Surveys in Differential Geometry XIX

Dispersive geometric curve flows

Chuu-Lian Terng

ABSTRACT. The Hodge star mean curvature flow on a 3-dimension
Riemannian or pseudo-Riemannian manifold, the geometric Airy flow on
a Riemannian manifold, the Schrodinger flow on Hermitian manifolds,
and the shape operator curve flow on submanifolds are natural non-
linear dispersive curve flows in geometric analysis. A curve flow is
integrable if the evolution equation of the local differential invariants of
a solution of the curve flow is a soliton equation. For example, the Hodge
star mean curvature flow on R® and on R*!  the geometric Airy flow
on R", the Schrodinger flow on compact Hermitian symmetric spaces,
and the shape operator curve flow on an Adjoint orbit of a compact Lie
group are integrable. In this paper, we give a survey of these results,
describe a systematic method to construct integrable curve flows from
Lax pairs of soliton equations, and discuss the Hamiltonian aspect and
the Cauchy problem of these curve flows.

1. Introduction

Three of the simplest linear dispersive equations in one space and one
time are:

o The linear Schridinger equation for ¢ : R> — C",
9t = 1qga-

e The Airy equation for ¢ : R? — R,
4t = Qeax-

o The first order symmetric linear hyperbolic system for q : R> — R,
@ = Aqq,

where A is a constant n x n real symmetric matrix.
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These are Hamiltonian partial differential equations, and the Cauchy prob-
lem can be solved by Fourier transforms. There are also many interesting
completely integrable non-linear dispersive Hamiltonian partial differential
equations (soliton equations) that arise in the study of non-linear waves. For
example,

e the focusing non-linear Schriodinger equation (NLS),

;
@ = 5 (¢ + 2q%q),

for ¢ : R?2 — C,
e the sine-Gordon equation (SGE) for ¢ : R? — R,
it — Qax = SING,

e the KdV equation

1
qt = Z(sz + GQQm)a

e the n wave equation for u = (u;;) : R? — u(n) with u; = 0 for
1< <n,

b; — b; b. — b, b; — b ) )
(uiy): = J(uz-j>m+2(’“ i _ ‘“>ukuk oy

; ar — aj a; —a
ktig Nk TS BT Ok

a; — CLJ
where a;, b; are complex constants for 1 <7 <n and aq,...,a, are
distinct.

Soliton equations have many remarkable properties including;:

e There are infinitely many families of explicit soliton solutions.

e There exist Backlund transformations that generate new solutions
from a given solution.

e There exists a Lax pair, i.e., a one parameter family of G-valued
connection one forms 0(x,t, \) = A(u, \)dx+ B(u, \)dt on the (z,t)
plane defined by u, x derivatives of u and a parameter A such that
0(-,-,\) is flat for all A € C if and only if u is a solution of the
soliton equation.

e There are interesting actions of infinite dimension groups on the
space of solutions.

e There exists a bi-Hamiltonian structure, i.e., two compatible Pois-
son structures such that the soliton equation is Hamiltonian with
respect to both structures.

e There are infinitely many commuting conservation laws.

e If u is a solution of the soliton equation then the scattering of the
linear operator d, + A(u(-,t),\) = 0 (the x part of the Lax pair)
evolves linearly in t. If the inverse scattering transform of this linear
operator exists for a class O of initial data then the Cauchy problem
with initial data in O of the soliton equation can be solved.
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One of the standard methods for constructing soliton equations is to use
splittings of infinite dimensional Lie algebras, i.e., the Adler-Kostant-Symes
construction. The properties of soliton equations given above can be derived
in a unified and systematic way from these splittings (cf. [11], [30]).

Soliton equations also arise naturally in differential geometry (cf. [32]).
For example, the SGE is the equation for surfaces in R?® with Gaussian
curvature —1, and the reduced n-wave equation is related to the Gauss-
Codazzi equations for flat Lagrangian submanifolds in C" with flat and
non-degenerate normal bundle (cf. [34]).

The linear dispersive equations mentioned above are flows on the space
C*®(R,V) of smooth maps from R to V, where V is R"™ or C". It is
natural in geometric analysis to construct non-linear analogues of linear
dispersive equations by replacing V' by a Riemannian, pseudo-Riemannian,
or a Hermitian manifold, and replacing 9, by V¢, or V, , where V is the
metric connection and eq is the unit tangent vector along the curve. Next
we give some natural analogues of linear dispersive equations in differential
geometry.

e The Schriodinger flow on Hermitian manifolds
Let (M,g,J) be a Hermitian manifold, where J is the complex
structure and g is a Hermitian metric. The Schrédinger flow on M
is the following natural analogue of the linear Schrédinger equation,

(1~1) "= JW(V%')’:v)a

where V is the Levi-Civita connection of g.
e The star mean curvature flow (x-MCF) on a 3-dimensional Rie-
mannian manifold
Let g be a Riemannian or Lorentzian metric on a 3-dimension
manifold N. The x-MCF on (N,g) is the following curve flow on
the space of immersed curves in IV,

=y (H(Y(5 1)),

where *,(,) is the star operator on the normal plane v(v), and
H(~(-,t)) is the mean curvature vector for (-, ).
e The geometric Airy flow on a Riemannian manifold

Let (M,g) be a Riemannian manifold, V the Levi-Civita con-
nection of g, and V= the induced normal connection on a curve
defined by V& = (V,€)*, the projection of V€ onto v(), where
£ is a normal vector field £ along v and eq is the unit tangent. The
geometric Airy flow on (M, g) is

%= Ve H(y(1)).

e The shape operator curve flow on a submanifold
Let M be a submanifold of a Riemannian manifold (N, g), and

n a normal field on M. The shape operator A, ;) : TM, — TM, is
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the self-adjoint operator defined by
Ap(v) = =(Von)™,

the tangential component of V,n, where V is the Levi-Civita
connection of g. The shape operator curve flow on M is

Y = Ap(Vz)-

This is a natural non-linear symmetric first order hyperbolic system
on the submanifold M.

Given a geometric curve flow on a homogeneous G-space M, if we can
construct a “good” moving frame along curves on M such that the evolution
equation of the differential invariants of solutions of a geometric curve flow
defined by these moving frames is a soliton equation, then we can use
techniques from soliton theory to study this curve flow. We call such a curve
flow an integrable curve flow. As we will see next, many of the geometric
dispersive curve flows are known to be integrable.

It can be checked that the +-MCF preserves the arc-length parameter.
If ~ is parametrized by its arc-length, then the mean curvature vector of
is H(v) = V4,7 So the *-MCF on R3 parametrized by the arc-length is

Yo = H(Y(, 1) =72 X H(y(-,1)) = Yo X Yae-
So the +-MCF on R? is the vortex filament equation (VFE),

(1.2) Yt = Yz X Yrz-
Hasimoto proved in [17] that if y is a solution of the VFE parametrized by
arc-length then there exists a smooth 6 : R — R such that

Q(l’, t) = %eie(t)k(x7 t)ef Jo T(s,t)ds

is a solution of the NLS, where k(-, t) and 7(-,¢) are the curvature and torsion
along (-, t). Note that

(i) the VFE is invariant under the group R(3) of rigid motions of R?,
i.e., if v is a solution of the VFE, then so is C oy for any C' € R(3),
(ii) if ¢ is a solution of the NLS and ¢ € C with |¢| = 1, then ¢q is
also a solution of the NLS, i.e., the group S* acts on the space of
solutions of the NLS,
(iii) if C' € MR(3), then v and C~y have the same curvature and torsion.

So the Hasimoto’s transform in fact maps the PR(3)-orbit of a solution of
the VFE to the S'-orbit of a solution of the NLS. We use ¥ to denote the
Hasimoto transform on these orbit spaces, i.e.,

{y:R? = R3 |~ isasolution of the VFE, ||y,|| = 1}/9R(3)
|
{q:R? — C|gisasolution of the NLS }/S*

The inverse of ¥ is given by the Pohlmeyer-Sym construction (cf. [22], [26]).
Here is an outline of the paper:
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An orthonormal frame (eg,e1,e2) along a curve v in R3 is a p-
frame if eg is the unit tangent and (e, e3) is a parallel orthonormal
frame of the normal bundle v(7) with respect to the induced normal
connection. The differential invariants ki, ko of v defined by a p-
frame are the principal curvatures along e, es. Hasimoto’s result
can be stated as follows: If v : R? — R3? is a solution of the VFE
parametrized by the arc-length, then there exists g : R? — SO(3)
such that g(-,t) is a p-frame along ~(-,t) for all ¢ € R and
q = %(kzl + iky) is a solution of the NLS, where ki, ks are the
principal curvatures defined by the p-frame g. Although p-frames
along ~ are not unique and principal curvatures of v depend on
the choice of p-frames, the formula for the Hasimoto transform ¥
takes a simpler form in p-frames. It is also easier to use p-frames
to translate the results in soliton theory for the NLS to the VFE.
The VFE is one of the most well-known integrable curve flow, and
there are many works on the relation between the VFE and NLS
(cf. [18], [10], [24], [5], [6]). We use the VFE as a model example
to explain how to use the Hasimoto transform ¥ to study the bi-
Hamiltonian structure, higher order commuting curve flows, and
Backlund transformations for the VFE. We also show that the
geometric Airy flow on R? preserves the total arc-length. Hence
we can reparametrize the curves by the arc-length parameter, and
the resulting normalized geometric Airy flow commutes with the
VFE.

We use p-frames to construct analogues of the Hasimoto transform
U between the time-like »-MCF on R*! and the defocusing NLS,
and between the space-like *-MCF on R?! and the 2 x 2 AKNS
equation

@ = —3(qoa — 2¢°7),
ry = %(rm —2qr?).

The bi-Hamiltonian structure, higher order commuting curve flows,
and Bicklund transformations for the *-MCF on R?*! are con-
structed.

Analogues of the Hasimoto transforms were also constructed be-
tween the Schrodinger flow on Gr(k,C™) and the matrix NLS in
[33], between central affine curve flows on R™\{0} and the Gelfand-
Dickey hierarchy in [23] and [7] for n = 2, in [8] for n = 3, and
in [36] for n > 3, and between the shape operator curve flow on
Adjoint orbits of U(n) on u(n) and the n-wave equation in [13] and
[28]. We will give a brief survey of these results in the last section.
These analogous Hasimoto transforms are constructed by choos-
ing suitable moving frames so that equations for the differential
invariants are soliton equations. A p-frame for a curve in R3 is only
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unique up to an action of H = SO(2). This motivates us to de-
fine a notion of (H,V)-moving frames for curves on homogeneous
G-spaces, where V' is an affine subspace of G where the differential
invariants lie. All moving frames used in examples given in (a)-(c)
are (H,V)-moving frames. Moreover, the notion of (H,V)-moving
frame is equivalent to the definition of H-slice in the theory of
transformation groups.

(e) Given a soliton equation, we give a general method for constructing
geometric curve flows and suitable (H,V')-moving frames from the
Lax pair so that their invariants give rise to solutions of the given
soliton equation. All integrable curve flows mentioned in this paper
can be constructed by this method.

This paper is organized as follows: In section 2, we define the notion
of (H,V)-moving frames for curves on a homogeneous space, give some
examples, and explain the relation between (H,V)-moving frames and H -
slice in the theory of transformation groups. We give a brief review of the
AKNS 2 x 2-hierarchy and its various restrictions in section 3. The relation
between the VFE and the NLS and the Cauchy problem for the VFE with
initial data having rapidly decaying principal curvatures are discussed in
section 4. We solve the Cauchy problem with periodic initial data for the
VFE in section 5. In section 6, we construct Bécklund transformations
and give an algorithm to write down infinitely many families of explicit
soliton solutions for the VFE. We explain the Hamiltonian aspects of the
VFE including higher commuting curve flows and show that the normalized
geometric Airy flow on R? commutes with the VFE in section 7. In section 8,
we study the time-like +MCF flow on R*!. We study the space-like *-MCF
on R%! and prove that the space-like geometric Airy flow on R*! with a
constraint gives a natural geometric interpretation of the KdV in section 9.
We explain (e) in the last section.

2. Moving frames along curves

We first give a review of local theory of curves in a Riemannian manifold,
then define and give examples of (H,V)-moving frames for curves on a
homogeneous space. In the end of the section we explain the relation between
the notion of (H,V)-moving frames on a homogeneous space G/K and
H-slices for the gauge action of C°(R, K) on the space of connections
dy + C*°(R,G).

Let v : R — M be a curve in a Riemannian manifold (M",g), and eg
the unit tangent along 7. Let g = (eg,...,en—1) be an orthonormal frame
along v such that eg is the unit tangent to . Then

Veo (60, ey en_l) = (Veoeo, ceey V%en_l) = (60, ceny en_l)k

for some k = (kij)o<i,j<n—1 € so(n), where V is the Levi-Civita connection
for g. In fact, kij = g(Vepej,ei) for 0 < 4,5 <n —1, k; = kip = g(Vey€0, €)
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is the principal curvature of v along e; for 1 <i <mn —1, and

n—1
H(’}/) = Veoeo = Z kiei
=1

is the mean curvature vector field along ~ and is independent of the choice
of orthonormal frames. In particular, if v is parametrized by its arc-length,
then

Principal curvatures depend on the choice of normal frame. If both
(eg,...,en—1) and (eg,€1,...,6,—1) are orthonormal frames along = then

there is a h : R — SO(n — 1) such that (é1,...,€,—1) = (€1,...,en—1)h. So
the corresponding principal curvatures are related by

(2.1) (kiy. o kno)t =R ke, .o k)

Note that an orthonormal frame (e, ..., e,—1) of v(7) is parallel with respect
to V* if and only if g((ej)x,e;) = 0 for all 1 < 4,j < n — 1. Moreover, two
parallel normal frames are differed by a constant in SO(n — 1). Motivated
by this example, we make the following definition.

