substitute the Frenet frame {F;} by the natural
frame {V;}.

Proof. One can prove directly that, if px is given as in ([BI), then
prdpr =J

where J is as in (22). That is, px (u"*t1) € O(n 4+ 1,1) (in fact, the above is a
standard factorization of elements in O(n + 1,1).) This map is equivariant since it
is a solution of the equation (32) below, where K is a matrix whose entries are all
differential invariants of the action (either the Frenet conformal curvatures or the
natural ones, depending on the choice of frame). Notice that in the proof of the
next theorem we only make use of pg (u®*t9) € O(n +1,1). O

Theorem 6. Let px be the frame in [BI]). Then

R d 0 el 0
(3.2) K = pf}ld—pK = | k1e1 + s2eq K el
t 0 kiel + 52l 0

where s is the element of arc-length (s* = 1) and where K is given by

(3.3) K:@ %)

K5 as in (Z9), if px is defined using the Frenet frame, or

(3.4) K= (8 ]8.2) ,

Ny as in 2I0), if pr is defined using the natural frame.

Notice that the shape of K given as in (B2) appears in [Sh]. Even though the
approach is different here (they use group theoretical reduction rather than explic-
itly finding moving frames), the theorem above establishes a direct correspondence
between all conformal differential invariants of curves that appear in the literature.

Proof. First of all, since px(u®) € O(n + 1,1) we have that p' = JpkJ, where
J is given as in ([ZZ). That is,

axk vk b dg = (PE™HT by
(3.5) pr = | PY Pk P}?‘l , pl}l = | —wg PL —Vig
CK W% dK CK —(P[O()T aK

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



POISSON BRACKETS AND CONFORMAL GEOMETRY OF CURVES 2809

where P = $(Fx + udk), P} = $(uz — 2p12u1 + 3p22u), Pttt = Y% and where

ax,bi,cK,di are given by

d 1 b 1 1
K:_; K:_U'u, CI(:—I)2727
ag =L(1+p20—2p12p1,0 + 1P0,0P2,2)7
and
1 / 1
(3.7) VK = ZF§U+ §QKPO,07 WK = ZCIK~
From here
)
PK %PK
(3.8)
—excbe + (PR)T (P —axdy (Wbl + PE(PET) = vidi)™ 0
= —wgay + PL(PY) — vidy —wr(vVE) + PEPK — v (W) |,
0 * *

where * represents entries which are determined by the ones shown and the fact
that p}I%pK is in the algebra o(n 4+ 1,1). (For convenience, the tilde represents
differentiation with respect to x.)

We will analyze the entries one by one. Indeed, straightforward calculations
using definitions in Theorem Bl show that

cxbe — (PR)T (PR + axd)y = 0.

Using p;’j = Dit1,j + Pi,j+1 — 2p1,2 we immediately obtain

1
—WKbIK' + P};(P;é—‘rl)l — VKd/ = £_2F§u1 =e].
Also direct computations give us

l T p0 \/ /
wray + Pr(Pg) — Vici

1 3
= €—2F§ (us — 3p12u2 + (—p1,3 + 3pi o)ua) + <—P1,3 +t P22+ 3]9%,2) €1.
Clearly, the coefficient of e; equals —I; = k1 as in Theorem [B] and the factor

companion of F' % is the vector G5 = 121 / 2F2 as described in Theorem Bl also. Given
that F' contains in columns an orthonormal system with respect to ( , ), and given
that 121/4 = s is the element of arc-length, we have that F%Gg = s2e502% and so we
get
I T 0 \/ /o 2
—wgay + P (Pr) — vikcy = k1e1 + sea.
Finally we need to study the central o(n) block of (BS). This can be rewritten as

FL (Fe\ 1
V) + PP —vietwley = T (F) o (P - ard ).

T
It is straightforward to check that the first row and column of FTK (FTK)/ are given by

e%(qulT —e19%). Application of Theorem[3 or Theorem [, depending on whether
we use Frenet or natural frames, concludes the proof. ([

The last theorem involving moving frames will be very useful to us in the next
section.
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Theorem 7. Assume a curve u is evolving following an invariant evolution of the
form

(3.9) u; = Fr

where F is the matriz containing in columns an invariant frame (either Frenet or
natural) and where r is an invariant vector, that is, a vector depending on the
differential invariants and their derivatives with respect to the parameter x. Let
px be the moving frame along u given in BIl) and assume %pK is the evolution
induced by (B9) on px. Then

T
d € T 0
(3.10) Pl e =1¢ A x
0 &7 —¢

The entries ¢€,&, A in the matrix (3:I0) can be easily obtained through direct
algebraic manipulations as we will see in the next section.

Proof. The proof of this theorem is a simple calculation. Using formula (B3] for
pl_(l, the entries of pI_f%pK in place (1,4) with i = 2,...,n 4+ 1 are given by the
vector

~wik(br)t + P (P}éﬂ)t —v(dg)s,

where the subindex indicates total differentiation with respect to t. If we expand
the expression we obtain

1 U-Uu 1 U 1 U 1 1 1 1
o Rl _FT t - T (= __FT - ) -
siax (), + 7k (7)), + ™ (5), - gFke (e)t > QKPO’O(e)t
which equals
1

€—2F§Ut =

1

P FLFgr =r.

4. POISSON REDUCTION TO THE SUBMANIFOLD
OF CONFORMAL DIFFERENTIAL INVARIANTS

The initial content of this section will seem to be unrelated to the previous
comments and results. The connection between these two apparently unrelated
subjects will become clear through the reduction process in the second subsection.

