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Abstract

Moving frames of various kinds are used to derive bi-Hamiltonian operators
and associated hierarchies of multi-component soliton equations from group-
invariant flows of non-stretching curves in constant-curvature manifolds and
Lie-group manifolds. The hierarchy in the constant-curvature case consists
of a vector mKdV equation coming from a parallel frame, a vector potential
mKdV equation coming from a covariantly constant frame, and higher order
counterparts generated by an underlying vector mKdV recursion operator. In
the Lie-group case, the hierarchy comprises a group-invariant analogue of the
vector NLS equation coming from a left-invariant frame, along with higher
order counterparts generated by a recursion operator that is like a square root
of the mKdV one. The corresponding respective curve flows are found to
be given by geometric nonlinear PDEs, specifically mKdV and group-invariant
analogues of Schrodinger maps. In all cases the hierarchies also contain variants
of vector sine-Gordon equations arising from the kernel of the respective
recursion operators. The geometric PDEs that describe the corresponding
curve flows are shown to be wave maps.

PACS numbers: 02.30.Ik, 02.40.—k, 05.45.—a
Mathematics Subject Classification: 37K10, 35Q53, 37K25

1. Introduction

Over the years there has been much interest in the close connection between classical soliton
equations such as Korteweg de Vries (KdV), nonlinear Schrodinger (NLS), sine-Gordon (SG),
on one hand, and nonlinear geometric partial differential equations (PDEs) on the other hand,
particularly wave maps and Schrédinger maps which are natural generalizations of the ordinary
wave equation and Schrédinger equation in 1 + 1 dimensions for a function taking values in a
Riemannian or Kihler target space N.
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One prominent example is the O(3) Heisenberg model #; = i X i,,, |u| = 1, which
is geometrically just a Schrodinger map equation y; = JV,y, where y (¢, x) is a map into
the target space S? and V,, J are the pullback of the covariant derivative and the complex
structure tensor (Hodge-star operator) determined by the metric on S? in terms of the local
coordinates represented by y. This model is well known to be equivalent to the NLS
equation 0 = i¢; + ¢y, + 2|¢|2¢ by means of a transformation [1] found by Hasimoto!. The
transformationis ¢ = x exp(i f 7 dx) where «, T are the curvature and torsion associated with i
viewed as the tangent vector to an arclength-parameterized space curve in R?, whose Euclidean
Frenet frame is (T, N, B) = (i, x ‘i, k ~'ii x i), evolving under the Heisenberg equation.
This evolution gives the equations k; = —2Tky —KTe, T = K~ ' Kyxx — K 2K oKy + KKy — 2T Ty,
coinciding with the motion of a vortex filament studied by Hasimoto [3]. A more direct
geometrical formulation of the Hasimoto transformation has been obtained in the context of
recent analytical work [4] on the Cauchy problem for S? Schrodinger maps. The main idea is to
introduce a covariantly-constant orthonormal frame e, e; = Je; satisfying V,e; = V,e; =0
along the curve in S? defined by y (¢, x) for t = const. The evolution of the components of
the tangent vector y, = ge; + gae> in this frame then reduces precisely to the NLS equation
for ¢ = q1 +iq».

Another example of wide interest is the O(3) sigma model i;, = —uii, - i, || = 1.
This model has long been known to be equivalent [5] to the SG equation 0 = 6,, + sin6
through the geometrical relation i, - #, = |u;||i,| cos@ combined with a conformal scaling
of ¢, x, such that |i;| = |it,| = 1 as allowed by the conservation laws D, |u;| = D;|ii,| = 0.
The equivalence can be looked on as a Hasimoto transformation [6] 6 = — f 7 dx in terms
of the torsion T given by u which is again viewed as determining a Euclidean Frenet frame
(T,N,B) = i,k iiy, k™' x iiy) of an arclength-parameterized space curve in R> but
now evolving under the sigma model equation and subject to constant curvature x = 1. The
equations for the evolution of the torsion and curvature are simply x, = 0, 7,, = —7/1 — 7,2,
A deeper origin for the SG equation comes from the geometric formulation of the O (3) sigma
model as an S? wave map equation V,y, = 0 where y (¢, x) is again a map into the target space
S2. The curve for t = const defined by this map y (¢, x) moves with uniform speed and does
not stretch, because of the previous conservation laws. Consequently, a conformal scaling
of ¢, x allows a covariantly-constant orthonormal frame e, e, to be adapted to the evolution
vector y; = e, with V,e; = V,e; = 0 holding along the curve. The tangent vector then takes
the form y, = cosfe; +sinfe; in terms of a rotation angle 6 whose evolution is just given by
the SG equation.