DEFINITION 2.1. Let M = G- pg be a homogeneous G-space, M a subset
of C*°(R, M), H a closed subgroup of the isotropy subgroup Gy, at pg, and
V' an affine subspace of G. We say that M admits (H, V)-moving frame if

(1) given v € M, there exists g : R — G such that
(a) v(z) = g(z) - po,
(b) g7 1g, € C®(R,V).
Moreover, if g1 € C®(R,G) also satisfies (a)-(b), then there is a
constant h € H such that g; = gh.
(2) if g : R — G satisfying g~ 'g, € V, then v = g - pg is in M.
We call such g a (H,V')-moving frame along v and u = g~ 'g, the differential
invariants of v defined by g.

Note that if both g and g are (H, V')-frames along ~y, then there is ¢ € H
such that § = gc. So the corresponding differential invariants @ = §~'g, and
u = g 'g, are related by @ = ¢ luc.

If M admits (H, V') moving frames, then by the existence and uniqueness

of ordinary differential equations we have the following:

o M is invariant under the action of G.
o Differential invariants of v in M determines v uniquely up to the
action of G.

Next we give some examples.
EXAMPLE 2.2 (p-frame for curves in R").

The group R(n) of rigid motions of R™ can be embedded as the following
subgroup of GL(n + 1):

R(n) — {(1 0) ‘yeR”Xl,gESO(n)}

Yy g
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and its Lie algebra is

w-{0 )

Given a curve v in R™ parametrized by its arc-length, there exists an

ye R ¢ e so(n)} .

orthonormal frame (ey,...,e,—1) satisfying eg = 7, and (e1,...,ep—1) is a
parallel orthonormal frame for v(v), i.e.,
0 —ki —ky -+ —kp
(€0y---ren—1)z = (€0, €n-1) k_l 0 . 0
kn—1 O 0
The orthonormal frame (e, ..., e,—1) is called a p-frame and k; the principal

curvature along e; for v for 1 < i < n— 1. Since two p-frames are differed by
a constant in SO(n —1), (v,e0,...,en—1) is a (SO(n—1),Y,)-moving frame
for v € M, where

M ={7:R = R"[[|r] =1},
and Y, is the following affine subspace of t(n),

Y, =ea + @?:JrglR(eiZ — €2;).

EXAMPLE 2.3 (Frenet frame for curves in R?).
The classical Frenet frame (eg, n, b) for v in

My ={7:R = R|||all = 1, [nzall > 0}

satisfies the following Frenet equation,

0 -k O
(eg,n,b)x = (eg,n,b) [k 0 —7],
0 7 0

wheat k,7 are the curvature and torsion of 7. So (v,ep,n,b) is a (e, V)-

moving frame for v € M, where V = ea1 + R(es2 — e23) + R(eqs — €34).
EXAMPLE 2.4 (periodic h-frame).

For c € R, let R(c) = cosc —sme

sinc cosc
Let ¢y € R be a constant, and

) denote the rotation of R? by angle c.

My = {7: 8" — R*|||72|| = 1, the normal holonomy of ~is R(—2mcy)}.
If (eo, e1,€2) is a p-frame along v € M,,, then
(eo,e1,e2)(2m) = (e, €1, e2)(0)diag(l, R(—2mco)).

Let (vi(x),v2(x)) be the orthonormal normal frame obtained by rotating
(e1(z),e2(x)) by cox. Then the new frame

g(x) = (eo,v1,v2)(x) = (€0, €1, €2)(7) <(1] R(Sox)>
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is periodic in x. Moreover,

0~k —k
gilgx = ]fl 0 —Cp
ko o 0

and (k+iks)(z,t) = e=%(ky+iky)(z,t) are periodic. We call § = (eq, v1, v2)
a periodic h-frame along ~y. This is a (SO(2),V)-moving frame for M.,
where

V = e91 + cpeqs + R(egg — 623) + R(642 — 624).

EXAMPLE 2.5 (Central affine moving frame). (cf. [23], [8])

The group SL(n,R) acts on R™\{0} transitively by ¢ - y gy. If
v : R — R™\{0} satisfies det(*y,%,...,mgnfl)) > 0 for all s € R, then
we can change to parameter z = x(s) such that det(vy,yz,. .. ,fy;(cn_l)) =1

Such parameter z is called the central affine arc-length parameter. Let

Ma(R) = {y € C(R,R\{0})| det (..., 7)) = 1}.
(n—1)

Give v € M, (R), take the z-derivative of det(~,...,7z ') =1 to get
det(y, Yz, - - -, 72 4y = 0.
This implies that there exist u1,...,u,_1 such that

A = wgy + o up .

Hence we have

000 up
1 00 Ug
010
g:l? = g O . )
0 1 0 wup—1
0 1 0
where g = (7, Va, - - - C(Gn_l)). The map g is called the central affine moving

frame along v and w; the i-th central affine curvature of v for 1 < i <n—1.
The central affine moving frame g along v € M is the (e, V)-moving frame
along 7, where V = b+ 69?;11Rem and b = Z?:_ll €it1,i-

EXAMPLE 2.6 (Adjoint moving frame).
Let G be a semi-simple Lie group, G the Lie algebra of G equipped with
a non-degenerate ad-invariant bi-linear form (,), a € G, and

M = {gag~'|g € G}

the Adjoint G-orbit at a in G. Let G, denote the stabilizer of a, G- the
orthogonal complement of the Lie algebra G, of G, with respect to the bi-
linear form (,). It was proved in [28] that given v € C*°(R, M), there is
a g:R — G such that v(z) = g(z)ag(z)~! and g~ 'g, € G+. Moreover, if
g1 : R — G is another such map then there exists a constant ¢ € G, such
that g; = gc. Hence g is a (G4, G;-)-moving frame along « in C*°(R, M) and
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the G1-valued map g~ 'g, is the differential invariants for v defined by g.
We call such g an Adjoint moving frame.

REMARK 2.7.

(a) The group Diff (R) of diffeomorphisms of R acts on C*°(R, M) by
f+v = ~o f. This action leaves the space Z(R, M) of immer-
sions in C*°(R, M) invariant. Two immersed curves lies in the
same Diff (R)-orbit have the same geometry but with different
parametrization.

(b) If Diff (R) - M is not an open subset of C*°(R, M), then a curve
flow on M is a curve flow on M with constraints.

(¢) Suppose Diff (R) - M is open in C*°(R, M). If the (H,V)-moving
frames are for curves with a special parameter then dim(V') is equal
to dim(M) — 1, otherwise dim(V') = dim(M).

The notion of the (H,V)-moving frame is closely related to the concept
of H-slice on a G-space X defined by Palais in [21].

DEFINITION 2.8. ([21]) Let X be a G-space, and H a closed subgroup
of GG. A submanifold S of X is a H-slice if S satisfies

(1) G- S isopen in X,
(2) H-SC S8,
(3) if (9-S)NS # then g € H.

THEOREM 2.9. Let M = G - py = G/K, where K = G,. Let G act on
C®(R,M) by (c-v)(x) = c-y(x), and C*(R, K) act on C*(R,G) by the
gauge transformations,

kxu =k~ uk + k™ k.
Then ®([]) = [g7gs] defines a bijection
& : (R, M)/G — C®(R,G)/C(R, K),

where [y] is the G-orbit at v and [u] is the C®(R, K)-gauge orbit of u.
Moreover, a subset M of C*°(R, M) admits (H,V)-moving frames if and
only if C®°(R,V) is a H-slice of the gauge action of C°(R,K) on M =
{97'9: € C*(R,G) |g-po € M}

PROOF. Given 7 € C®(R, M), there exists ¢ : R — G such that
v = g - po. Moreover, g1 € C°(R,G) such that v = g1 - pg if and only if
there exists k € C®(R, G,,) such that g1 = gk. So v — [g71g,] is a well-
defined map from C*°(R, M) to C*(R,G)/C*(R, K). Note that if ¢ € G
is a constant, then (cg)~1(cg): = g 'g.. This proves that ®([y]) = [¢7'g.]
is well-defined. Given u : R — G, we can solve g € C*(R, ) such that
u =g 'g.. So ®(g-py) = u. This shows that ® is a bijection. The second
part of the theorem follows from the definitions. O
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A general theory and a systematic method of constructing moving frames
can be found in [12]. We will see in later sections that the notion of (H,V)-
moving frames makes the relation between integrable geometric curve flows
and soliton equations more transparent.

3. The 2 x 2 AKNS hierarchy

In this section, we review some known properties of the 2 x 2 AKNS
hierarchy and its various restrictions (cf. [1], [30]).

3.1. The 2 x 2 AKNS hierarchy or the SL(2,C)-hierarchy
Let

a = diag(i, —1).

It can be checked that given u = <2 g) :R — sl(2,C) there is a unique

Q(u,\) = aX + Qo(u) + Q_1 (WAt +-
satisfying Qo(u) = u,

51) {[agc +aX+u, Q(u,\)] =0,

Q(ua )‘)2 = _)‘21%
where Ip is the 2 x 2 identity matrix. Moreover, entries of Q_;(u) are

differential polynomials in ¢ and r (i.e., polynomials in ¢, and their -
derivatives). It follows from (3.1) that we have the recursive formula

(3.2) (Q—j(w)e + [u, Q—j(u)] = (@ (j41)(w), a]-

In fact, the Q;(u)’s can be computed directly from (3.1). For example,
(3.3)

A _ L qr—qre Gue —2¢°r
Q1w =3 ( > » Qalw)="3 <rm~ —2qr®  —qur+qrz)’

Let
V= (C€12 + (Cegl.
The j-th flow in the 2x2 AKNS hierarchy is the following flow on C*°(R, V),
(3.4) up = [0z +u, Q_(j_1)(u)] = [Q—;(u),a].
For example, the first three flows in the SL(2,R)-hierarchy are
qt = qx, Tt = Ty,
j i

(3
gt = 5(‘]&:9: - 2(127“)7 Tt = 7§(TII - 2617“2)7

1 1
qt = _Z(QIrx - GQTQCL‘)y = _Z(Txx:c - GQTTI)-
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It follows from (3.1) that u : R? — V is a solution of (3.4) if and only if

(3.5) 0; = (aX + u)dz + > QuwN T e

—(j-1)<i<1
is a flat si(2,C)-valued connection one form on the (z,t)-plane for all
complex parameter A, where Q1(u) = a and Qop(u) = w. The connection
1-form 60; is the Laz pair of the solution u of the j-th flow.

3.2. The SU(2)-hierarchy
Let V4 denote the following linear subspace of V' = Cey + Ceoy:

(3.6) Vi = {qe12 — gea1|q € C}.
The j-th flow (3.4) leaves C*°(R, V1 )-invariant, i.e., leaves r = —¢ invariant.
0

Moreover, Q_j(u) € su(2) for u = . The restrictions of the

q
—G 0
flows (3.4) to C*°(R,V;) is called the SU(2)-hierarchy. or example, for

u:<0_ q),wehave
—q 0

i _"J‘Z Az )
3.7 —-1(u) == ~ )
(3.7) @-1(w) 2<qx 'l

1 QQm - qqm _(qgvx + 2|Q‘QQ)
3.8 - =—|_ _ - ~ .
(3.8) Q-2(u) =7 <me +2(1*q:  —4qr + q3x
So the first three flows in the SU(2)-hierarchy are
(39) qt = 4z,

1
(310) qt = 5((]2737 + 2\61’2@7
1

(3.11) qt = _Z(QZm: + 6‘Q|2qx)'

Note that the second flow is the focusing NLS and the third equation is
the complex modified KdV. The Lax pair 6; (defined by (3.5)) for solution

u = <_0q_ g) of the j-th flow in the SU(2)-hierarchy satisfies the su(2)-
reality condition
(3.12) 0;(x,t,\)* + 0;(x,t,\) = 0.
We call a solution E of
E~NE := B (Eydz + Edt) = 6,

a frame of the j-th flow in SU(2)-hierarchy if E satisfies the SU(2)-reality
condition,

(3.13) E(z,t,\)*E(x,t,\) = L.
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3.3. The SU(1,1)-hierarchy

Let
(3.14) Vo = {qe12 + gea1 | g € C}.
The j-th flow (3.4) leaves C*°(RR, V3) invariant, i.e., leaves r = ¢ invariant.
Moreover, Q_;(u) € su(l,1) for u = 9 g . The restriction of the

2 x 2 AKNS hierarchy to C*°(R, V) is called the SU(1,1)-hierarchy. For
(@ 4)
u=|_ , we have
qg O
i(la? g >
3.15 () = 2 (10 ,
315 aw=j (1T &,
1 —qqz + 4G _(qycx - 2|Q’2q)>
3.16 - = - _ _ = - .
(3.16) Q-2(w) <_(me —2\9’0) T — 9%
The first three flows in the SU (1, 1)-hierarchy are

i
(3.18) 6 = 5 (taa — 2|aq),
1 2
(3.19) qt = _Z(Qmmr - 6‘Q| Qx)'
Note that the second flow is the defocusing NLS. The Lax pair 6; for a

q
0
the same formula (3.5) and 6; satisfies the su(1, 1)-reality condition,

solution u = of the j-th flow of the SU(1,1)-hierarchy is given by

(3.20) 0;(x, t,\)*J + JO(z,t,\) =0, J =diag(1l,—1).