First we will describe the Poisson manifold we will be working on, its Poisson
bracket, and its relation to moving frames.

4.1. The Lie-Poisson bracket on duals of Kac-Moody algebras. Let G be
a semisimple Lie group, and g its Lie algebra. Let LG = C*°(S!, G) be the group
of loops on G and let Lg = C>(S%, g) be its Lie algebra. Let Lg* = C*°(S!, g*)
be its dual (it is not really its dual but what is called the regular part of the dual,
dense in the dual of the algebra of loops). The space of loops could be replaced by
functions from R to G vanishing at infinity, or any condition that ensures that no
boundary terms will appear when we integrate by parts. We will do so in the case
of natural curvatures where a reduction in a different space (or a formal reduction)
is needed. Some problems with classical Poisson brackets arise in the non—periodic
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case so that the periodic case is favoured if possible. See the discussion on [DS]. Let
@ be the Killing form associated to g. Define the following cocycle of the algebra

WV = [ QN G

for any N, M € Lg. The form w is called a cocycle because it has the properties
necessary to guarantee that Lg @ R is a Lie algebra with Lie bracket given by

(N, 5), (M, 7)] = ([N, M], w(N, M)).

This algebra is called the central extension of Lg, also known as a Kac—Moody
algebra on the circle associated to g (we will denote it by kac(g).)

The Poisson bracket we are interested in is the Lie-Poisson bracket on the dual
of the Kac—-Moody algebra. Let’s have a quick look at how this bracket looks
explicitly. Recall that a pairing between Lg and Lg* is given by the integral of %
times the trace, as it is used below. Recall also that the pairing between the central
extension algebra and its dual is given by

(L,5),(C,1)) = /S r{LO) + st

where tr denotes % times the trace. In the case at hand, if we have a functional

0G
G : Lg* — R, its variational derivative, —, is given by an element of Lg and it is
defined by the Frechet derivative of the functional, namely
d 0G

O moG(L 4 V) = /S (3 V).

Finally, it is known ([Ki]) that the coadjoint action of the Kac-Moody group on
kac*(g) reduces to the following action of the group of loops

(4.1) Ag)(L,s) = (=sg7 g + 97 'Lyg,s).
It is customary to identify an element (L, s) € kac*(g) with the differential operator
d
4.2 —s—+ L
(4.2) st
so that the action above corresponds to conjugation of such operator by g € LG.
This conjugation (or gauge) by g corresponds to the change of variable Xg =Y on
the solutions of the system —sX’' = X L.
With these descriptions in mind, the Lie-Poisson bracket on Lg* is defined as
0H 6H, ,6G 6G 0H 0G 0H 6G
H.GHL,s)={{(—,—),(—, — —,—|, L —_—
{ I’ }( 58) <[(5L) 58),((511758)],( )S)> <[6L)5L]7 >+Sw(5L76L)

43 = G (= (57) e 5

From this expression we readily see that the Hamiltonian vector field associated to
the Hamiltonian H is given by

SH\' 6H
4.4 =—s| — L,—].
(4.4 =5 (%5 ) + 105
Notice that the variational derivative of the functionals H and G in the central

component s do not appear in the formula of the Poisson bracket. Thus, the
dual of the Kac-Moody algebra foliates into affine Poisson submanifolds, each one
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corresponding to a fixed value of s. In particular we will work in the Poisson
submanifold corresponding to the choice s = —1.

4.2. The Poisson bracket on the space of conformal differential invariants:
The conformal Adler—Gel’fand—Dikii bracket. In this section we aim to show
that the general Lie-Poisson bracket defined on the dual of a Kac-Moody algebra
associated to O(n + 1,1) can be successfully Poisson reduced to the submanifold
of matrices of the form ([F2), with K having either the Frenet or the natural form.
In the natural case we will need to assume conditions other than periodicity, for
example entries vanishing at infinity or a formal reduction, and we will need to
quotient by O(n — 2). The resulting Poisson bracket, especially in the Frenet case,
will be a conformal analogue of the so-called Adler—Gel’fand-Dikii bracket, which is
associated to the projective geometry of curves. We will later use the construction
in this section to identify which curve evolutions induce a Hamiltonian evolution
on its invariants k = (k;) or v = (v;). This result is of special interest in the study
of completely integrable systems. We will comment on the consequences for that
subject in the last section.
Let p be a fundamental matrix solution of the differential equation

p'=pM
where M € Lo(n + 1,1) is of the form
— Bel 0

(4.5) M=|a C pe
0 aof €

with C' € Lo(n) and where €, « and 3 are also C* and periodic, § > 0. First, by
standard Floquet theory, p has a monodromy, that is, there exists I' € O(n + 1,1)
such that p(x + 27) = I'p(z) for any =. Assume

a VT b
(4.6) p=|P° P Pprtl
c W d

Assume further that d never vanishes. Define

prtt w 1
(4.7) u T 4= -P —uq
Theorem 8. The rest of the entries in p are determined by d,u,q and F. In fact,
1 u” %u U % 0 0
(4.8) p=10 1 u dFq dF 0
0 0 1 dq-q dq” d
One also has the additional relations
1
(4.9) FTF = =1 d>FTuy = Be.

Proof. The proof is straightforward since the above is a standard factorization of
elements in O(n 4+ 1,1). Condition

p =M,

in particular the fact that M has e; in its expression, implies d?FTuq = Be;. O
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We will denote p as in [@6) by p(d,u,q, F). Clearly, the conformal moving
frame described in Theorem Bl equals px = p(dk,u,qk, Fi), where di,u,qr, Fx
are given in that same theorem.