From a closely related point of view, the mKdV equation is known to arise [7] as an
O (3)-invariant motion of a non-stretching curve y (¢, x) in S? as formulated using a moving
orthonormal frame adapted to the curve so that y, = key, Jyx = key, (i.e., an intrinsic Frenet
frame) where «; = 0 is the condition of no stretching. O(3) invariance means that the frame
components of the motion y; = h,e; + h,e, must depend only on differential invariants of
the curve under the group action determined by the isometry group O(3) of S%. There is a
fundamental invariant given by the intrinsic curvature of y (¢, x) defined through the Serret—
Frenet equations on S? for the moving frame V,e; = te;, Ve, = —tej, with x conformally
scaled proportional to the arclength, so k = const. This invariant 7 can also be viewed as
the torsion of an arclength-parameterized space curve in R®> whose Euclidean Frenet frame
is associated with y (¢, x) via the identifications y > T =ii,e; > N =k iy, er >
B = ki x iiy under the embedding of S? into R? given by |ii| = 1. Since the curvature
of this space curve in R* is x = const, a complete set of differential invariants is obtained

' In fact, the Hasimoto transformation was already known at the start of the last century [2].
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from x-derivatives of the torsion 7, and thus &, = h (T, Ty, Ty, ...), hy = hy(T, Ty, Tex, .. ).
The non-stretching condition on the motion of the curve imposes the relation D i, = th,,
while the equation of motion of the curve yields the flow 7, = k"D, (Dyhy +Th)) +Kh,.
For the particular motion i, = %12 — k2, h, = 7y, this flow becomes precisely the mKdV
equation 7, = k~!(Tyxs + 27°7;) on 7. More remarkably, as shown in [7], when the flow
of a non-stretching curve is expressed in the operator form 7, = x~'R(h,) + kh, with
h, = D;'(th,) put in terms of the normal frame component %, of the evolution vector, it
contains the recursion operator R = D? + 72 + 7, D, !t of the hierarchy of mKdV soliton
equations. For instance, the fifth-order mKdV equation on t arises from the curve motion
generated by h, = R(ty) — KT, = Typx + (%rz — KZ)‘EX, h, = D;I(IR(IX) — k%7, =
Ty — %rxz + %r“ — %K2‘L'2.

More generally, other recent work has studied group-invariant motions of non-stretching
curves y (¢, x) in higher dimensional constant curvature spaces N >~ S$", H" R", first in
n = 3 dimensions [8] and subsequently in all dimensions n > 2 [9]. The main results give
a geometric origin of the vector mKdV equation v; = vy, + %v -vv, and its associated
hierarchy of integrable soliton equations, for an n — 1-component vector variable v(f, x)
given by the frame components of the principal normal along the curve, generalizing the
scalar case n = 2. This generalization relies on the use of a parallel moving (orthonormal)
frame adapted to the curve y (¢, x), differing from an intrinsic Frenet (orthonormal) frame.
In a parallel frame [10], the normal frame vectors are defined to have a purely tangential
derivative along the curve, while the derivative of the tangent frame vector is normal to
the curve. These properties uniquely determine a Frenet frame in n = 2 dimensions; in
n > 2 dimensions a parallel frame is related to a Frenet frame by a certain local SO(n — 1)
rotation acting on the normal vectors, and in the case n = 3 [12] this rotation angle is
given by the formula for a Hasimoto transformation in terms of the torsion determined
by the Serret-Frenet equations of the frame. As shown by the results in [9, 11], the
Cartan structure equations (which generalize the Serret—Frenet equations [13]) for such a
frame and its associated connection matrix coming from the flow of a non-stretching curve
encode compatible Hamiltonian symplectic and cosymplectic operators with respect to the
Hamiltonian flow variable v; moreover, these operators produce a hereditary recursion
operator whenever the flow is invariant under the SO (n — 1) structure group preserving
the frame. In the case n = 2, for spaces N with constant Gaussian curvature x (i.e.,
x = +1 for the sphere N = S?, x = —1 for the hyperboloid N = H?, x = 0 for the
plane N = R?), the encoding of the operators is especially simple. Here, v is just a
l-component variable identified with the invariant 7 of the curve y(f, x), while x is the
arclength so k = 1. The frame equation of motion of y (¢, x) has the Hamiltonian formulation
7, = H(w) + xZ(w) where H,Z are compatible Hamiltonian (cosymplectic) operators,
defined by @ = D h; +tD;'(thy) = Z~'(h)) which is a Hamiltonian symplectic operator
and D, = H(w). In geometrical terms, £ is the normal frame component of the curve
motion y; and @ is the associated connection component in the Serret—Frenet equations
for this motion, V,e; = wey, Viep = —we;. Viewed in a Hamiltonian setting, #,0/0t
and o dr represent a Hamiltonian vector field and covector field on the x-jet space of
the flow variable (¢, x). Because H,Z are a bi-Hamiltonian pair, R = H o Z-lisa
recursion operator on Hamiltonian vector fields 4, 3/0t, while its adjoint R* = 7! o 'H
is a recursion operator on covector fields @ dr with @ = §H/ét holding for some
Hamiltonian expressions H = H(t, Ty, Tyy,...). This structure gives rise to a hierarchy
of commuting Hamiltonian flows on t, corresponding to integrable non-stretching curve
motions in S2.
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Bringing together all these ideas, the purpose of this paper is, firstly, to identify the
geometric ‘map equations’ corresponding to the hierarchy of integrable flows of non-stretching
curves in constant-curvature spaces and, secondly, to extend this result as well as the geometric
relation known so far between the parallel moving frame formulation of these flows and bi-
Hamiltonian operators to other kinds of frames and more general target spaces. The main
results will be derived in two and three dimensions.