We call a solution E of E~'dE = 0, a frame if E satisfies the SU(1, 1)-reality
condition,

(3.21) E(z,t, \)*JE(z,t,\) = J.

3.4. The SL(2,R)-hierarchy

Let
a = (llag(l _1) u =
’ ’ T O ’

and Q(u,\) = a\ +u + Q_1(u)A~! + - the solution of

[0z + aX\ + u, Q(u, \)] =0,
(3.22) { Q. \)? = VI,
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Then

_ L(—qr —qu
(3.23) Q-1(u) = B} < re  qr > ’

. 1 QT — g7y Qrex — QQQT
(324) QiQ(u) - Z (rwx - 2(]7‘2 — Qe +qre )
Let
(3.25) Vk = Rejs + Reo;.

The j-th flow on C*°(R, Vg) in the SL(2,R)-hierarchy is given by the same
formula (3.4) with these new a and Q;’s. For example, the first three flows
in the SL(2,R)-hierarchy are

qt = qx,
1 2 1 2
@ = =5 (dow = 20°r), 12 = 5(res — 2q17),
1 1
qt = Z(szm - GQTQz)a Tt = Z(Tmzm - 66]7"7“9:)-

The Lax pair 6; of the j-th flow in the SL(2, R)-hierarchy, which is given by
the same formula 3.5, satisfies the si(2, R)-reality condition,

(3.26) 0;(x,t,\) = 0;(x,t,\).

A solution of E~'dE = ; is a frame of the solution u of the j-th flow in
the SL(2,R)-hierarchy if E satisfies the SL(2,R)-reality condition,

(3.27) E(z,t,\) = E(z,t, ).

3.5. The KdV hierarchy

The (25 +1)-th flow in the SL(2, R)-hierarchy leaves r = 1 invariant and
the third flow becomes the KdV, ¢ = %(q;rx — 6qq,). The Lax pair of the
KdV is

(3.28) 0 = (aX +u)dz + (aX® + ud® + QoA + Q3)d,

where

T _ (0 ¢
a = diag(1, —1), u—<1 0>,

_% _%L ql QI172q2
=y <) @B={1Y% W )
2 2 4

The reality condition for the KdV hierarchy is a little bit more complicated.
It was noted in [31] that the Lax pair (3.28) satisfies the KdV reality
condition,

A(N) = A(N),
(3.29) {gb(/\)lAO\)(ﬁ(/\) — (p(—A)*lA(—)\)(b(_)\)a
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where

o() = (3 f) .

A frame of a solution g of the KdV is the solution E(z,t, \) of the following
System,

E,=E(a\+u), Ei=E(@\+u)\?+Q_1(u)A+ Q_2),
E(z,t,\) = E()\), ¢ Y(\)E(x,t,\)$()) isevenin .

REMARK 3.6. The reality condition of the Lax pair of a soliton equation
plays an important role in the symmetries of the equation. It also plays an
essential role in the construction of Backlund transformations.

3.7. Bi-Hamiltonian structure ([11], [27])

Let G = su(2),su(1,1) and si(2,R) for W = V;, V5 and Vg defined by
(3.6), (3.14) and (3.25) respectively. The gradient of H : C*°(S*, W) — R
is the unique VH (u) € C°°(S*, W) defined by

AH, (v) = 7{ (VE(u), v)da,

where (X,Y) = —1tr(XY). These hierarchies are Hamiltonian with respect
to two Poisson structures. The first one is

(3.30) (F, H}(u) = 7{ (VF(u),a], VH(u))da
To define the second Poisson structure we need the operator
P, : COO(Slv W) - 000(517 g)

defined as follows: Given u,v € C*°(R, W) there is a unique v € C*°(R, G)
such that = u+ Aa and [0, +u, 0] € W. Then P,(v) = 0. For example, for

U= <2 g) and v = <2 g), we have P,(v) = v + Aa, where A satisfies

Ay = —qn+r&
The second Poisson structure is

(3.31) (F, H}s(u) = 7{ ([0 + u, Pu(VF(u))], VH (u))dz.

The Hamiltonian equation for H with respect to {, }; is

ur = (Ji)u(VH(u)),

where
(3.32) (J1)u(v) = [v, 4],
(3.33) (J2)u(v) = [0z + u, Pu(v)].

Note that {, }5 are defined for H satisfying §(u, [v,a])dz = 0.
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Let Hj : C*(S', W) — R be the functional defined by

(3.34) Hj(u) = —= %(Qj(u),a)dx.

Then the following are known:

(i) The j-th flow equation (3.4) is the Hamiltonian equation for H;
with respect to J2 and is the Hamiltonian equation for H;;q with
respect to Jj.

(i) Write

Qj(u) = Yj(u) + Aj(u)a
with Yj(u) € W and A; € R. Then we have
Pu(Y_j(u) = [Q—(j41)(w), al,
Yoi(u) = (J1)y  (ua),
VH](U) = Y—(j—l) (u)

This gives the well-known fact that the j-th flow can be written
recursively by the bi-Hamiltonian structures,

ug, = (J2J7 ) (ta)-

(ili) H;’s are commuting Hamiltonians with respect to both Poisson
structures. Hence all flows commute and H;’s are conserved quan-
tities for these flows.

3.8. The R-action on solutions
These hierarchies also admit an R-action on solutions. Let R act on
C*(R, W) by
cxu=e“ue”“,

where a = diag(i, —i) for W = Vj and V, and a = diag(1, —1) for W = V.
For u € Vj or Vs, the induced R-action on ¢ € C*°(R,V;) is

So this gives an S'-action on C®°(R,V;). For u = gejz + rea; € Vg, the
R-action on (g,r) is

cx (q,r) = (e*q,e ).
It follows from (3.1) that
O(eue=) = “Q(u)e .
So we have
(3.35) Q—j(e“ue” ) = e“Q_j(u)e .
This implies that
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(1) if w is a solution of the j-th flow then so is e“ue™“* for any
¢ € R. In other words, S! acts on the space of solutions of the
j-th flow in the SU(2) and SU(1,1) hierarchies and the group
Rt = {diag(r,7~1)|r € R,r # 0} acts on the space of solutions of
the j-th flow in the SL(2,R)-hierarchy,

(2) the functional H; defined by (3.34) is invariant under the R-action.

Note that if F': C*®°(S', W) — R is invariant under the R-action, then
VF' is R-equivariant, i.e.,

VF(e“ue” ) = e““VF (u)e .
Hence we get the following.

PROPOSITION 3.9. If F, H : C®°(SY, W) — R are invariant under the
R-action rx u = e"*ue™"*, then {F, H}; is also R-invariant for i =1,2.

Note that the Hamiltonian theory discussed above works for the space
S(R, W) of smooth rapidly decaying smooth maps from R to .

4. The *-MCF on R?

In this section, we

(a) show that the *-MCF on R? preserves arc-length parameter and is
the VFE,

(b) explain the Hasimoto transform for the VFE in terms of p-frames,

(c) solves the Cauchy problem for the VFE with initial data having
rapidly decaying principal curvatures.

Recall that the Hodge star operator on an oriented two dimension inner
product space is the rotation of 7. So if (e1,e2) is an oriented orthonormal
basis then

x(e1) = e2, *(ez) = —ey.

ProroSITION 4.1. The x-MCF on a 3-dimensional Riemannian mani-
fold (N3, g) preserves the arc-length parameter.

PROOF. Suppose y(z,t) is a solution of the *-MCF on N. Let s(-,t)
denote the arc-length parameter of v(-,¢). Then s, = ||72|| = V&« ¥x)-
Let (ep,e1,e2) be an orthonormal moving frame along v such that eq is the
unit tangent, and k; the principal curvature of v along e; for ¢ = 1,2. Then

0 —-k1 —ko
(4.1) (eo,e1,e2)s = (e, e1,€2) | k1 0 =
ke O 0

for some functions k1, ko and . The *-MCF on N written in terms of this
frame is

Yt = *4(H(Y(- 1)) = k1ea — kaer.
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Write []7z]* = g(7x,7x). Then

1
5 (801 1))t = 8(V 275 7%) = 8Vt 75)

2
= g(Va, (kiez — koer), 1) = [l *8( Ve, (kiez — keer), ep).
It follows from (4.1) that this is zero. O

So we may assume solutions ~y(x, t) of the x-MCF is parametrized by arc-
length. Since H(y) = 7z if v is parametrized by its arc-length, we obtain
the following.

PROPOSITION 4.2. The x-MCF on the Fuclidean space R3 parametrized
by arc-length is the vortex filament equation (VFE),

Y =Yz X Yox = kDb,
where k(-,t) and b(-,t) are the curvature and bi-normal of (-, ).

Let ¢ € R\0O be a constant. Then ~ is a solution of v = ¢y, X Yy if
and only if Y(x,t) = v(x,t/c) is a solution of the VFE. So they are the
same equation up to linear change of time coordinate. To make the relation
between the VFE and NLS looks neater, we will call

1

1
(42) "= 5 *y H(’V(?t)) = 5’7:3 X Yex

the VFE for the rest of the paper.

Next we state Hasimoto’s result in terms of p-frame. Since the proof
of this theorem is used for many integrable curve flows, we include a proof
here.

THEOREM 4.3. If v : R? — R3 is a solution of the VFE, ~; = %'ym X Yo
parametrized by arc-length, then there exists g = (eq,e1,e2) : R? — SO(3)
satisfying

(i) g(-,t) is a p-frame along (-, t) for each t,

(ii) ¢ = %(k‘l +iks) is a solution of the NLS, q = %(Q:m+2|q]2q), where
ki = (e0)s - €; is the principal curvatures along e; for i =1,2.

(iii) if both g and g = (eq, €1, €2) satisfies (i) and (ii), then there is a
constant ¢ such that § = gdiag(1, R(c)) and § = %(/;:1 +ik1) = eicq
is a solution of the NLS, where and k;(-,t) is the principal curvature

cosc —sinc

of v(,t) along &; and R(c) = sine  cosc

PROOF. Let h = (eg,v1,v2) : R?2 — SO(3) such that h(-,t) is a p-frame
for (-, t) for all t and ry, 5 the principal curvatures along vy, vo respectively,
ie.,
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Let
B = (bj) :==h™'hy.
A direct computation implies that
s = S~ (r)avr + (ra)eva).
So by = —%(Tg)x and b3 = %(rl)x. Since h™th, = A and h~'h; = B, we
have

(€0)e = (Va)t = (V)2 = 5 (—T2v1 + T102)s

Ay = B, + [A, B].
Compare the 32-th entry of the above equation to get

1
(b32)x _Z(T% +73)z.
Hence there exists 6 : R — R such that by = —1(r? 4+ r3) + 0(¢). Let

(e1,e2)(x,t) = (U1U2)( ) p( )), and g = (ep, €1, e2), where R(p(t)) is the
rotation of angle p(t) and p'(t) = —6(t). Then we have
0

— 1 —

1)
ol

(43) k'2 ;L _(kl)x
2 k2+%#
kO k2 14 2 ’
il G

Wherek:1+zk2:ei r1+r2 LetA—g g;,;andB—g gi. Then
A; = (B), + [A, B]. Equate the 21-th and 31-th entries of this equation to
see that ¢ = q1 + i = %(/{:1 + tks) is a solution of the NLS.

Statement (iii) follows from the construction of g. O

COROLLARY 4.4. Let v : R?> — R? be a solution of v; = %fyx X Vrx
parametrized by the arc-length, g = (eq, €1, e2) : R?> — SO(3) such that g(-,t)
is a p-frame along v(-,t), and r;(-,t) the principal curvature with respect to
ei(+,t) fori=1,2. Then there exists a smooth function 6 : R — R such that
q(z,t) = %ew(t) (r1 +irg) is a solution of the NLS.

We have seen in section 3 that ¢ is a solution of the NLS if and only if
05(-, -, A) = (aX + u)dz + (a\? + ul + Q_1(u))dt,

is a flat connection 1-form on the (z,t)-plane for all complex parameter A,
where a = diag(i, —i), u = gei12 — gea1, and Q_1(u) is defined by (3.7).
Recall that a frame of the solution u of the NLS is a solution E(x,t,\) of
E~'dE = 0, satisfying the SU(2)-reality condition,

(4.4) E(- JA)*E(z,t,\) =1

The following proposition follows from the fact that tr(fy) = 0 and E
satisfies the SU(2)-reality condition.
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PROPOSITION 4.5. If E(x,t,\) is a frame for the solution q of the NLS,
then

(1) det(E(z,t,\)) is independent of x,t,
(2) E(x,t,r) € U(2) forreR.

Next we identify the Euclidean R? as su(2). Let su(2) be equipped with
inner product

(X,7) = —5r(XV).

Let

(4.5) o = diag(i, —i), b:(_ol é) c:<? é)

Then 6 = (a, —c,b) is an ordered orthonormal basis for su(2). Note that
[a,b] = 2¢, [b,c] =2a, [c,a]=2b.
We identify su(2) as the Euclidean R? via

. . T
. 1 Ytz
(4.6) xa+yb+ zc = (—y Yir iz ) — Z

Let Ad : SU(2) — SO(su(2)) denote the Adjoint representation, i.e.,

Ad(g)(€) = gég .
Let 6 = (a,—c,b) be as above, and

(4.7) Ad(g)[6] = (gag™", —geg ™", gbg™ ),

where a,b,c are as in (4.5). Then Ad(g)[6] is in SO(3) (here we identify
su(2) as R3 by (4.6)).