Notice that, since F' has in columns an orthogonal basis with respect to the dot
product, condition d?FTu; = Be; implies that Fy is a multiple of ui. If we further
use FTF = d—12[, we have that

1
(4.10) F1 = Wul

and therefore
(4.11) B =d(uy -uy)"/?.
Now we define the subgroup that will be acting on the manifold M of loops of

the form (@HI).

Theorem 9. Let H be the subgroup on LO(n+1,1) given by matrices of the form

ot 0 0
(4.12) s7le¢ e 0
-1
SETE (T S
where © = (é 2), € LO(n—1) and § > 0. If g € H, then,
(4.13) p(d,u,q, F)g = p(6d,u,6 (0" q+¢),6 ' FO).
Proof. The theorem follows from the fact that
d=! 0 0 51 0 0 (do)~1 0 0
dFq dF 0 s7lte¢ e 0| = * dFO 0],
dq-q dqt d) \i c.¢ €7 4 x  dqTO+¢€T) ds
where * represent entries which are determined by the matrix belonging to the
group. (I

We now have the conditions to define the conformal analogue of the projective
Adler—Gelfand-Dikii bracket, that is, we are ready to reduce the Kac-Moody Lie
Poisson bracket on kac*(o(n+1, 1)) to the submanifold of Frenet conformal matrices
or the submanifold of natural matrices.

The general reduction procedure that we will apply is identical to the one pre-
sented in [MR]: Let (P, {,}) be a Poisson manifold, Let M C P be a submanifold
and ¢ : M — P the inclusion. Let E C TP|r be a subbundle of the tangent to P
restricted to M. Assume the following conditions are satisfied:

(a) ENTM is integrable and define a foliaton on M. We will call the foliation
.

(b) The space of leaves is a manifold and 7 : M — M/® is a submersion.

(c) E leaves {, } invariant. That is, if F,G : P — R are smooth functions on P
with differentials vanishing on E, then the differential of {F,G} also vanish on E.
One says that E preserves the Poisson bracket {, }.

Definition 6. We say (P, M, E,{,}) is Poisson reducible if M /® has a Poisson
structure, {, }r such that for any smooth f,¢g : M/® — R and for any smooth
extensions F,G of f om and g o m with differentials vanishing on E we have

(4.14) {F.Gtoi={fg9trom
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The following theorem can be found in [MR] for the finite dimensional case,
although it can be applied to infinite dimensional cases, as the authors state. In
either case, the geometric picture is very clear.

Theorem 10 (Reduction Theorem). Assume (P, M, E,{,}) satisfy assumptions
(a), (b), (c) and let B : T*P — TP be the map associating to each variational
derivative its Hamiltonian vector field. Then, (P, M, E,{,}) is Poisson reducible
if, and only if

(4.15) B(E°) CTM+E.

Let M be the subset of Lo(n + 1,1)* given by elements of the form (). Let
E be the distribution generated by the Hamiltonian vectors fields corresponding to
functionals F such that g—ﬁ(M ) € b, for any M € M, where b is the Lie algebra
associated to the group H given as in (Z1Z). It is known that E is integrable and its
leaves coincide with the coadjoint orbits of H on M. Consider the space of leaves
M/H. The distribution E of Hamiltonian vector fields whose variational derivatives
belong to b certainly preserve the bracket. Indeed, if F and G are such that their
variational derivatives belong to E°, one can easily check that their Hamiltonian
vector fields belong to h° along M. That means that, if R is a functional with
IR (M) € b, then {F,R}(M) = {G,R}(M) = 0 for any M € M. This implies that

M
the variational derivative of {F, R}(M) and {G, R}(M) vanishes on T'M, that is,

MH{F, R} 0{G, R}
M oM

along M. Jacobi’s identity and the fact that ThyM° C b, result on

{9, 7}, R} (M) =0

e TM°

for any M € M.

Theorem 11. The submanifold IC given by the set of all Frenet matrices of the
form B2) with k; € C®(SYLR), k; > 0 for any i = 2,...,n — 1, is a section
transverse to the coadjoint leaves of an open set U C M under the coadjoint action
of H. Furthermore, (Lo(n+1,1)*, M, E,{,}) is Poisson reducible and, hence, there
exists a Poisson bracket {,}r on K.

Proof. First we will show that the set of leaves intersecting K is an open set of
Lo(n+1,1)*, let’s call it U, and that K can be identified with U/H. We will then
show that the reduction theorem applies to our special case.

Let Q2 be a H—coadjoint orbit intersecting . This means that, for any M € M,
there exists g € H such that if p is a solution of

p =M,
then pg is a solution of

(pg) " (pg) = K € K.

In particular, since dx = % > 0 and § > 0 in H, the d-entry for frames along the

orbit never vanish. Now, let ) be a nearby orbit to 2 and let M € ). Because of
the continuous dependence of solutions of differential equations, if p(d,u,q, F) is a

solution of p~1p’ = M, then d > 0 also. Now, given u (the curve that p depends
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1/2

on), we fix § = 5, where ¢ = (uy - u1)'/2. The action of an element of H is given in

Theorem @ This choice of § accomplishes two things: first dd = % = dg, and also
1
Sd*FTuy = £—2FTu1 = ddle; = e;.
This implies that § in (@I1) is 1 and therefore F} = u;.