In particular, it is shown that

o the curve flow in S? corresponding to the scalar mKdV equation in a parallel moving
frame is described by an mKdV analogue of the Schrédinger map equation;

e in a covariantly constant moving frame the mKdV curve flow in S? corresponds to the
scalar potential mKdV equation and encodes bi-Hamiltonian operators yielding the mKdV
recursion operator in potential form;

o the kernel of the mKdV recursion operator gives rise to the SG equation describing a
curve flow in S? given by the wave map equation;

e analogous curve flows in S* formulated in both covariantly-constant and parallel
moving frames yield bi-Hamiltonian operators associated with O(2)-invariant vector
generalizations of the potential mKdV equation and the SG equation;

e an enlarged hierarchy of curve flows in S° arises through a ‘square root’ of the vector
mKdV recursion operator derived from an encoding of bi-Hamiltonian operators in a
left-invariant moving frame which is tied to the Lie-group structure SU (2) ~ S3;

e the bottom flow in the enlarged hierarchy is a group-invariant analogue of the Schrodinger
map equation.

In addition, higher dimensional generalizations of these geometric map equations, vector
soliton equations and bi-Hamiltonian operators will be obtained for flows of curves in constant-
curvature spaces via a covariantly-constant moving frame and in Lie-group spaces via a left-
invariant moving frame. Underlying all these results is a main insight that the torsion and
curvature parts of the Cartan structure equations associated with the general flow of a curve
as formulated by a suitable moving frame (adapted either to the curve or to the geometry in
which the curve moves) together carry a geometrical encoding of bi-Hamiltonian operators.

Related work on derivations of soliton equations from flows of curves in conformal and
similarity geometries, affine geometry, and Klein geometries appears in [11, 14-18].

Key definitions pertaining to Hamiltonian structures are stated in the appendix. See
[19, 20] for a full summary of Hamiltonian theory developed for PDE systems.

2. Wave maps and mKdV maps from integrable flows of curves on the sphere and the
hyperboloid

Consider a flow of a non-stretching curve y (¢, x) in a two-dimensional constant-curvature
space: N = S2 the sphere or N = H? the hyperboloid or N = R? the plane. Let x denote
the Gaussian curvature, respectively +1, —1, 0, let g denote the metric tensor, and let J be the
Hodge-star operator. To begin, the flow equation of motion of y (¢, x) will be shown to exhibit
a natural Hamiltonian structure when formulated in a covariantly-constant orthonormal frame,

V.er = V,e; =0, ey = Jej. 2.1)

First, the non-stretching condition |y,|, = 1 with x scaled to be the arclength implies that the
tangent vector and normal vector to the curve y (¢, x) are given by