Below is the standard Pohlmeyer-Sym construction in soliton theory (cf.
[26], [22]). Since we will use this often, we include the elementary proof
here.

THEOREM 4.6. Let E(x,t,)\) be a frame of a solution q : R? — C of the
NLS such that E € SL(2,C). Then

_OF
)
lies in su(2) and is a solution of the VFE, v = %% X Yzz, parametrized by

the arc-length. Moreover, let ¢(z,t) = E(x,t,0). Then g = Ad(¢)[6] defined
by (4.7) satisfies (4.3) with ki + ike = 2q.

a E™ ‘,\:0

PROOF. Since F satisfies the SU(2)-reality condition, E(x,t,\) € U(2)N
SL(2,C) = SU(2) for all A € R. So a € su(2). Let ¢(x,t) = E(z,t,0). Then
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¢ € SU(2) and
(48) 6 =u= < b g) ’

—1 _ _ i _|Q|2 Az
(49) 6= Quat) = (T )

where u = qe1a — Gea1. Use ET1E, = aX\ +u, E~'Ey = a)\® + u) + Q_1(u)
and a direct computation to see that
_ -1
(410) Qg = ¢a¢_17
ap = gug

where ¢ = q1 + igs.
So «f-,t) is parametrized by the arc-length. Let

eo=¢ag ', e1=—¢cpt, ez = pbp '

Since ¢ € SU(2) and (a, —c, b) is an orthonormal basis of su(2), (e, e1,€2) €
SO(3). Write ¢ = ¢1 + ig2. Compute directly to get

(c0)s = Pl Puyald™" = Pu, ap™"
= 2020b¢~" — 2q16cd ™" = 2q1e1 + 2qae2,
(e1)z = —@lu, c]p™! = —2q1ep.
This shows that
0 21 —2¢

(eo,e1,€2)z = (21 O 0 ;
2q2 0 0

ie., (eg,e1,e2)(:,t) is a p-frame along ~(-,t) and 2qi,2qs are the principal
curvatures along the parallel normal ej,es respectively. Use (4.9) and a
similar computation to get

0 (2)z —(q1)z

(eo,e1,e2)t = (ep,e1,e2) | —(q2)z O |q|?
(@)s —la® 0
The second equation of (4.10) implies that oy = —qee; + qrea =

REMARK 4.7. The condition E € SL(2,C) is not essential. To see this,
let E be a frame of the solution g of the NLS, and a = %Eil\,\zo. By
Proposition 4.5, det(E(x,t,\)) is independent of x,¢. So tr(«) is a constant.
Hence v := a — %tr(a)lz € su(2) and is a solution of v, = %fyx X Yoz

If Fy,FEs are two frames for the solution ¢ of the NLS satisfying
E;(0,0,A) € SU(2) for A € R, then there is f(\) € SL(2,C) satisfies
the SU(2)-reality condition such that Es(z,t,A) = f(AN)Ei(z,t,\) and
f(A) € SU(2) for A € R. So we obtain the following.



200 CHUU-LIAN TERNG

PROPOSITION 4.8. Let E1, o be frames of the solution q of the NLS,
and v; = 88% El-_lb\zo the solution of v = %% X Yz constructed from E; for

i =1,2. Then there is a rigid motion ¢ of R® such that Yo = o.

Given a solution v of (4.2), let ¢ be a solution associated to v in Theorem
4.3. Use Theorem 4.6 to construct solutions 4 of (4.2) from g. The following
theorem gives the relation between 4 and ~.

THEOREM 4.9. Let v : R? — R? be a solution of the VFE, v; = %% X Vaa
parametrized by the arc-length, g : R? — SO(3), k1, ko principal curvatures,
and q = %(kl + ika) the solution of the NLS as in Theorem 4.3. Choose
¢o € SU(2) such that ¢(0,0) = Ad((bo)[ |. Let E be the frame of q
satisfying E(0,0,\) = ¢p, and a = EE Us=0. Then v = a + (0,0)
and g = Ad(¢)[6], where ¢(z,t) = E(z,t,0).
¢(z,

PRrROOF. Write g = (e, €1, €2), t) = E(x,t,0), and

h= (8, €1,62) = Ad(9)[6] = (¢ag ™, —gco ™", g™ 1).
By Theorem 4.6, g and h satisfies the same linear system (4.3) and have the
same initial data. So ¢ = h, which implies that €; = e; for 0 < ¢ < 2. But
Yz = €9 = €9 = a . We also have 4 = %(kleg—kgel) = . Since E(0,0,\) =
¢o is independent of A\, «(0,0) = 0. Therefore v = a + (0, 0). O

It is clear that the VFE v = %'yx X Yzz 18 invariant under the group
MR(3) of rigid motions of R3. We have seen that the space of solutions of the
NLS is invariant under the S'-action. As a consequence of Theorems 4.6,
4.9, and Proposition 4.8, we have:

THEOREM 4.10. Let C = {y € C°(R%,R3) | ||| = 1,72 = 372 X Yo},
R(3) the rigid motion group of R®, and N the space of smooth solutions of
the NLS, and W : C/R(3) — N/S defined by ¥([y]) = [q], where [7] is the
R(3)-orbit of v and [q] is the St-orbit of a solution q constructed from v in
Theorem 4.8. Then W is well-defined and is a bijection.

Theorem 4.9 also implies the following.

THEOREM 4.11 (Cauchy problem for VFE).
Let 79 : R — R3 be a curve parametrized by arc-length, go a p-frame along
Yo, and r1,72 the corresponding principal curvatures. Let ¢pg € SU(2) such
that go(()) = Ad(eo)[6]. Suppose q : R? — C is a solution of the NLS with
q(-,0) = %(r1 +irs). Let E be the frame of ¢ with E(0,0,)\) = ¢y, and

a= %f\JE 1‘)\:0. Then y(z,t) = a(z,t) +0(0) is the solution of
1
Yt = 37z X Vax,
(4.11) 2
7(,0) = 0(@).

If the principal curvatures of a curve v : R — R? along an orthonormal
normal frame (e, e3) are rapidly decaying functions, then so are the principal
curvatures along any orthonormal normal frame. So the property of rapidly
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decaying principal curvatures is independent of the choice of orthonormal
normal frame. The Cauchy problem for the NLS was solved by Beals and
Coifman using the inverse scattering method:

THEOREM 4.12. ([3], [4]) There is an open dense subset O of S(R,C)
of rapidly decaying maps from R to C such that the Cauchy problem of the
NLS with initial initial data go € O has a unique global solution q : R?> — C.

COROLLARY 4.13. Let 79 : R — R3 be a smooth curve with rapidly
decaying principal curvatures ki, ks, and O of S(R,C) as in Theorem 4.12.
If (k1 +iko) € O, then (4.11) has a unique solution v : R? — R3.

5. The VFE on closed curves

In this section, we consider solutions of the VFE, v = %fyx X Ypz, from
S1 x R to R3. We explain the Hasimoto transform for the VFE on closed
curves and use the solution of Cauchy problem for the NLS with periodic
initial data to solve the periodic Cauchy problem for the VFE.

The following is a known classical result and we include a proof here.

PROPOSITION 5.1. Let v : S — R3 be a closed curve parametrized by the
arc-length, T the torsion, and R(c) the normal holonomy. Then ¢ = — ¢ 7dx.

PROOF. Let (ep,n,b) be the Frenet frame, and (eg,e1,e2) a p-frame
along ~, and e; = cosfn + sinfb and es = —sinfn + cosfb. Then
<(€1)$,62> =0, +T. O

The following Proposition is also known and the proof is elementary
(included).

PROPOSITION 5.2. If v : S' x R — R? is a solution of the VFE,
Ve = %’yx X Yzz, then the normal holonomy of (-, t) is independent of t.

ProOOF. Let f(-,t) = (eg,n,b)(-,t) be the Frenet frame along ~(-,t),
and A := f71f, = k(ea1 — e12) + T(e32 — e23) and B = f~1f;. A direct
computation implies that (ep); = %Ib - %n. So

0 kr/2 —ky/2
B=|-kr/2 0  —¢
ko/2 & 0
for some {. Equate the 31-th entry of A, = B, + [A, B] to see that
& = k{g — é Compare the 32-th entry to see that 7, = &, + % Hence
(§ 7(x,t)dz); = 0. By Proposition 5.1, the normal holonomy for ~(-,¢) is
independent of ¢. O

Suppose 7 : S! xR — R3 is a solution of y; = %% X Yz parametrized by
arc-length, and the normal holonomy of (+,0) is trivial. Then the p-frame
g(x,t) and solution g(z,t) of the NLS constructed in Theorem 4.3 is periodic
in z. But if the normal holonomy of 7(-,¢) is not trivial, then the g and
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q obtained in Theorem 4.3 are not periodic in x. Conversely, if g(x,t) is a
solution of the NLS that is periodic in «, the solution of the VFE constructed
in Theorem 4.6 may not be closed because there is a period problem when
we solve frames for the Lax pair. To proceed further, we need the following
one-parameter Sym-Pohlmeyer construction.

THEOREM 5.3. ([6]) Suppose E(x,t,\) € SL(2,C) is a frame for the
solution q of the NLS. Given Ay € R, let

OFE 4
(51) o = 5E ’)\:AO7
(5.2) v(x,t) = alz — 2\t t).

Then v is a solution of (4.2) on R parametrized by arc-length.
PROOF. Let ¢(x,t) = E(x,t,\g). Then

¢_1¢x — a)\O + u,
¢ o = a3 + uro + Q—1(u),

where a = diag(i, —i), u = ge12 — gea1, and Q_1(u) = % <_(‘JZ’2 ’3T2> Use
E~1dE = 6, to see that
{ax = gag,
ay = ¢(2arg +u)p L.
So we have eg(z,t) := v.(z,t) = pagp™(x — 2\ot, t). Set
e1(z,t) = —(pcop™ V) (z — 2Xot, 1), ea(x,t) = (¢bo 1) (z — 2)ot, 1).
Let g = (ep, e1,€2). Use a proof similar to Theorem 4.6 to get

0 —2¢1 —2¢o
(5.3) 9 ' =20 0 —2X
2(]2 2)\0 0
So the mean curvature is H(7y) = 2qi1e1 + 2gae2. Use the formula for o, oy
and the definition of v to get

Ve = =2 o + B2 +u)p T = gugp ! = qidbd T + qaped ! = qres — qoen,

which is equal to %% X Vo
Next we compute g~*g;. Note that (eo)r = (72): = (V)x = (q1€2—q2€1)2-
Use (5.3) to get

(eo)t = —((q2)x +2Xo0q1)er + ((q1)z — 2X0g2)e2-

Since (e2); = ¢[—2X0d 1 + ¢ 1y, bl L. A direct computation implies
that

((e2)r,e1) = q* + 273,
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This implies that

0 (@2)s + 2 oq1 —(q1)s +2X0g2
(54)  g'g = —(g2)e — 200q 0 g2 + 22
(q1)e —2X0q2  —(lg* +2X3) 0

O

Given a solution 7 : S' x R — R3 of the VFE, we have seen that the
normal holonomy of ~(-,t) is R(—2mcy) independent of t. We use Example
2.4 to construct a k : St x R — SO(3) such that k(-,t) is a periodic h-frame
along (-, t) for each ¢, i.e., k satisfies (5.3) with A\g = Jco. The proof of the
above Theorem tell us how to rotate the h-frame k(-,t) to make the new
frame satisfies (5.4) to get a solution of the NLS periodic in z. In fact, we
obtain the following.

THEOREM 5.4. Lety(x,t) be a solution of v = %’yx X Yz PaTametrized by
arc-length periodic in x with period 2w, and R(—2mcy) € SO(2) the normal
holonomy for v(-,t) (by Proposition 5.2, ¢y is a constant). Then there exists
h: St xR — SO(3) such that h(-,t) is a periodic h-frame for v(-,t) and h
satisfies (5.3) and (5.4) with \g = 2, i.e.,

o
0 —k1 —ko
hlhe =1k 0 —c¢,
ko co 0
(5.5) 0 F2e | coky  — P 4 ok
\ @ — coks —% - % 0

Moreover, q(z,t) = 3(ki + iks)(z + cot, t) is a solution of the NLS periodic
n x.

PROOF. Since the normal holonomy of (-, ) is R(—2mco), by Example
2.4, there exists a periodic h-frame k satisfying

0 —Tr1T -T2
(5.6) A=k, =|m 0 —c
T9 Co 0

Write k = (eg, e1, €2). Use the flow equation for v and (5.6) to see that

1
(eo)t = (Va)t = (W)= = 5(((7“1)::: —cora)ez — ((r2)z + cor1)er).
So we have
0 %(7’2)1 =+ coT1 _%(7'1>z + CoT2
B:=k 'k = —l(r )z — CoT1 0 —£

o \"2
%(7’1);5 — CoTQ f 0
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for some £. Use Ay = B, + [A, B] and a direct computation to get &, =
—2(r? +713)5. So € = —%(r? +r3) + b(t) for some function b : ST — R. Let

0(t) = — [ b(s)ds, and h(z,t) = k(x, t)diag(1, R(O(t) — G")). Then h(-,¢) is
still a periodic h-frame along ~y(-,¢) and h satisfies (5.5) with
C2
(k1 + k) (2, ) = 050D (1) 4 io) (1),

A direct computation shows that g(z,t) = 3 (k1 +iks)(z+cot, t) is a solution

of the NLS periodic in z. O

COROLLARY 5.5. Let v : S* x R — R3? be a solution of v; = %’yx X Yaz
parametrized by arc-length with normal holonomy R(—2mcy). Suppose h :
St x R — SO(3) satisfies the condition that h(-,t) is a periodic h-frame

0 -—r1 —T9
along (-, t) for each t, i.e., h" hy = [r1 0  —co |. Then there exists
T9  Co 0
p: R — R such that q(z,t) = 1 (r +iry)(z + cot, t) is a solution of the
NLS and q is periodic in x.