We then fix © = <(1) 2) so that 6 'FO = Fi, where Fi is the Frenet frame
associated to u. We further fix ¢ so that 6~ 1(©@7q+¢) = qg. The elements dx, Fi
and qx were all defined in Theorem Bl with K being the matrix of conformal
differential invariants associated to the curve u given by the frame p. If g is given
as in (ZIZ) with these choices of §,0 and £, we have

p(dauvqa F)g = p((sd’u’(sfl(@Tq_’_g)’(sle@) = p(dKauquaFK) = PK
and so
(4.16) 97 +9 ' Mg =K.

We next need to show that K has periodic entries, so that we can conclude that
K € K and so we can identify U /H with K, where U is the open set of all orbits
intersecting /C.
If M is a periodic matrix, p(d,u,q, F') has a monodromy, that is, there exists
I' € O(n+1,1) such that
p(a+T) = Tp(x)

for all x, where T is the period. Clearly
pr(r+T)=p(x+T)g=Tp(x)g=Tpk

so that both have the same monodromy. Hence K has also periodic entries.
Finally, we need to apply the Poisson reduction theorem to our case. If we iden-
tify U/® with K, the projection is given by taking M to K through the map @T15).
From our discussion above, conditions (a)-(c) are satisfied. A short inspection
shows that E® coincides with elements H such that B(H) = &y € h°. Therefore

B(E") ch’ c TM
and so application of the reduction theorem completes the proof. O

We have a similar theorem in the natural case, but here the reduction is purely
formal (or we consider our manifold to be matrices with entries vanishing at infinity
rather than periodic ones) and the quotient is given by I/O(n — 2), with K as in
Theorem [ K as in (3.4).

Theorem 12. The submanifold KC/O(n—2) given by the set of all Frenet matrices of
the form B2)) with K as in (34) is a section transverse to the coadjoint leaves of M
under the coadjoint action of H. Furthermore, the triplet (Lo(n+1,1)*, M,{,}, E)
is formally Poisson reducible and, hence, there exists a formal Poisson bracket

{,}rn on K/O(n — 2).

Proof. The proof is identical to the proof of the previous theorem, once we substi-
tute the frame F' by the natural frame. The reduction and the resulting brackets
are formal because natural curvatures of conformal frames with a monodromy do
not need to be periodic. This is a direct consequence of their definition. (I
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5. INVARIANT FLOWS INDUCING A HAMILTONIAN EVOLUTION
ON THEIR CONFORMAL DIFFERENTIAL INVARIANTS

In this section we will write explicitly the condition that a curve evolution of the
form (3.9) must hold in order to induce a Hamiltonian evolution on the curvatures
with respect to the reduced bracket. Notice that (B:9) is the most general form
of an invariant evolution of conformal curves. That is, the most general evolution
for which the group leaves the space of solutions invariant. We will analyze both
the Frenet and the natural cases. As in the Euclidean case, the condition for the
natural curvatures is easier to check than the one for the Frenet curvatures. Thus,
from the point of view of integrable systems, they will be a prefered choice. On the
other hand, from the mathematical point of view, only the Frenet curvatures offer
a reduction in the periodic case.

5.1. Some Euclidean results. Before stating the two main theorems we will recall
some results from the Euclidean case that we will need here. The following results
and definitions can be found in [MI]. From now on, let so(n) = 7" g; © g_; be
the decomposition of so(n) given by the usual gradation of gl(n). That is, g; has
zero entries everywhere except for those in place (r,r + i) for any 7.

Lemma 1. Let B be in Lo(n)* and assume that its first column is fized to be (?.) ,
for some f(x) € R"™L. Let C be of the form

(5.1) C— (ﬁ hOT)

for some h(x) € R*~L. Then, for any R(x) € g1 ® g_1, condition
(5.2) B +[R,Bl+#C € g1 ®g_1

completely determines B in terms of £ and R only. We denote B as B(f). Since
B(f) +[R,B(f)]+»C € g1 ®g_1, the vector n— 1 containing the g_1 components
of B(f)' +[R, B(f)]+C is denoted by B(f)+»C(h), where B and C are differential
operators.

Lemma 2. Let A € Lo(n)* and assume that the g1 component of A is fized, that
is, Ajiv1 = fi,i=1,...,n—1. Then, for any R € g1 ® g_1 condition

(5.3) A+ [R,A] = (2 "‘OT )

where a(z) € R"~Y, completely determines A. We denote A by A(f), anda = A(f),
where A is a differential operator.

One more operator is relevant to our calculations. Assume A(f) is defined as in
Lemma [ above. The matrix A(f) can be written as

(5.4) an=(_ge ®)

*

for some differential operator R, where * above is not relevant here. The following
are some of the known properties about A, B, C and R that were used in [M1] to
define the reduced Euclidean Poisson bracket.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



POISSON BRACKETS AND CONFORMAL GEOMETRY OF CURVES 2817

Proposition 2. If x below denotes the adjoint operator, then:

(1) B=—A*.
(2) (CA)* = —CA.
(3) C=R*.

With the aid of these operators, we can now describe explicitly both the evolution
induced on the curvatures by an invariant evolution of the curve, and the reduced
Poisson brackets found in the previous sections. We will start with an explicit
formula for the evolution induced on the conformal curvatures.