Yy = cosfe; +sinfe; = X, Jyy =sinfe; —cosbe; = J X, 2.2)
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where the variable 6 is a rotation angle relating the covariantly constant frame to an adapted
(Frenet) frame X, JX. Note that the Serret-Frenet equations become

VX =vJX (2.3)
which yields the expression

v =—0, 2.4)
for the intrinsic curvature of y(¢,x) in N. Hence, 6§ = — f vdx is a nonlocal curvature

invariant of y (¢, x). Due to this relationship, the Hamiltonian structure arising from the
covariantly-constant frame equations will be analogous to a potential formulation. In this
frame, a non-stretching curve motion y; = h,e; + h,e; is O(3)-invariant if, and only
if, hy = h(0,0y,6,...) and h, = h,(0,0,,0,,, ...) are functions of the (differential)
invariants of the curve. An invariant of motion is z coming from the geometrical equation

V,X =oJX (2.5)

for the evolution of the frame. In terms of 8, the equation of motion for the curve is given by
D! applied to the flow equation on v (cf section 1),

v, =RMh1)+ xh, (2.6)
which yields

—6, = R*(D;'hy) + xD;'h. (2.7)
with

hy =h,sin@ — h,cosf (2.8)
and

hy=h,cos@ +h,sinf = —D_"(,h)). (2.9)
Here,

R* = D?+v? —vD; v, (2.10)
is the adjoint of the mKdV recursion operator

R = D*+v*+v,D;'v. 2.11)
This flow equation on 6 possesses a Hamiltonian form

—0, =Hhy)+ xI(hy) (2.12)
where

H(h.) = Dihy +6,D;'(0:h)) = @, I(hy)=D;'h =o' (2.13)

are compatible Hamiltonian cosymplectic operators. Note @’ is related to @ by its inverse
image under R*. Compared to the formulation in an adapted frame, here #, (normal frame
component of motion) and @ (connection component for the frame motion) switch roles, so
on the x-jet space of the flow variable 6 (z, x), @ d/96 represents a Hamiltonian vector field (as
likewise does @w'd/00) and h, d6 represents a related covector field. A corresponding feature
is that the operators Z and 7{ are respective inverses of the operators 7 and Z appearing in the
Hamiltonian form of the flow equation on v (cf section 1)

v, = H(w) + xZ(w). (2.14)
Consequently, the recursion operators R = HoZ 'and R = HoZ ' =T 'oH = R*

arising in the flow equations on v and 6 are adjoints. These recursion operators generate a
hierarchy of commuting Hamiltonian flows on 6 and v.
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The structure of the hierarchy looks simplest in the planar case, y = 0. The flow equation
(2.12) produces a hierarchy of commuting flows —6, = o ® = T (h l(k)) generated by the
operator R, with involutive Hamiltonians H = H® given by 8 H/60 = h,® forming a
hierarchy generated through the adjoint operator R*,k = 0, 1,2, ...; equivalently, there
is a hierarchy of commuting flows v, = h;® and corresponding involutive Hamiltonians
H = H® such that §H /8v = w®, satisfying h, ¥ = H(@®),k =0, 1,2, ..., generated
by the operators R = R* and R* = R. The relation v = —6, induces a one-to-one
correspondence between the hierarchies of flows on the Hamiltonian variables v and 6.

The hierarchy starts at the k£ = 0 flow,

h @ =, o=y, HO =1 =162, (2.15)

which produces a convective (travelling wave) equation v; = v, and 6, = 0,.. Higher flows in
the hierarchy are given by

h® =R, w® = R*(v), k=1,2,.... (2.16)
In particular, the k = +1 flow is the mKdV equation v, = vy, + %vzvx or in potential form

0, = O.xx + 302, Each flow (2.16) is bi-Hamiltonian, since & ® = H(h, * V) = Z(h,®)
and hence

-0, =Z(BHY /80) = HEH%V /80), k=1,2,..., (2.17)

or equivalently
v = HEHP /8v) = TSH®V /sv), k=0,1,2,.... (2.18)
The hierarchy also contains a k = —1 flow characterized by the property that it gets

mapped into the stationary flow 6, = 0 = v, under the recursion operators R and R. Hence
in this flow A, " and Y satisfy the equation 0 = H(h, ") with @D = Z(h, V),
producing a nonlocal evolution equation on v related in potential form on 6 to the SG equation
as shown in more detail later.