As a consequence of Theorems 5.3 and 5.4, we can use the solution of the
periodic Cauchy problem for the NLS to solve the periodic Cauchy problem
for the VFE:

THEOREM 5.6 (Periodic Cauchy problem for the VFE).
Suppose vy : St — su(2) ~ R3 is a smooth closed curve with normal
holonomy R(—2mcy), ho is a periodic h-frame along o with

0 —7"1) —rg
hal(ho)x =) 0 —c
T2 Co 0

Let ¢g € SU(2) such that Ad(¢o)[6] = ho(0), where 6 = (a,—c,b). Assume
that q(x,t) is the solution of the periodic Cauchy problem for the NLS with
q(-,0) = 3(r? + ird). Let E(x,t,\) be a frame of the solution q of the
NLS such that E(0,0,\) = ¢o, and n = %—EE*HAZCO/Q. Then ~(x,t) =
n(x—cot, t)+70(0) is a solution of v = %% X Yz with initial data v(-,0) = 7
and y(z,t) is periodic in x.

6. Backlund transformations for the VFE

Bécklund transformations (BT) for the NLS are well-known in the
literature, they are either written in terms of a linear system or a system of
Ricatti equations. We have seen in section 4 that the Hasimoto transform
is a bijection. So it should be easy to translate the BT theory of the NLS
to the curve flow VFE. But the inverse of the Hasimoto transform is given
by the Pohlmeyer-Sym formula. This means that we need to know how the
frames are changing when we apply BT. But this was given in [31]. So
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we can use Theorem 4.6 to construct BT for the VFE. We also give an
algorithm to construct infinitely many families of explicit solutions of the
VFE corresponding to pure soliton solutions of the NLS.

To use the Hasimoto transform and the BT for the NLS to construct BT
for the VFE, we need to have a formula for the frames of the new solution
¢ obtained by applying BT to ¢. The BT constructed in [31] does have this
formula. We give a brief review next.

Given a € C\R, a Hermitian projection 7 of C? (i.e., 7* = m and 7% = 7),
let
(6'1) fa,ﬂ()‘) =1+ i_zﬂ-lv

where 7+ =1 — 7. Then f, . satisfies the SU(2)-reality condition, i.e.,
farN) = faz(V)".
THEOREM 6.1. [Algebraic BT for NLS] ([31])
Let E(x,t,\) be a frame of a solution u = (_Oq g) of the NLS, ©

the Hermitian projection of C? onto Cv, and o € C\R. Let ¥(z,t) =
E(z,t,a)"Y(v), and 7(x,t) the Hermitian projection of C? onto Cv. Then
@ = u+ (& — a)[f,a] is a solution of the NLS. Moreover, E(x,t,\) =
far W E(x, t, ) f L )()\) is a frame for u.

a,7(x,t

Note that the Hermitian projection m of C? onto C (yl) is

Y2
— 1 yil? g
T =24 nl2 \ g 2]
Y12 + [yal? \G192  [y2]
Since E~'dE = 63 and 9(x,t) = E(x,t,a) (vg) in Theorem 6.1, ¥ satisfies

the linear system do = —6s(+,-, @)0. So Theorem 6.1 gives the well-known
BT for the NLS in terms of the linear system for o:

THEOREM 6.2. Let q be a solution of the NLS, a € C\R, and vy € C?\0.
Then the following linear system fory : R? — C? has a unique solution with

y(O, 0) = Vo,

62) {y = —(aa+u)y,

yr = —(a+ au+ Q_1(u))y,

o 0 ¢ (—lal? )
h = d s T U), — = ) d - =3 q. ’
where a iag(i, —i), u <—q O> and Q_1(u) 2 ( APE

Moreover, if y = (y1,y2)t is a solution of (6.2), then

(6.3) G=q+2i(a—a) ﬁ;ﬁé

is again a solution of the NLS.
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System (6.2) explicitly written down is

[t —q
Yo = i ia Y,
(6:4) ST
_ (-t +3ld* —aq— 56
Yt = _ i= . 9 il 12 Yy
af — 53 1o’ — 5lq]
Next we review the classical relation between Ricatti equations and

systems of linear first order equations. A direct computation shows that
if

(0 A B\ (wn
6.5 -
(65) (yz) <C —A) (y2> ’
then p = Z—; is a solution of

(6.6) pe = —Cp® + 2Ap + B.

Conversely, if p is a solution of (6.6) and z is a solution of z, = Cpz — Az
then y = (pz,2)! is a solution of (6.5). Combine these with Theorem 6.2
we obtain the following well-known BT as a system of compatible Ricatti
equations for p.

THEOREM 6.3 (Analytic BT for NLS).

Let q be a solution of the NLS, and u = and o € C\R a constant.

q
_q 0/’
Then the following system of differential equations is solvable for p(z,t):

— 2 .
Pe = —qp~ — 2iap — q,
(6.7) (BT) - _ . ;
L o= (58 — a@)p® +i(lg]* — 20°)p — (aq + 544)-

Moreover, if p is a solution of (6.7), then ¢ = q + 2i(a — d)ﬁ s again
a solution of the NLS.

In fact, BT comes from the action of the group of rational loops. First
we recall the generator theorem of Uhlenbeck.

THEOREM 6.4. ([37]) The group L"(GL(2)) of rational maps from CU
{o0} to GL(2,C) satisfying the SU(2)-reality condition f(X\)*f(A) = Iy is
generated by

{far | € C\R, 7 aHermitian projection of C?}.
Given a solution ¢ of the NLS, we call the solution of
E'E,=ax+u, E'E,=a)\+ur+Q_1(u), E(0,0,\) =1,

the normalized frame of q.
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THEOREM 6.5. ([31]) Let E(x,t,\) be the normalized frame of a solution
u = (0_ g) of the NLS, and f € L"(GL(2)). Then there exist unique

E(x,t,\) and f(x,t,\) satisfying
FVE(w,t,0) = B, 1, 0) f (2,1, 1),
such that E(x,t,)\) is holomorphic for A € C and f(z,t,-) € L"(GL(2)).

Moreover,

(1) E-YE, = a\ + @, where @ = Geia — Ges1 and § is a solution of the

NLS,
(2) f*q:=q defines an action of L"(GL(2)) on the space of solutions
of the NLS,

(3) the solution ¢ constructed in Theorem 6.1 from the normalized
frame E of q is equal to for *q,

(4) if ¢ : R? — C is a smooth solution of the NLS such that q(x,t) is
rapidly decaying in x, then fo r*q is a smooth solution of the NLS
on R? that is rapidly decaying in x.

The Permutability Theorem for BT is a consequence of the following
relation of generators of L"(GL(2)).

PROPOSITION 6.6. ([31]) Given ay,as € C such that a1 # ag, & and
7; Hermitian projections of C? onto V; for i =1,2. Let

Wy = fongrQ(al)(Vl)y Wy = fa1,7r1 (042)(‘/2)7
and 1; the Hermitian projection of C? onto W; fori =1,2. Then

fal,‘l’lfamﬂz = foé277'2f041,ﬂ'1'

THEOREM 6.7 (Permutability for BT). ([31])
Let a1,a90 € C\R such that an # «ag,a2, q a solution of the NLS, p1
and py solutions of (6.7) with parameter ai,aq respectively. Let q; be
the solution of the NLS constructed from p;, and 7;(x,t) the Hermitian
projection onto C(p;(z,t),1)t for i = 1,2. Let 71(x,t) and T2(x,t) be the
Hermitian projections of C? onto C&(x,t) and Cn(z,t) respectively, where

£€.0) = (2071 = fansaerten) (M5,

o= (B28) et ()

Then pr = &1/& is a solution of (BT)g.a., D2 = m1/n2 is a solution of
(BT)g1 .00, and

. _ D2
=q + 2i(ae — ag)

q3 = q2 + 2i(a; — aq) TW

p1
L+ [p1]?
is a solution of the NLS.
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A direct computation implies that

(a1 —ag)pr + (a1 — a2)p1|p2|* — (a2 — G2)p2
(o1 —ag) + (a1 — a2)|p2|? — (a2 — G2)p1p2
and po is given by the same formula but interchange the indices 1 and 2.
As a consequence of Theorems 4.3, 4.6, 4.9 and 6.1, we obtain the
following.

THEOREM 6.8. Let y(x,t) be a solution of v, = %%C X Yz parametrized
by arc-length, and g, q, é, E as in Theorem 4.9. Let a € C\R, vy € C?\0, and

7(x,t) the projection of C? onto Cy(z,t), wherey = (g;) = E(-,-,a) Yv).
Let ¢(x,t) = E(x,t,0). Then

T L N

|af?
is a new solution of the x-MCF on R3, where T, = T — %Ig 1s the traceless
part of . Moreover, let ¢ = ¢(7 + a7y, and § = Ad(9)[6], then we have
(i) g(-,t) is a p-frame along (-, t) with principal curvatures ki, ks,
(i) G = 3(k1 +iks) = q + 2i(a — @)% is a solution of the NLS,
(iil) E(z,t,\) = E(z,t, /\)f;}r(m)(/\) is a frame for A.

Next use the p-frame g = (eg, e1,e2) = Ad(¢)[6] and the solution y of
the linear system (6.2) to write the BT for the VFE.

THEOREM 6.9. Let ~y be a solution of v, = %’yx X Yoz PaTametrized by the
arc-length parameter, g = (e, e1,e2), ki(-,t) the principal curvature along
ei(+,t) fori=1,2, and ¢ = %(k‘l + iks) the solution of NLS as in Theorem
4.3. Let a € C\R, and y = (y1,y2)" a solution of (6.2). Then
(6.8)

5 =y Im(a;
[layl]

is a solution of v = %%« X Vo

o 1,
((|y2]2 —|y11%)eo + (V192 + Trya)er + ;(y1y2 - y1y2)ez)

BT for the VFE can also be written in terms of a system (6.7) for p: Let
v be a solution of the VFE and p a solution of (6.7), and g = (eq, 1, €2), ¢
solution of the NLS as in Theorem 6.9. If p is a solution of (BT),q, then

~ Ima _ 1 _
(6.9) Y=+ W <(1 - |p’2)€0 + (p+per + g(P —p)€2>
is a solution of the VFE.

Similarly, a permutability formula for BT of the +-MCF on R? can be
written down as follows:

THEOREM 6.10 (Permutability for the VFE).
Let v,9 = (ep,e1,€e2) and q be as in Theorem 6.9. Let o, € C\O such
that oy # g, &g, p;i a solution of (BT)y.a,, and 7; the Hermitian projection
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onto C(p;, 1)t for i = 1,2. Let ¢ : R? — SU(2) such that g = Ad(¢)[¢],
i = o(7 + g—zf#), and
gi = (€p, €1, €3) = Ad(¢;)[0]
fori=1,2. Let v; be the solution given by p; as in (6.9), i.e.,
Im(ay)
|ai2(1 + [pil?)
fori1=1,2. Let p1,p2 be as in Theorem 6.7. Then

vi=7+ ((1 = |pil*)eo + 2Re(p;)er + 2Im(p;)es),

Im(az) ~ 2y 1 =\ 1 S\ 1
= — =5 (1 — 2R 21
Y12 = 71+ PREE ‘132‘2)(( P2[")eq + 2Re(pz2)e; + 2Im(p2)ey)
Im(a) ~ 12y 2 N N
=7 ++ — 1 —|p1|7)ef + 2Re(p1)ey + 2Im(py e
P (e + 2Repr)et + 2m()ed)

is a solution of the VFE.

REMARK 6.11 (Explicit solutions of the VFE).

Note that the straight line vo(x,t) = ax is a stationary solution of the VFE,
V¢ = %% X Yzz- The corresponding solution of the NLS is the trivial solution
q = 0. Since E(z,t,\) = exp(a(Az+At)) is the frame for the trivial solution
q = 0 of the NLS, we can apply Theorem 6.8 to the stationary solution g to
obtain explicit solutions of the VFE corresponding to 1-soliton solutions of
the NLS. We can then either apply BT Theorem 6.8 repeatedly & times or
use the Permutability Theorem 6.10 for the VFE to obtain explicit solutions
of the VFE that correspond to the explicit pure k-soliton solutions of the
NLS.

7. The Hamiltonian aspects of the VFE

Let C = {y € C®(R,R3) | ||7.|| = 1}, R(3) the group of rigid motions of
R3, and Vi = {ye12 — gea1 |y € C}. Let v : C/R(3) — C®(R,V1)/S! be the
map defined by y([y]) = [u], where u = gej2 — Gea; is constructed as follows:
Choose a p-frame g along v = (eq,e1,e2), let k; be principal curvature
along e; for i = 1,2. Then ¢ = (k1 + iks). Here [y] and [u] are the PR(3)-
orbit of 7 and the S'-orbit of [u] respectively. It follows from the existence
and uniqueness of ordinary differential equations that t is a bijection. Let
Cs denote the subset of all v € C that have rapidly decaying principal
curvatures, and S(R,V;) the space of rapidly decaying maps from R to
V1. Then y maps Cs/9R(3) bijectively onto S(R, V;)/S!. The formulas (3.30)
and (3.31) define two Poisson structures on S(R,V;). By Proposition 3.9,
{F1, F»}; is Sl-invariant if Fy, Fy are S'-invariant functionals on S(R, V7).
So these two Poisson structures are in fact defined on S™(R,V;)/S! or
on Sl-invariant functionals on S(R, V7). Since y is a bijection, we can pull
back these two Poisson structures by y to get two 2R(3)-invariant Poisson
structures on Cs. We have seen in section 4 that the VFE is invariant under
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the rigid motion group M(3), the NLS is invariant under the action of S!,
and the VFE flow corresponds to the NLS flow under . So we can use y to
translate the Hamiltonian aspects of the NLS to get the Hamiltonian aspects
of the VFE. In particular, we write down the commuting conservation laws
and the higher commuting curve flows for the VFE.