5.2. The invariant evolution of conformal curvatures. We are going to as-
sume that u is a curve on the Mdébius sphere. Some results similar to the ones
presented here have been obtained (or conjectured) for the case of a Riemannian
manifold with constant curvature (see [MSW]| and [M1]), but the conformal case
(in this case, the Maurer-Cartan form) with constant curvature is still unclear. We
will denote by w the Cartan connection.

If v is any vector in R¥, for any k, abusing the notation, we will denote by 7(v)
the RF~1 vector obtained by projecting v on its last k — 1 components. We will not
be indicating the value of k in each case so, for example, 7%(v) = 7(7(v)) € RF~2
will denote the projection on the last k — 2 components. Let x denote the vector
defined by the Frenet conformal curvatures x(z) = (k;(z)) € R*™1, and let v = (1;)
be the vector defined by the natural conformal curvatures. The following theorems
describe the evolution of the curvatures and also how to obtain the remaining entries
in p;(l % px as in Theorem [7]for both Frenet and natural cases. By 7! below we
denote the canonical vector e in R* 1.

Theorem 13. Let uy = Fr be an evolution of the form (BH), where F contains
the Frenet frame in columns and where r(x) = (r;(z)) € R™ is an invariant vector,
that is, depending on the Frenet curvatures k;, s and their derivatives with respect
to x. Then, the evolution induced on the curvatures k; and on the invariant arc
length by the evolution of the curve is given by

(s*)¢ =[Dg7(r)]1 + (8D + Ds?)ry,
(5.5) (k1) =(=D?® 4+ k1D + Dry)ry + (5D + Ds?)ry — kos’rs,
m(k)e =B (7 (872'DK(7T(I‘)) + Kgrle?_l)) + C(s%*72 (1)),
where B and C are the Euclidean operators given in Lemmalll, D denotes the differ-

entiation operator, and where D is the operator Dk = (D + K3)? — (D + Ka)k1 —
k1(D + K3), Ko as in (Z3).

Proof. The evolution of the curvatures can be obtained evaluating the structural
equation

1
dw+§[w,w] =0

on two fields along the 1-parameter family of curves u(x,t). In particular, consider
(u1,p2) € Tiup)P and (ug,pr) € T(y,p)P to be two vector fields defined along
the curve (u, p) € P on the principal bundle associated to the conformal Cartan
structure of S. Recall that, for a homonegeous space T(G/H) ~ G xpg g/h =~
P xp g/b (see [Sh]). If we evaluate the structural equation on (u1,pz), (ut, pt),
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and having in mind that the action of these vector fields on functions is given by
differentiation with respect to x or ¢ along (u, p), we get

(5.6) 5 (w1, p2)) ~ - lue, o)) + (01, p2), (s p0)] ~ (w1, ) )] =0,

where the first Lie bracket is the Lie bracket of vector fields and the second is the
Lie bracket in g.

Now, since the parameters x and ¢ are independent, the bracket [(u1, pz), (ut, pt)]
vanishes. Also, since w is locally the pull-back of the Maurer—Cartan equation
in O(n + 1,1), we have that w(ui, ps) = p~'pr and w(ue, pr) = p~tpe. If we
choose p = px to be the Frenet moving frame for w, using Theorems [6] and [ and
substituting in (56) we obtain

d. d, .
. —K=— K
(5.7) —K = —R+[K R

where R is given as in (B10) and K is as in 32). (The reader might want to
compare this equation to the Kac-Moody Hamiltonian vector field (f4]).)

We next claim that equation (5.7) completely determines all entries in R in terms
of r and K. Indeed, if we substitute (3-10) the right-hand side of (5.1)) equals

(5.8)
€+ & — kiry — 8%y * 0

& +ernie + eser+ A"+ [K, Al + k1(erxT —rel)

, J— J—
K¢ — k1 Ae; — s%Aey s2(eqr? —rel’) + e €T — get r'+ Kr—ce;—Aey

0 * *
If we ask this matrix to belong to T we get the relations
Ae; =1’ + Kr — ee;.

Since A € o(n), this implies
e=r].

Also, if

_ (0 af
69 (),
then ag = —m(r)’ — Kam(r). The upper left corner in (58] also determines & =

—r ki 4 82y,
Looking next at the o(n) central block, we can rewrite it as

(5.10)
0 *
_a6 —_ K2a0 , 9 0 7T2(I')T
—mym(r) — (&) 4 s%ref ! Ay + [Ky, Asg] + s —72(r) 0
Therefore, (51) belonging to TK implies
m(&) = —ag — Ksag — mam(r) + s*r1ef ! = (D + Ka)?m(r) — mam(r) + s*rief ™!

and also
0 w2 (r)T _ _
A,2+[K27A2]+52 (—WQ(I‘) (()) ) Egzll@g? 1)
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where g"7! @ g7~ ! are the —1 and +1 components of the gradation of o(n — 1).
Application of Lemma [Il ensures that Ay = B(w(Age;“l)) and the g"7' component

of (BI0) is
(5.11) B(m(Aze? ™)) + C(s*7%(x)).

The evolution of 7 (k) is given by the g" 7' component of (5I0), that is, by (5IT).
Finally, the left column of (58] implies

(5.12) s212(Aes) = [(D + K2)m(€) + k1a0).
From here
§2m(Age? ™) = 7((D + Ka)7(€) + r1ag) = m(Drm(r) + Kos*riel ™)

where Dx = (D + K2)? — (D + Ka)k1 — r1(D + Ka). Hence, the evolution of (k)
is as given in the statement of the theorem.
The evolution of k; is given by the first entry of the left column in (E), namely

(k1)e = & +em — 57 (Aea)s
where (Aez); represents the first entry of Aes, that is, the first entry of ag =

—(D + K3)n(r). Since & = —r{ + k1r1 + s?rg and € = 7}, the formula follows.
The evolution of s? is given by the second entry on the left column in (5.8),
namely

(s*)e = [(D + K2)m(&)]1 + €5 + k1(ao)1.