Linear combinations of the flows in this hierarchy produce commuting bi-Hamiltonian
flows in the non-planar case, x # 0:

v =h, ®D g yn B SH® O /5y = ™D 4y ®) (2.19)
which will be called the +k flow, satisfying the property

v = HEH%O /8v) = T(SH*10 /8v) (2.20)
where the Hamiltonians are given by

H=H%0 .= yqH® 4 g*D, (2.21)
In an equivalent potential form, the +k flow is

-0, =ow*D 4y ®, SH®0 /50 = p **D 45y ® (2.22)
which obeys

—6, = Z(SH*1 /80) = ASH* 1% /50). (2.23)

Independently of x, associated with the flows on v and 8 are a hierarchy of commuting
Hamiltonian vector fields 4, ©'3/3v and a hierarchy of involutive variational covector fields
a®dv, k=0,1,2,..., witha corresponding potential form given by switching v and 6, as
well as 7, ® and o ®.

Finally, the motion of y (¢, x) determined by these flows will now be derived through the
relation 1, = h; ® producing a hierarchy of non-stretching curve motions from the hierarchy
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of commuting Hamiltonian vector fields 4, ®8/8v. The equation of motion for the flow of
the curve y (¢, x) is given by

vi=mX+h JX (2.24)
with

hy = D;'(vhy). (2.25)
The 0 flow is produced by

h =y, hy =12, (2.26)
which gives the equation

Ve =2 X + v, JX. (2.27)
Integration by parts and substitution of the Serret—Frenet relations

X =y, vJX =V, (2.28)
then yields

Vi = Vive + 3 Varxlgne, with  [yale = 1. (2.29)

This motion will be called a non-stretching mKdV map equation. The higher flows in the
hierarchy give analogous higher order mKdV map equations, derived recursively via the
Serret-Frenet relations and their x-derivatives: v, JX = V,(vJX) + 12X = V2y, + 1%y, and
so on. For instance, the +1 flow has

h] = Vegr + %vzvx, hj = Vv, — %v)% + %v“, (2.30)
and so
Ve = (vvxx — %vxz + %v4)X + (vxxx + %vzvx)JX
=V, (3 IX+ 207, X+ V0TI X))+ (V) — Jvp + $vY) X (23D)
which yields
Ve = Vive +3IVars EVive +3(1IVee3) v + G(IVawsly) ., — 31Vivels + ZIVarsld) v
(2.32)
again with |y, |, = 1. In general, the +k flow for k = 0, 1, ... corresponds to an mKdV map
equation of order 3 + 2k.
The —1 flow in contrast comes from the equation
O=w = thJ_+UhH, (233)

which is directly equivalent to V, X = @ JX = 0. This motion is just a wave map equation,

Vive =0, (2.34)
subject to the non-stretching condition

lyxlg = 1. (2.35)
Furthermore, ¢ can be conformally scaled so that the curve motion has unit speed

lyilg = 1. (2.36)

In the planar case, i.e. N = R, the wave map equation reduces to an ordinary wave equation,
as the flow on v = —6, is stationary v, = —6;, = 0 due to y = 0. The —1 flow equation for
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X #0isv, = xh, where v = —hH’lehL and b = /1 — h, 2, which gives a hyperbolic

scalar PDE
Ve = —sgn(x)y/ x2 — viv (2.37)

on v. In potential form, these relations imply 4, = sin6, hj = cos@, up to a shift in 0
(equivalently, 7, = 1, h, = 0 are constants), while @’ = D 'sin@. Hence, the —1 flow in
the non-planar case, namely a non-stretching wave map on N = S? or H2, is given by

0;x = —x sin6 (2.38)

which is equivalent to the SG equation.

In addition to all these Hamiltonian flows of curves, there is a trivial flow produced by
hy =0, hy = 1, falling outside the hierarchy. This flow yields the curve motion y; = X = y,
which is just a convective (travelling wave) map equation.

In summary, in two-dimensional constant-curvature spaces there is a hierarchy of bi-
Hamiltonian commuting flows of non-stretching curves y (¢, x); the O flow is described by
an mKdV map equation, such that the curvature invariant of y in a Frenet frame satisfies
the mKdV equation to within a convective term, while +k flow is a higher order analogue.
The wave map equation describes a —1 flow such that it is mapped into the stationary flow
under the recursion operator of the hierarchy, with the curvature invariant of y in a covariantly
constant frame satisfying the SG equation.