Let Hj(u) = —% $(Q—;(u), a)dz be as defined by (3.34), and lﬁlj :C—R
the functional on Cs defined by Hj(vy) = H;(u), where n([y]) = [u],
u = qeia — qesl, ¢ = %(k‘l +ik1), and k1, ko are principal curvatures defined
by a p-frame along ~. For example,

A 1 1
Hy(y) = 5 jg gz = 47{k2d$,
A 1

1
Hy(v) = ~2 %Im(qqx)dx =1 K rdz,

where ¢ = %(k:l + ika), k1, k2 the principal curvatures with respect to a
p-frame, and k, 7 the curvature and torsion of ~.

Next we use the map y to write down the curve flow that correspond to
the j-th flow in the SU(2)-hierarchy. Write ¢ = %(Ch +ig2) and

Q—j(u) = A_j(q)a + B—;(q)b+ C_;(q)c,
where u = gejs — Gesy. For example, write ¢ = ¢; + iqo, then

Qo(u) = ¢1b + gac,

Q1) = —glaPa— L(@)eb + 5(@)ac

2 2
1 _ 1 2 1 2
Q-2(u) = 5Im(Ggz)a — 7 ((@1)ez + 2lal"q1)b = 7 ((@2)ze + 2lq|"g2)e.
For j > 1, we call the following curve flow on R? the j-th curves flow,
(7.1) Y; = A_(j—2)(@)eo — C_(j_2)(q)e1 + B_(j—2)(q)e2,

where ¢ = %(kl +1ky) and kq, ko are the principal curvatures with respect to
a p-frame (e, e1, €2) along ~. Next we write the first four flows for 1 < j <4
invariantly:

(72) Yt = Yz

(7.3) = %(60 x H(7)),

1 1
(74)  wm= —§HH(7)||260 - EVeLOH(V),

1

1 H 2
(7.5) Yt = §k27' ey — éeo X (VGLO)QH(’}/) — 7" (7)"

16
where eg is the unit tangent to the curve and k,7 are the curvature
and torsion. Here we use the identity Im(gq,) = —%sz. Also note that
eg x & = x,(&) for any normal field ¢ along . The following proposition

€p X H(’Y)a
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states that the right hand side of (7.1) is independent of the choice of p-
frames for all j > 1:

PROPOSITION 7.1. The flow (7.1) is a geometric curve flow, i.e., the
right hand side of (7.1) is independent of the choice of the p-frames.

PRrROOF. if both (ep,e1,e2) and (eg,€1,€é2) are p-frames along ~, then
there is a constant ¢ € R such that (é1,é) = (e1,e2)R(c). Let k; and k; be
the principal curvatures of v along e; and é; respectively. Then ki + iky =
e~ (k1 +iks). So § = e %“q. Let u = qe1a — Gea1, and @ = §q12 — Ge21. Then
@ = e=°2ue/?, By (3.35), Q_; (@) = e=°/2Q_;(u)e/?. This implies that
AJ<(j) = Aj(q) and

—=Cj(9)er + Bj(q)é2 = —Cj(g)er + Bj(q)ez.
So the right hand side of (7.1) is independent of the choice of p-frames. O

ProproOSITION 7.2. If a geometric curve flow written in terms of a p-
frame (eg, e1,e2) is v = Z?:o &i(ki1, k2)es, then the curve flow preserves the
arc-length parameter if and only if eg(&9) = k1&1 + ko&o.

PROOF. Let s denote the arc-length parameter, then &, = ||vz||€s. We
compute directly to get

L o)) = (ot 1) = () 1)

2
= |Iv2l1*{(boe0 + Ere1 + Eaea)s, €0) = [|7al1*((€0)s — k1é1 — ko).

This proves the claim. O
COROLLARY 7.3. The flow (7.1) preserves the arc-length parameter.

ProOF. Equate the coefficient of a in (3.2),

(Q—j(w)e + [u, Q—j(w)] = [Q—(j41)(w), al,

to get (A_j)s + C_jk1 — B_jky = 0. Since {§g = A_;, & = —C_j, and
§2 = B_j, we get (§o)s = k1&1 + ka2&o. O

Use same proofs as in section 4 to get the following results for the j-th
curve flow.

(1) vy maps bijectively solutions of the j-th curve flow (7.1) modulo
M (3) to solutions of the j-th flow in the SU(2)-hierarchy modulo
the Sl-action.

(2) The j-th curve flow (7.1) is the Hamiltonian equation for H; on
S(R, V1) with respect to {,}2, and it is also the Hamiltonian
equation for Hj; with respect to { }1.

(3) These j-th curve flows commute. In particular, the j-th flow com-
mutes with the »-MCF on R3.
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(4) Bécklund theory for the j-th curve flow can be worked out in
a similar manner. For example, Theorem 6.9 holds for the j-th
curve flow if we choose y to be a solution of the linear system
dy = —0;(x,t,a)y, where
0; = (aX +u)dz + (aX + uN "+ Q1 (WN 2+ - + Q_j_1)(u))dt
is the Lax pair (3.5) of the j-th flow in the SU(2)-hierarchy, where
a = diag(i, —i) and u = gej2 — Gea;.
Note that changing the tangential component of the curve flow amounts
to changing parametrization of the curves. Let
Xj(v) = A_(j—2)(q)eo — C_(j—2)(q)e1 + B_(j_2y(q)e2,
and Y;(7) = (X;(v))+, the normal component of X;(v), i.e.,

Yi(v) = —C_(j—2y(@)e1 + B_(j_2)(q)e2.
So the curve flow
(7.6) e =Yj(q) = —C_(j_a)(q)er + B_(j_2)(q)e2

geometrically is the same curve flow (7.1). In other words, the curve at time
t of a solution of (7.6) is the same curve at time ¢ of (7.1) but with different
parametrization. For example, the curve flow (7.6) for 1 < j < 4 are

(7'7) Y1 = Yz

(7.9 Yo = 5 H (),

(79) Yo = —3VEH)

(110) == % (HOIPHG) + 2V4)2HM).

Note that (7.8) is the *-MCF and (7.9) is the geometric Airy flow. These
flows preserves total arc-length, so we can reparametrize the curves by the
arc-length and get the curve flow (7.1). In particular, we get the following.

THEOREM 7.4. The geometric Airy flow (7.9) preserves total arc-length
and the normalized geometric Airy flow (7.4) preserves the arc-length pa-
rameter. Moreover, the normalized Airy flow commutes with the VFE.

REMARK 7.5. It is known that the odd flows in the SU(2)-hierarchy
leaves the condition ¢ = ¢ invariant and the resulting hierarchy is the
hierarchy containing the mKdV for ¢ : R? = R, ¢; = _%(q:cxm +6¢%q,). The
condition that ¢ is real means that the torsion 7 of v is zero if y([y]) = [¢]. So
the (25 + 1)-th curve flow on R3 leaves plane curves invariant. For example,
the third flow (7.1) on R3 leaves the plan curves invariant and the curve flow
on the plane is

= — K0 = 3eo(k)
Ve = 3 €0 460 €1,

where k is the curvature of the plane curve. This is the normalized curve
flow for the geometric Airy flow on R?, 7, = —3 VL H(y(-, ).
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8. The time-like *~-MCF on R?!

In this section, we explain the relation between the time-like x-MCF on
R?! and the defocusing NLS and give Bécklund transformations for this
curve flow.

Recall that

SU(1,1) ={g € SL(2,C)|¢g"Jg = J}, where J = diag(1,—1),

su(l,1) = {(Zj _Zw) \xER,zEC}.

For time-like solution of the *-MCF on R?*! we identify R?>! as su(1,1) as
follows: Let

1
(X,Y) = itr(XY)
be the bi-linear on su(1,1). Then

(X,X) = =2+ |2)?, for X = <Z§ § )

—1T

Let
. . 0 1 0 1
(8.1) 61 =1(a,b,c), a=diag(i,—i), b= <1 0> , c= < . 0) .

—i
Then 67 is an ordered basis of su(1, 1) satisfying
—(a,a) = (b,b) = (c,c) =1, (a,b) = {a,c) = (b,c)=0.
We identify su(1,1) as R>! by
ax + by + cz — (2,5, 2)".

Let

Dy = diag(—1,1,1), SO(1,2) = {A € GL(3)| A’DyA = Ds}.
Then

0 yvy1
s0(1,2) = yi 0 —ys y1,Y2,y3 € R
y2 ys3 0O

Let Ad : SU(1,1) — O(su(1,1)) = SO(1,2) be the Adjoint representation
of SU(1,1) on su(1,1), and

(82) Ad(g)[61] = (gag~",gbg ™", geg™") € SO(1,2).
The following theorem can be proved the same way as Theorem 4.3.

THEOREM 8.1. If v : R? — R>! is a solution of the x-MCF on R>!

such that (yz,7vz) = —1 (so v is a time-like solution), then there exists
g = (eg,e1,e2) : R?2 — SO(1,2) with ey = 7, such that
0 ki ke

gl =k 0 0
ks 0 0
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and ¢ = %(kl +iks) is a solution of the defocusing NLS, q; = %(sz —2|q/2q).
Moreover, if § : R? — SO(1,2) is another map satisfies these conditions,
then there exists a constant R(c) € SO(2) such that g = gdiag(1, R(c)) and
the corresponding k1, ko satisfies ki + ko = e (kg + iks).

REMARK 8.2. Let
R (3) = Iso(R*1) = SO(1,2) x R>!,

G = {’Y € Coo(RvRZl) | <’71:7'Yx> = _1}7
Vo = {y612 + yea |y € (C}.

Theorem 8.1 associates to each solution 7 of the time-like *-MCF an S'-orbit
of solutions of the defacing NLS. Moreover, if 79 = ¢og; for some ¢ € R1(3),
then the S'-orbits of solutions of the defocusing NLS associated to y; and
~o are the same. Let ¥ denote the map from the orbit space of the space
of solutions of the time-like *-MCF on R%! under the action of %R (3) and
the orbit space of the space of solutions of the defocusing NLS under the
action of S1 defined by ¥([y]) = [u], where u = ge12 + ges; is a solution of
the defocusing NLS associated to v obtained in Theorem 8.1. Then ¥ is a
well-defined map and is one to one. The same proof of 4.6 implies that if ¢ is
a solution of the defocusing NLS and E(x,t, \) a frame for u = ge12 + Gea1,
then a = %Eil\)\zo is a solution of the time-like *-MCF on su(1,1) ~ R?*!
and Uy ([a]) = [u]. This shows that ¥y is a bijection and is the analogous
Hasimoto transform for the time-like +MCF on R?!.

To construct BT for the time-like »-MCF on R?*!, we need to construct
Bécklund transformations for the SU(1,1)-hierarchy. First we write down
the projection of C? with respect to the bi-linear form (,); on C? defined
by

(X,Y)1 =X"JY, J=diag(1l,-1).
The Adjont of a linear operator A : C2 — C? is
Al = JA* .

(Recall that the Adjoint of A is defined by (AX,Y); = (X, A*Y); for all
X,Y € C?). Let m € GL(2,C) satisfying
(8.3) =r r=n
Let 7+ =1—m.
If 7 satisfies (8.3) and v such that Im(7) = Cv and (v, v); # 0, then
1

(8.4) = oo vu* .

We call such 7 the projection onto Cv (note that (8.4) only works when

(v,v)1 #0).
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Let far(A) =1+ $=2nt be defined by the same formula (6.1) with =
satisfying (8.3). A direct computation implies that f, r satisfies the SU(1,1)-
reality condition,

JFA)*T = f(0)~h
BT for the defocusing NLS can be proved in a similar way as the focusing
NLS. We summarize the result in the next theorem.

THEOREM 8.3. Let q be a solution of the defocusing NLS, ¢ = %(qm —
2|q%q), and E(x,t,)\) a frame of q. Let o € C\R, vy € C2\0 with (vg,vo)1 #
0, and ™ = ———vouvgJ. If

(vo,v0)1
y(m, t) = (yl(x’ t)’ y?(‘r7 t))t = E(l‘a ta a)_l(a)
is not a null vector for all (z,t) in an open subset Oy of R?, Then we have
the following.
(i) ¢ = q— 2i(a — d)% s a solution of the defocusing NLS
defined on Oy.
(11) E(.’L‘, t7 )‘) = faﬂr(A)E(l‘) tu A)fa,fr(m,t)(A)_l is a fmme fOT’ 67 where
~ 1 *
T= pmp Yy
(iii) y satisfies dy = —0a(-, -, )y, where

0y = (aX + u)dz 4 (aX* + ul + Q_1(u))dt,
A 2
a = diag(i, —1), u = (2 8), and Q_1(u) = 5 <Q| = >; i.e.,

o q
Yo = — . Y,
q —ix

(8.5) a |
;e (2a2 +3la® g+ 3as )

af — 33 —ia® — 5lqf?