Substituting the corresponding values we obtain the equation in the theorem. O

The theorem describing the evolution of natural curvatures is given next.

Theorem 14. Let u; = Fr be an evolution of the form (B33), where F contains the
natural frame in columns and where r(x) = (r;(x)) € R™ is an invariant vector, that
is, depending on the natural curvatures v;,s and their derivatives with respect to
the parameter x. Then, the evolution induced on the curvatures v; by the evolution
of the curve is given by

(%) =[Dnm(x)]y + (°D + Ds?)ry,
(1) =(=D3 + 11D + Duvy)ry + (2D + Ds?)ry — s2n(v) - m2(r),
n(v)e =D (s*m (D (m(r ))+7“17T(V)))

+D~ ! (r(v)ar” — aym(v)") m(

(5.13)

-8 71—2(1')7

where D1 denotes the formal inverse of the differentiation operator (i.e. the for-
mula makes sense only if (m(u)ay” —ayw(u)T) is a total derivative), and where
a; = —s 2m(Dyn(r)) — riw(v) and Dy is the operator Dy = (D + Ni)® —
(D + Na)k1 — 51(D + Na), Ny as in 2110).

Proof. We will simply do a direct calculation as done in the previous theorem.
We evaluate first the structure equation along the curve (u, px) on the two fields
(u1, (pr)z) and (ug, (pK)e), where pg is the moving frame associated to the natural
frame as in Theorem [l As in the previous theorem, we get

%w(ul, (PK)z) = %W(Uta (pr)e) + [w(ui, (pK)a), w(ue, (pK)e)]
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Using Theorems [l and [7 we conclude that

d . d (€ r’ 0 . e rT' 0
0 &7 —e 0 &7 —e

where K is as in Theorem [Bin the natural frame case. The right-hand side of this
equation is given by
(5.14)

€ +& —vry — 8%y * 0

&+ evier + sPeeat A"+ [K, Al + vi(erxT —rel) ,
Kr — —A
K¢ — v Ae; — s%Ae s2(ear? —rel’) + e, €T — geT U+ Ar—ee €1

0 * *

which needs to belong to TN If A is written as in (5.9)), straightforward calculations
find the values

—rh + (V) 7(r)
e=rl, ag = —(D + Na)m(r) = )
—72(r) — rom(v)
&=+ + %2, w(€) = (D + No)’m(r) — vam(r) + s*riey ™,

and also if
(0 A
A2 - (_al A3> )
then
(5.15) a; = —s 2w (Dy7(r)) — rim(v),

Dy as in the statement of the theorem. We can also write the central o(n — 1)

block in (B.14) as

0 *
<—a’1 — Azn(v) — s?72(r) Ay —ayn(v)T + W(V)alT) ’
Assuming (5.14) is in TN, we obtain formally
A; =D ! (aymr(v)" —m(v)a])

and 7(v); = —a) — Azm(v) — s?7%(r). Substituting all values obtained we get the

evolution for 7(v) stated in the theorem. As before
(1) = & 4+ evy — 5%(ag)1 = (—=D* + Dvy +v1D)ry + (5D + Ds?)ry — s*w(v) - w2 (r)

and also
(SQ)t = [Dn7(r)]; + (82D + DSQ)Tl.
O

The final two theorems of this section describe the condition for an evolution of
the type (89) to induce a Hamiltonian evolution on its curvatures.
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Theorem 15. Let uy = Fr be an evolution of the form (B3), where F contains
the Frenet frame in columns and where r(x) = (r;(z)) € R™ is an invariant vector.
Then, if there exists a Hamiltonian functional h : I — R such that

hy
(5.16) hs =r
—s?A(m(h))
where h; = (;5—,3, i=1,...,n—1, hy = (?Thz and where h = (h;), the evolution induced

on K by the u—evolution is Hamiltonian with respect to the K—reduced bracket, with
Hamiltonian functional h. If an evolution u; = FT induces a k—evolution which is
Hamiltonian with respect to a functional h, then the evolution u; = Fr, with r as
in (B.I0), induces the same k—evolution as uy = FF.

Proof. We will first deal with a rewritting of the reduced bracket. Comparison of an
explicit expression for the reduced bracket with evolution (BEH) will automatically
yield the result of the theorem.

From the description of the reduced bracket (ZI4), if h and g are functionals on
KC, their brackets are defined by

(hoa}nl) = [ or (' + . H)G) da

where H and G are the variational derivatives of extensions of i and g to
Lo(n + 1,1)*, respectively, with the additional condition

(5.17) H' +[K,H] ey, G +[K,G) e’

along K, where b is the algebra associated to (ZI2) and where h" denotes elements
in g* vanishing on b, that is,

0 0 0
0 *
hl = 0]}
{ * (* 0n—1><n—1) }
0 * 0
Both H and G will have the form
b nT 0
(5.18) m B n |,

0 mT -—b

and, because they are variational derivatives of extensions of h and g, if h; = 22