Moreover, if y is a solution of (8.5), then the formula of ¢ given in
(i) is a solution of the defocusing NLS.
(iv) The following system for p is solvable,

= ap? — 2iap —
(8.6) {pz qp ap — g,

pe = (aq — 5G2)p* — i(202 + |q[*)p — (aq + L4z).

Moreover, if p is a solution of (8.6), then ¢ = q — 2i(a — @) ‘p|§_1

s a solution of the defocusing NLS.

Since (y(z,t),y(x,t)); may be zero at some points, BT of a smooth
solution ¢ : R? — C of the defocusing NLS may develop singularities (for
examples, cf. [31]).

Bicklund transformations for the time-like *-MCF on R?*! can be con-
structed in a similar manner as in Theorem 6.9 and we get the following.
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THEOREM 8.4. Let ~y be a solution of the time-like x-MCF, v = %*WH(’Y);
on R>', g = (eg,e1,e2), and q the solution of the defocusing NLS as in
Theorem 8.1. Let o € C\R, and y = (y1,y2)" a solution of (8.5). Then

. Im(e) (yl\Q + [ya|”
o[y 2
is a solution of the time-like x-MCF on R*1, where ||y||3 = |y

_ N 1, i
eo — (Y172 + J1y2)e1 + g(y1y2 — J1y2)es

2 = ly2|*.
Permutability formula for BT and explicit soliton solutions for the time-
like *-MCF can be obtained similarly as for the *-MCF on R3.

9. Space-like *-MCF on R?!

The outline of this section:

(a) We show that the differential invariants of solutions of the space-
like +-MCF on R?! satisfy the second flow of the SL(2, R)-hierarchy
and use the Backlund transformations of the SL(2,R)-hierarchy to
construct Backlund transformations for the space-like *-MCF.

(b) We note that the space-like normalized geometric Airy flow on R?!
preserves the set My of all space-like curves in R?! parametrized
by arc-length and the principal curvature along one null parallel
normal field is constant. Then the principal curvature along the
other null parallel normal field satisfies the KdV. So the normalized
geometric Airy flow on M gives a natural geometric interpretation
of the KdV. We use the BT for the KdV to construct BT for this
restricted curve flow.

For space-like solution of the *-MCF on R*!, we identify R*! as sl(2, R)
with )
(X,Y) = Str(XY).
Then
Ty X2
T3 —I

(X, X) = 2% + xox3, for X = < ) € sl(2,R).

Let
. 0 1 00
(9.1) a = diag(l,-1), b= <0 0) , c= <1 0> .

2, R) satisfying

—

Then (a, b, c) is an ordered base of sl
(a,a) =1, (b,c) ==, (bb) = (c,c)=0,
[a,b] =2b, [a,c]=—2¢, [b,c]=a.

We identify si(2,R) as R*! by xa + yb + zc — (,y, z)" with the bi-linear
form 22 + yz.

Recall that the Hodge star operator on a two dimension Lorentzian space
(V,(,)) is defined as follows: Let (e1,e2) be an ordered orthonormal basis

N
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of V, i.e., (e1,e2) = 0, (e1,e1) = —(ea,e2) = 1. The Hodge star operator
x: V — V is defined by

v A (xvg) = (v1,v2)e1 A ey
for all v1,vo € V. It can be checked that
x(e1) = ea, x(ez) =e.
So the Hodge star operator on the Lorenzian plane spanned by b, ¢ is
(9.2) xb=0b, xc= —c.

Since * on C ~ R? is the rotation by 7/2 or the multiplication by i = \/—1.
So * can be viewed as an analogue of the multiplication by 7 in R1.
Let

1 0 0
(9.3) Dy= (0 0 %],
03 0
(9.4) 0(3, Dg) = {A S GL(3, R) ‘ AtD3A = Dg}.
Then the Lie algebra of O(3, D3) is
0 *%TQ *%’I“l
0(3, Dg) = 71 r3 0 r1,7T2,73 € R
72 0 -3

If v: R — sl(2,R) is a space-like curve parametrized by the arc-length,
then there is g = (ep, e1,e2) : R — O(3, D3) such that eg = 7, and

0 —k _k
1 2
g gz= | k1 0 0
ko 0 0

So (e1, e2) is a parallel null frame for the normal bundle v(). We call such g
a null p-frame for the space-like curve -y, and k; the principal curvature of
along the null parallel normal e; for ¢ = 1, 2. Note that the mean curvature
vector is H(y) = (eg)r = kie1r + kzea. Again a proof similar to that of
Theorem 4.3 gives

THEOREM 9.1. Suppose v : R? — R?! is a space-like solution of the
*-MCF on R?>!, v = —% %y H(7), parametrized by arc-length. Then there is
g = (eg,e1,e2) : R2 — O(3, D3) such that

(i) g(-,t) is a null p-frame along ~(-,t) for all t, and

9 9=k 0 0 [,
ka 0 0
0 -k, &
g g =7 | 2k, kiks 0 ;
2k, 0 —kiko
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(i) ¢ = —% andr = %2 satisfies the 2nd flow of the SL(2,R)-hierarchy,

qt = _%(QII - 2q T)
09 {7“ = 5(rae — 2q1%).

Moreover, if § : R> — O(3, D3) also satisﬁes (i) and (ii), then there is a
constant ¢ € R\O such that g = gdlag(l c,c”Y) and the corresponding null
principal curvatures are related by k:l =c 1k:1 and ]{22 = cks.

REMARK 9.2. If (eg, e1,e2) is a null p-frame along v and ¢ € R a non-
zero constant, then (eq, ceq, %62) is also a null p-frame and the corresponding

null principal curvatures are related by /;:1 = ck; and 12:2 = %kz. In fact,
if (ep,e1,e2) is a null p-frame along ~ then (v, eg,e1,e2) is a (O(1,1),V)
moving frame along v, where O(1,1) = {diag(c,2)|c € R\0} and V =
ea1 +R(ega — %624) DR(eq2 — %623). Here we embed the Lie algebra of R (3)
as the following subalgebra of gl(4,R),

{(2 2) ‘yGR?’,AGo(Z’),Dg)}.

REMARK 9.3. Theorem 9.1 associates to each solution « of the space-like
*-MCF on R%! an O(1,1)-orbit of solutions of (9.5). The Pohlmeyer-Sym
construction give the converse (the proof is the same as for the VFE). Let
W5 denote the map from the orbit space of solutions of space-like *-MCF
on R?! parametrized by arc-length under the rigid motion group %1(3) to
the orbit space of solutions of (9.5) under the action of O(1,1) defined by
Us([v]) = [u], where u = geja +res; is a solution associated to v in Theorem
9.1. Then Vs is a bijection and is the analogous Hasimoto transform for the
space-like *-MCF on R?1,

Next we review the BT for the SL(2,R) hierarchy constructed in [31].
Let oy, a2 € R, {v1,v2} a basis of R?, 7 the projection of R? onto Rv; along
Ruvo, and 7’ =1 — 7. Let

a1 — Q9
has,azm(A) =1+ T— =
A direct computation shows that
_ g — o
h‘al,QQJF()\) P=1 + '

)\—Oég

Note that the projection of 7 of R? onto R (gl> along R (§3> is
P 4

T = - <y1y4 —y1y3>
Y1Y4 — Y2ys \Y2Y4 —Y2Y3
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THEOREM 9.4. ([31]) Let u = geja + rea1 be a solution of the second
flow (9.5) in the SL(2,R)-hierarchy, and o € R a constant. Then

fx = (j _qa> 57
(9.6)

2 1 1
af —5qr  ag— 5q
gt:_< 2 2$>£’

ar+ir, —a®+ 1qr

is solvable. Moreover, suppose oy # ao and & = <zl> and & = (z3>
2 4

are solutions of (9.6) with o = a1 and ay respectively. If £1,& are linearly
independent, then

. _ Y1 Y3
lut 9.5), where Y = (&1,&2) = '
is a solution of (9.5), where (€1, 62) <y2 y4>

2(a —
q— (C(l);lt(;f)yly?n
o 2(0&1—0{2)
r det(Y) Y2Y4,

< X
Il

THEOREM 9.5. Let v be a space-like solution of the x-MCF on R?*!,
v o= —% *y H(7), parametrized by arc-length, g = (eg,e1,e2), and q,r
solution of the second flow (9.5) of the SL(2,R)-hierarchy as in Theorem

9.1. Given a1,a0 € R, let Y = <zl z3> be as in Theorem 9.4, then
2 Y4

_ 1 1 1 Y1Yya + Y2y3
A=+ |——-— €p — Yy1yse1 + yayse2

a1 ag /) det(Y) 2
is a solution of the space-like x-MCF on R3.
Next we discuss the space-like normalized geometric Airy flow on R?1.
A similar proof as for the geometric Airy flow on R3 gives the following.

THEOREM 9.6. If v is a solution of the space-like normalized geometric
Airy flow on R>1,

1 1
(9.7) = g{H), H)eo + Ve H(),
then there is g = (eg,e1,e2) : R? — O(3,D3) such that g(-,t) is a null
p-frame along (-, t) with principal curvatures ki,ke. Then q = —% and

r= %kz satisfy the third flow of the SL(2,R)-hierarchy, i.e.,

1
qt = 7((]:1:1090 - 6(]qu),

(9.8) B 1
e = 5 (Teax — 6qT72).

It is known that (9.8) leaves the condition » = 1 invariant. Since r = 1
means ko = 2 in the above theorem, the space-like geometric Airy flow (9.7)
leaves the space curve with ko being a constant function invariant. So we
obtain the following.
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THEOREM 9.7. Let My denote the set of v : R — R?1 such that ||v|| = 1
and the principal curvature along one null parallel normal field is constant.
Then the space-like normalized geometric Airy flow (9.7) on R>! leaves
My invariant. Moreover, if v is a solution of (9.7) on My, then there is
g = (eg,e1,e2) : R?2 — O(3, D3) satisfying

(i) g(-,t) is a null p-frame for ~(-,t) and

_ 1 1
9 'gr = ki(ear — 5613) +2(eg1 — 5612),

(so the null principal curvature ko along ey is equal to 2),
(ii) ¢ = —%kl satisfies the KdV, q; = i(quxz —6qqy).

Hence the restriction of the normalized space-like geometric Airy flow
(9.7) on R%! to M gives a natural geometric interpretation of the KdV.

Béacklund transformations for the KdV were constructed in several
places. The version we need to use to construct BT for the curve flow (9.7)
on My is proved in [31]. Given &, k € R, let

re k(A) = aX + <§ & E k2> , a=diag(l,—1).

Then we have

1 Teer(N)
rex(N) T = 50

Recall that the Lax pair for a solution g of the KdV is
03 = (aX + u)dz + (aX3 + uX? + Q_1(u)A + Q_o(u))dt,

10
1/—q — 1 o2
Q-1(u) =3 < Oq (;h) , Q-2(u) = <_q;q qm_qfq > :

A frame E(z,t,\) of a solution q of the KAV is a solution of E~1dE = 63
and F satisfies the KdV reality condition,

(9.9) {E(JUM) = B(z.t,)\),

where a = diag(1, —1), u = <0 q>7 and

d(N)LE(x,t, \)p(A) is an even function of A,

where ¢()) = ((1) i)

THEOREM 9.8. ([31]) Let E(xz,t,\) be a frame of the solution q of the

KdV, ¢, e R, and
) (l’,t) _ — C_g
(y;(%t)) = E(x,t,c) 1( ! )

Ifys 20, let € =c— YL, then

Y2
i=-q+2(& -2
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is a solution of the KdV. Moreover,

- 1
E(x, t, A) = m T£7C()\)E<1’, t, )\>T7§(x,t),c(>\)
is a frame for the solution q.

As a consequence we obtain BT for space-like normalized geometric Airy
flow M.

THEOREM 9.9. Let v be a solution of (9.7) on My, g = (eq, €1, e2) with
principal curvatures ki, ko = 2, and q = —%kl a solution of the KdV as in
Theorem 9.7. Given a constant ¢ € R\0, then the following linear system for
y s solvable,

Yo = — <c 1 > Yy
(9.10) boe

= — = 5a+ 30 20— 50+ 1(gm — 207
CQ*%q *03+% *%q‘x
Moreover, if y = (y1,y2)! is a solution of (9.10), then
- - )
Y=+ (et (¢~ e +eo)

is a solution of (9.7) on My, where E=c— %

10. Constructing integrable curve flows from Lax pairs

In this section we explain how to use the Lax pair of a soliton equation
to construct a geometric curve flow on a homogeneous space such that the
evolution equation of its differential invariants is a soliton equation. We see
that the *-MCF and the geometric Airy flow come up naturally this way.
This method also gives the shape operator curve flow on Adjoint orbits, the
Schrodinger flow on compact Hermitian symmetric spaces, and the central
affine curve flows on R™\0.

We first review the G-hierarchy and its various restrictions (cf. [11], [25],
[31]).