5_51'7
the +1 gradation component of the B-block in H will be given by the vector
(0, hay ..., h,—1) and its negative. For the same reason, if n = (n;) in H, the first

entry of n is given by hq, that is, n; = hy, and the second is ny = hy = 5%. The
same situation holds for g.
Next, if m = (m;) and we write out (5.17), for either h or g we get

b — king — $°ng +mq (n' + Kn — be; — Bey)? 0
m’ + k1be; + s2bes B’ + [K, B] + s%(ean” — nel)
(5-19) _ 2 T T T T *1
+Km — k1 Be; — s°Bey +ki1(ein nei ) +ejm mej
0 * *
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so that condition (5.I7) implies b = h} and m1 = s?hgs — h{ + k1hy. If

0 bl
o= 5)
we also get by = —m(n)’ — Kom(n).
The central o(n) block becomes

0 *
(—b6 — Ksbg — /<;17r(n) — 71'(111) Bé + [KQ, BQ])

(5.20) 0  -m 0
+82 [ m 0 ()T |,
0 —m2(n) 0

which implies

(5.21) B} + [K3, Bo) + 5 (—wg(n) ”2%‘ )T> =0.

Given that the +1 gradation component of By as an element of gl(n — 1) is given

by the vector w(h) = (ha,...,hn_1), application of Lemma [2 implies that By =
A(w(h)) and

By I = (00 ).

Therefore, 7%(n) = —s~2An(h) and
hy

(5.22) n, = hs
—s2An(h)

We can now use all of this information to write an explicit formula for the reduced
Poisson bracket. If h,g : K — R are two functionals and H,G : M — R are two
extensions to Lo(n+1,1)* with variational derivatives H and G of the form (5.13),
the entries determined as above, the Poisson bracket of h and g is given by

{h, g} n(K) = /S o (4 (K H)G) da

where
b, mni 0 by mnl 0
(523) H= my Bh np y G = my Bg n,
0 mg —by, 0 mg —by

Since H' + [K’, H) € h°, we can rewrite this bracket as
{h, g} R(K) = [g:(bo)g - (D + K2)*m(np) — kam(np) + s2(n1)nef " — w(my)) de

+ foany- (m1)j, + K1y + 82 [(D + Ko)m(ny)] e
5179 \(D + Ko)m(my,) — 51(D + Ko)m(np) + th’leikl — sQ(Bg)he;kl
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; n—1 __ 0 ..
Using that (Bz2)pel™ " = (—Rw(h) and Proposition Pl the above becomes

LabnlB) = [ anlmalh + mal + 2D+ Ko )y

+ [ ) (Dacnon) + (05 4 2D+ Kaptnel ™t ( o) ) o

where [, ]1 represents the first entry of the vector. Notice that 7(my,) and 7(m,) are
not involved. This simply reflects the fact that the reduced bracket is independent
of the extensions of the operators h and ¢ as far as their variational derivatives
vanish on the subbundle E. Using (5.22) and Proposition 2l we finally get

{hag}R(H) =
/ 91 ((=D? 4+ k1D + Dr1)hy + (s>°D + Ds?)hg + s*[Kom(ny,)]; ) do
Sl

+/51 Js ([DKW(nh)]l + (S2D + DS2)h1) dx
-1-/51 m(g) - (B (7 (s *Dxr(ny) + Kaohiel ™)) + BC*n(h)) da,

with the right-hand side in each term describing the reduced Hamiltonian vector
fields associated to the functional h. Finally, notice that, from Proposition 2] we
have

BC*m(h) = —CAn(h) =C (s°7*(ny,)) .

Therefore, if r = ny,, the projection on the last n — 2 components of both reduced
Hamiltonian evolution and evolution of the conformal curvatures coincide. The
first two components of the reduced Hamiltonian evolution also coincide with the
invariant evolution of x1 and s2, and so the theorem is proved. O

Assume we are now working formally, not in the periodic case.

Theorem 16. Let uy = Fr be an evolution of the form (BH), where F contains
the natural frame in columns and where r(x) = (r;(z)) € R™ is an invariant vector.
Then, if there exists a Hamiltonian functional h : N — R such that

hy
(5.24) hs =r
—D(n(h)) = D~! (r(h)7(v)T — 7(v)m(h)T) 7(v)
where h; = %, i=1,....,n—1, hy = (% and where h = (h;), the evolution induced

on v by the u-—evolution is Hamiltonian with respect to the N -reduced bracket, with
Hamiltonian functional h.

If an evolution u; = Ft induces a v—evolution which is Hamiltonian with respect
to a functional h, then the evolution uy = Fr, with r as in (5.24]), induces the same
v—evolution as u; = FT.

Proof. Again, one proceeds as in the previous theorem. We need to write explicitly
the reduced bracket and compare it to evolution (BI3]). The choice (224]) will make
both evolutions identical, and the theorem will follow.
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Again, given two functionals h,g : N' — R, we choose two extensions to
Lo(n + 1,1)* such that their Hamiltonian vector fields vanish on b, that is,

(5.25) H' + K, H] e, G +[K,Glep’
where b is the algebra associated to ([@I12), and where H and G are the variational

derivatives of the extensions of h and g respectively. Here K is as in B2) for the
natural case. Since we are extending to Lo(n + 1,1)*, H and G will be also of the

form
b nT 0
(5.26) B=(m B n
0 mT —b
0 bg

If n = (n;), m = (m;) and B = (_

determines the values

, one can find directly that (525
by B

(5.27)
ny = hi, ng2=hs, m1 = —h{ + v1hy + $2hs,
ey _ _ , _ [(—m(v) 7*(n)
b= I, bo = (D + NaJa(w) = ~s(ny — () 7).

where N is given as in 11). The study of the central block in (E19), with the
natural data, results in

(5.28) B, + [Na, Bo] + s? (_W(Q)(n) 7r2(51)T> =0.