The (G, a)-hierarchy

Let G be a complex simple Lie group, G its Lie algebra, and a € G.
Let gj denote the subspace perpendicular to the centralizer G, in G with
respect to the Killing form. The (G, a)-hierarchy is the collection of flows
on C%®(R,GL) defined as follows: It is known (cf., [25], [31]) that given a
smooth u : R — G, there is a unique Q(u, \) € C®(R, G) satisfying

(10.1) [0z + aX + u, Q(u, \)] =0,
and Q(u, \) is conjugate to aA. Let
Qu,A) = ad +u+ Q1 (WA + Qa(w)A > +---
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Then entries of Q—;(u) are differential polynomial of u. Let b € G such
that b = ¢(a) for some analytic function ¢. The flow in the (G,a)-hierarchy
defined by b is

(10.2) ug = [Op + aX +u, Qy _(j—1)(u)],

where Qp_;(u) is the coefficient of A of the power series expansion of

#(Q(u, AN . The Lax pair of (10.2) is

j—1
(10.3) 0 = (aX +u)dz + (b/\j +)° Qb,iv”(u)> dt.

1=0

The (G, 0,a)-hierarchy

Let o be an involution of G such that the induced Lie algebra involution
0 on G is complex linear, and Gy and Gy the eigenspace of o, with eigenvalue
1, —1 respectively. Then G = Gy @ G;. If a € Gy, then the (G, a)-hierarchy
leaves C*°(R, [a, G1]) invariant and Q(u, A) satisfies the o, reality condition,

0:(Q(u, =A)) = Q(u, A).

The restriction of the flows in the (G, a)-hierarchy to C*°(R, [a, G1]) is the
(G, 0,a)-hierarchy.
The (U, a)-hierarchy

Let 7 be an involution of G such that the induced involution 7 on the Lie
algebra G is conjugate linear. The fixed point set U of 7 in G is a real form
of G. Tt is known that if @ € U, then the (G, a)-hierarchy leaves C*°(R, U, )
invariant, where L{j- is the orthogonal complement of the centralizer U, in
U. Moreover, @y —i(u) € U. The restriction of flows of the (G, a)-hierarchy
to C®(R,U) gives the (U, a)-hierarchy.

The Lax pair of flow (10.2) for u : R? — 1" is given by the same formula
(10.3) and satisfies the U-reality condition,

7 (0(z,t, ) = O(x, 1, ).

A frame E of a solution u : R? — U of (10.2) is the solution of E~'dE = 0,
satisfying the U-reality condition

7(E(z,t,)\)) = E(x,t,\).

The (%,a)—hierarchy

Let U be the real form defined by the involution 7, and ¢ an involution
of G such that o, is complex linear and o7 = 70. Let K be the fixed point
set of o in U, and U = K + P the Cartan decomposition (i.e., P is the —1
eigenspace of o, on U). If a € P, then the flows in the (U, a)-hierarchy leaves
C*(R, [a,P]) invariant and the resulting hierarchy is the (%, a)-hierarchy.
The Lax pair (10.3) for u : R? — [a, P] satisfies the Z-reality condition,

ox(0(z,t, =) = 0(x,t, ), T(0(x,t,N)) = 0(z,t,\).
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A solution E of E~'dE is a frame of a solution u of the (%, a)-hierarchy if
E satisfies the %—reality condition

o(E(z,t,~N) = E(z,t,\) = 7(E(z,t, ).

EXAMPLE 10.1. The 2 x 2 AKNS, the SU(2), the SU(1,1), and the
SL(2,R) hierarchies given in section 3 are the

(SL(2,(C),CL), (SU(Q),CL), (SU(151)7G)7 (SL(27R)’Q1)
hierarchies respectively, where a = diag(i, —i) and a; = diag(1, —1).

ExAMPLE 10.2. Suppose a € G is regular, i.e., G, = A is a Cartan
subalgebra of G. The flow in the (G, a)-hierarchy generated by bA for b € A
is the following n-wave equation defined by G for u : R? — AL,

(10.4) uy = ad(b)ad(a) " (ug) + [u, ad(b)ad(a) " (u)).

Integrable curve flows on Adjoint orbits
We give a general method of using the Lax pair of a soliton equation to
construct curve flows on the Adjoint U-orbit M at a in U whose differential
invariants satisfies the given soliton equation. For the (U, a)-hierarchy, we
have the following (cf. [TU06], [TerThoO1])
(i) Given a solution u of (10.2) of the (U, a)-hierarchy, let g : R? — U
be a solution of

-1
g gz = U,
(10.5) B
g lgt = Qb,f(jfl)(u)v

i.e., g is a parallel frame for the flat connection 6(-,-,0), the Lax
pair (10.3) at A = 0. Set

’7($7 t) = g(:v, t)ag_l(xv t)'
Then (-, t) is a curve on M = Ad(U)(a) for all ¢ and g(-,t) is an
Adjoint moving frame along (-, t), and v = g 'g, € U is the
differential invariants (see Example 2.6).
(ii) The second equation of (10.5) implies that

(10.6) Y = glQp,—(j—1)(u), alg™t.

Note that this curve flow does not preserve the arc-length and
has no special parameters. So the number of differential invariants
defined by the Adjoint moving frame should equal to dim(M).

(iii) Since entries of Qy _(;_1)(u) are differential polynomials in u, the
right hand side of (10.6) is a quantity written purely in terms of
the moving frame and the differential invariants of a curve. We use
the same proof as for the SU(2)-hierarchy to see that

Q(huh™") = hQ(u)h™"

for a constant h € U, and u € C®(R,U;"). So U, acts on the space
of solutions of (10.2) of the (U, a)-hierarchy. It can be checked that
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the right hand side of (10.6) is independent of the choice of Adjoint
moving frames. So (10.6) is a geometric curve flow on the Adjoint
orbit M.

Conversely, given a solution 7 : R? — M of the curve flow (10.6)
on M, it was proved in [33] and [28] that there is g : R? — U
such that g(-,t) is an Adjoint frame of v(-,¢) and u := g~ g, is a
solution of the (10.2) of the (U, a)-hierarchy. Moreover, [v] — [u] is
a bijection from the orbit space of solutions of the curve flow (10.6)
under the action of U and the orbit space of solutions of (10.2)
under the action of U,.

This construction gives natural integrable curve flows on Adjoint U-orbits.
For example,

o if a € U is regular, then the flow (10.2) in the (U, a)-hierarchy for

j = 11is the n-wave equation (10.4) and the curve flow (10.6) is the
shape operator curve flow 74 = A;(7;) on principal Adjoint orbit
M = Ad(U)(a) in U (cf. [13], [28]), where b is the normal field on
M defined by E(Qag_l) = gbg~ .

o if U is compact and a € U such that ad(a)? = —id on U, then

M = Ad(U)(a) is a Hermitian symmetric space The flow in the
(U, a)-hierarchy generated by a\? is the ——NLS constructed in
[14]. It was proved in [33] that the curve ﬂow (10.6) on M is the
Schrodinger flow on the Hermitian symmetric space M.

Integrable curve flow on U/ with constraint
We explain below a method for constructing integrable curve flows on

the flat

space U with constraint from the soliton equation (10.2) of the

(U, a)-hierarchy, where U is a compact Lie group, (a,a) = 1, and (,) is an
ad-invariant inner product on U.

(a)

Let E be a frame of a solution u of (10.2) in the (U, a)-hierarchy,
and v = ‘?9])? E~Y5—o. A direct computation as for Theorem 4.6
shows that

Y = gzﬁagb_l,
Ve = Qp —(j—2) (W),
where ¢(x,t) = E(z,t,0). So
¢ e =u, ¢ e = Qp,—(j—1)(u),

where u € U;-. Let ag = a, ..., a, be an orthonormal basis of U/;-
with respect to (,) of U. Let e; = ¢a;¢p~! for 0 < i < m. Then
g = (eo,...,em) is an orthonormal frame along v with eg = 7,. It
follows from (10.9) that we have

(€i)z = glu,ailg™"
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for all 0 < ¢ < m. So we can use Lie theory to write down the
metric invariants of the curve in terms of u = ¢~ 1¢,.

(b) Write ¢Qy _(j—2) (u)¢~! in terms of g and the metric invariants and
show that it is a geometric quantity (i.e., independent of the choice
of frames). Note that the curve flow (10.8) is only defined on

(10.10) Mo ={7v:R=U|||ll =1,7 € Ad(U)(a)}.

The constraint condition v, € Ad(U)(a) implies that we only
expect the number of local invariants of  should be (m + 1)
functions where m + 1 = dim(24;"). Note that the metric invariants
are given by u which is a U~ valued function, so the number of
local invariants for v € M, is correct.

(¢) The map ® from the orbit space of of (10.2) under the action of
U, to the orbit space of solutions the curve flow (10.8) under the
action of U defined by ®([u]) = [v] is well-defined.

(d) If the map @ is a bijection, then we can use soliton theory of the
(U, a)-hierarchy to study the curve flow (10.8) on M,.

The following are some known results.

(1) If v is a solution of the curve flow (10.8) on M, then a = v, is a
solution of (10.6) on the Adjoint orbit Ad(U)(a).

(2) The methods described above can be applied to the (U, a)-hierarchy
and the (%, a)-hierarchy as well.

(3) We have carried out the above program for curves in ¢/ in this paper
when the rank of U is one. In this case, the class of curves M, is
the space of all curves parametrized by arc-length. So the curve
flow (10.8) is a flow on all immersed curves on Y. In fact, this is
how the *-MCF and the geometric Airy flow are discovered.

(4) Thorbergsson and the author use this method in [29] to show that
the third curve flow (10.8) constructed from (S, a)-hierarchy is the
normalized geometric Airy flow on R™. New integrable curve flows
on C™ and H" whose differential invariants satisfy the flows in the
(CP™, a)- and the (HP™, a)- hierarchies are also studied in [29].

(5) When ¥ is a Hermitian symmetric space, the curve flow (10.8) on
M,, was studied in [19].

Central affine curve flows on R"\0
Drinfeld-Sokolov constructed in [11] a KdV type hierarchy for each affine

Kac-Moody algebra and showed that the one associated to /lgl) is the KdV
hierarchy and the one associated to flg_)l for n > 2 is the Gelfand-Dickey

hierarchy. The Lax pair for KdV used in [11] is
(10.11)

1 2 q 1 -9 2
@(x,t,z) = (g) q—(')—z) dz + <Z4_Qx1q 25+ 52 t%(QQxa: q )> dt.
2 14z
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This is gauge equivalent to the Lax pair 6 given by (3.28). In fact,
SN0, 1, ()~ = O(x, 1, X,

1 A
01
a parallel frame for ©(z,t,0), i.e.,

g g = <0 q)
xT 1 0 )
(10.12) e L —22)
- (%, om0,

_%q _i%x

where ¢ = . Let q be a solution of the KdV, and g : R? — SL(2,R)

Let 7 denote the first column of g. Then the first equation of (10.12) implies
that ¢ = (7,72) and vz = ¢7. It follows from Example 2.5 that (-, t)
is a curve on R%\0 parametrized by the central affine arc-length parameter,
g(+,t) is the central affine moving frame along (-, t), and ¢(-, t) is the central
affine curvature of «(-,¢) for all ¢t. The second equation of (10.12) implies
that

1 1

(10.13) M= g0~ 5%

This is the curve flow on R?\0 considered by Pinkall in [23]. It can be checked
that ¢ — ~ is a bijection from the space of solutions of the KdV to the space
of solutions of the curve flow (10.13) on R?\0 parametrized by the central
affine arc-length parameter. There have been several works on the curve
flow (10.13) on R2\0 concerning the higher flows and the bi-Hamiltonian
structure (cf. [7], [15], [16], [35]). Wu and the author also constructed
Béacklund transformations and proved the periodic Cauchy problem for
(10.13) has long time existence in [35].

Note that the two gauge equivalent Lax pairs of the KdV give rise to two
different geometric interpretations of the KdV, one as space-like geometric
Airy flow on R*! with one constant null principal curvature and one as the
central affine curve flow on R?\0.

The Lax pair of the second flow in the Agllll—KdV hierarchy for n > 2 is
of the form,

0= (a\+b+u)dz + ((e1n—1 + €2.0)A + Zao(u))dt,

where b = Z?;ll bit1,; and u = Z?;ll u;ein. Let g be a solution of

(10.14) gl =b+u, g o= Zrp(u),

and v the first column of g. The first equation of (10.14) implies that
v € Mu(R), g=(,Y,---, ;,(ﬁn_l)) is the central affine moving frame along
v, and uq, ..., uy—1 are the central affine curvatures, where M,,(R) is defined

in Example 2.5. We use the second equation of (10.14) to write down the
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following curve flow on R™\0 and show that its central affine curvatures
satisfies the 2nd flow in the Aflll 1-KdV hierarchy,

2
(1015) Yt = _Eun—lf}/ + Yoz

Higher order commuting central affine curve flows and a Poisson structure
for (10.15) on R3\0 were given in [8]. A bi-Hamiltonian structure, higher
order curve flows, and Bécklund transformations for (10.15) on R™\0 are
given and the periodic Cauchy problem for (10.15) on R™\0 is solved in
[36].

Since the *-MCF and the geometric Airy flow on R?® and R?! are
integrable, the following questions arise naturally:

e Does the periodic Cauchy problem of the the +MCF on (N3, g)
have long time existence?

e Does the periodic Cauchy problem of the geometric Airy flow on a
complete Riemannian manifold have long time existence?

e Is the *-MCF on a 3 dimension homogeneous Riemannian G-
manifold integrable?

e Let (N, g) be a Riemannian manifold, dim(M) = dim(/N) — 2, and
Z(M,N) the space of immersions from M to N. The x-MCF on
Z(M,N) is the following equation

()

for f : Rx M — N, where f(-,t) € Z(M,N), H(f(-,t)) is the
mean curvature vector field of the immersion f(-,t), and #; is the
Hodge star operator on the normal plane v(M) . Does the Cauchy
problem of the +-MCF on Z(M, N) have long time existence?
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