—b1 Bs
(E20)) represents the variational derivative of an extension of a functional h defined
on N. Besides, (5.28) implies

T
If By = ( 0 bl), automatically one has that b; = w(h), since the matrix

By = D7 (n(h)r(v)" — w(v)m(h)T)
and
m(n) = —s % [r(h) + D! (r(h)7w(v)" — 7(v)r(h)") 7(v)] .

With this information, if H and G are given as in (23], the reduced bracket is
given by

(hog)wn(v) = [ (" + (R, H)G)do
my + vihy + 2k — 2 (v) - 72 (ny,)

= /ng | s2hier™ — v (D + No)w(ny) + 52 <7r(0h)> + (D + Na)7(my) o

+ / — ((D + Na)m(ny)) - ((D + N2)27T(1’1h) —uim(ng) + thle?fl — W(mh)) dx.
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Further computations yield the formula

{(h.9)wa) = [ 91 ((-D*+ Dox + D)
+ (s*D + Ds*)h, — s°n(v) - 7%(ny)) dx

(5.29) +/gs ([Dn7(np)], + (s°D + Ds*)hy) da

—|—/7r2(ng) - ((m(Dnw(np)) + s*him(v) + s*m(h)) da.

If we assume r = ny, then the companion factor to g; and gs above coincide
with the evolution of v and s? in the invariant evolution of the curvatures (5.13).
Finally we only need to rewrite the 72(ns) companion in (£.29) and decide which
factor this part will induce on 7(g). For this, we use the relation

[ 107! (r@n(v)” = 7(w)m(@)") w(0)] - X

= /W(g) D7 (r()XT = Xn(v)") m(v)dz
and substitute X =Y 4 w(h) where

Y =571 (Dn(n(0n)) + hm(v))

(the factor accompanying 72(n,) is s?(Y + w(h))). After some calculations we
obtain that the factor that multiplies 7(g) in (£:29) equals

D' (Yr(w)" —n(v)Y) w(v) — s*n*(np) + D (s *m(Dym(ny))) + Dhym(v).

If r = ny, then Y = —a,, where a; is as in (5.15)). This implies that the projection
of the reduced Hamiltonian vector field associated to h on R"~? is identical to the
evolution induced on 7 (v) as in (5:I13). The theorem follows. O

Example 2. Consider the functional h: N' — R,

hwes) = [ (G0 +0n.5)) a

This choice gives the values h; = —v) for i = 2,...,n — 1 and arbitrary values for
hi = ;Tgl and hy = (;ST%. Therefore, relation (5.24) gives the vector
hy
r = hs

7)) + 7 W) [xW)|? = $7 @) (Ir@)?)’
Evolution u; = Fr, with r as above and any choice of g(v1, s), will be Hamiltonian

with respect to the reduced Poisson bracket.
Borrowing ideas from the Euclidean case, the choice

) = [ (U0 E = @)1 + gt0r,) ) da

produces the values
ha
r= hs
()" + Ex(v) |r ()2
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and again the evolution u; = Fr will induce a Hamiltonian evolution on s2, v for
any choice of g(v1, s).

6. FURTHER QUESTIONS

The majority of completely integrable PDEs are integrated with the use of two
compatible Poisson structures. If one of the structures is invertible, then a recursion
operator can be found to generate an infinite family of preserved quantities of the
flow. The system is thus completely integrable in this sense.

The study of integrable systems which appear as evolutions induced on conformal
differential invariants by conformally invariant flows is largely unexplored. In this
paper we have presented one of the Hamiltonian structures that can be considered
for integration. But, the Kac-Moody bracket (EE3) we reduced to find the conformal
bracket is known to be compatible with any of the simpler Hamiltonian structures

(6.1) (F.G}o(L) = —/tr([F, G| Ho)dx

for any constant matrix Hy € o(n+ 1,1)*. Therefore, if any such structures reduce
to our submanifolds X and N'/O(n—2), the resulting bracket will also be compatible
with {, }r and {, }yg. The subbundle E used in Theorem [[1]leaves this bracket
invariant trivially since the right-hand side of (6.1 does not involve the point L
explicitly. Therefore, in order for (Lo(n+1,1)*, M, {, }o, F) to be Poisson reducible,
we need condition ([{.I5)) to be satisfied.

As we saw before, TM + E = TM and so one would need to make choices of
Hy with the property

[F, Hy) € TM

for any F' = g—ﬁ(M) with F/ + [M, F] € °. An easy choice would be, for example,
any Hj of the form

0 0 O
* 0 0
0 % 0

since the adjoint action of this subalgebra takes o(n+ 1,1) into TM. In particular,
one could explore evolutions that will be connected by a Hasimoto—type transfor-
mation, and perhaps evolutions which will be analogous to well-known integrable
PDEs appearing in the Euclidean case, notably the Vortex filament flow and vector
modified KdV evolutions. Furthermore, in the 3-dimensional Riemannian case of
manifolds with constant curvature, the curvature tensor plays an important role
on the integration of some of the generalizations of these well-known systems. It
would be very interesting to deeply understand this role from a geometrical point
of view and to generalise it to other geometries and dimensions.

From the geometrical point of view perhaps a more interesting problem is the
study of these Poisson brackets in the general case of a manifold with a G—structure.
Research in that direction is already under way.
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