3. Frame formulations of integrable flows of curves in three dimensions

The results just summarized in two dimensions have a natural generalization to three (and
higher) dimensions formulated in a more general geometric setting. Let (N, g) be a three-
dimensional Riemannian manifold and consider a flow of a curve y(¢,x) in N. Write
X =y, = q%e, for the tangent vector along the curve and Y = y, = h%e, for the evolution
vector of the flow of the curve, where e, is any orthonormal frame defined in the tangent space
T, N on the two-dimensional surface swept out by y (¢, x) in N. Note that the orthonormality
of the frame is expressed by g(e,, e5) = 845 (Kronecker symbol); hereafter this frame metric
will be used to freely raise and lower frame indices, and the summation convention is assumed
on all repeated frame indices. Write V for the covariant derivative determined by the metric
gonN and | X |§, = g(X, X) for the metric norm squared of X on the tangent space T, N.
Suppose y (¢, x) is non-stretching under the flow, so | X |§ = g%, = 1 is unit normalized
without loss of generality. The frame formulation of covariant derivatives is provided by the
introduction of connection 1-forms w,;, (skew in ab) related to the frame vectors e, through
the Cartan structure equations as follows (see also [13]). On the surface T, N the content of
the Cartan equations is that the covariant derivatives V, along the curve and V, along the flow
have vanishing torsion

Vive = Vive = v, 1 =0 (3.1
and carry curvature
[V, Vil = R(yx, v1) (3.2)

given by the Riemann tensor R(-,-) [21] determined from g. When expressed in frame
components, the torsion and curvature equations look like

0= D.h" — Dig* + h*Q," — ¢ ©,° (3.3)
and
R(ye, v)d" = D" — D.0," +2,°0." — 0,°Q." (3.4
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where

Qup = yxowap = g(ep, Vrey) 3.5)
and

Oup = Yy Wap = g(eb’ Vieq) 3.6)
are the Cartan connection matrices, and where

R(ye, v)a" = q°h"Rec, ea)a” 3.7
is the Cartan curvature matrix. (Alternatively, the connection matrices are seen to arise from
the pullback to T}, N of the equation [21] Ve, = —w,l®ep defining a Riemannian connection

wgp in terms of an orthonormal frame e, associated with the Riemannian structure g and V
onN.)

These frame equations (3.3)—(3.7) will be demonstrated to directly encode pairs of
Hamiltonian operators with respect to some Hamiltonian flow variable producing a hierarchy
of integrable curve flows if e, and w,;, are chosen in a geometrical fashion determined entirely
by the curve y and the geometry (N, g), in particular so the frame curvature matrix R (e, e4)."
is everywhere constant on N.

Constant-curvature spaces (N, g) have the distinguishing property that, for all choices of
orthonormal frame e,

R(ec, eq)a” = 2X8a1c8ar’ with  x = const, (3.8)

namely such spaces are homogeneous and isotropic, i.e. 3-sphere N = S§3, x = I;
3-hyperboloid N = H?, x = —1; and Euclidean space N = R*, x = 0. Correspondingly,
the local frame structure group is SO (3). Thus, as the frame curvature matrix is constant on
N, there is a wide freedom available in determining both e, and w,, geometrically in terms
of y and g on these spaces. The precise nature of the encoding of Hamiltonian operators in
the frame structure equations depends essentially on whether the frame e, is adapted to the
tangent vector X of the curve.

3.1. Parallel frames and vector mKdV Hamiltonian operators

To begin, for the situation of an adapted moving frame e,, the components of X are given by
constants ¢g“. The Hamiltonian flow variable in this case will be the frame components v* of
v = V, X, with the associated Hamiltonian vector and covector field variables 4, ¢, @“ given
by the frame components of Y, =Y — g(¥, X)X, w = V,X. The flow equation of motion
on v comes from the part of the curvature structure equation (3.2) projected along the tangent
direction of y, V,v = V,@w + xY,, which makes use of the constant-curvature property of
(N, g). The remaining part of the curvature structure equation (projected into the normal
space of y) combined with the torsion structure equation (3.1) allows V;, V., Y = g(¥, X)
to be expressed in terms of @, Y, . These expressions look simplest if the connection w,;, is
also adapted to the curve by putting (V,(e,)1). = 0, in which case e, becomes precisely a

parallel frame [10] such that V,(e,); = —v,X. In detail; ,, = 2gj,vp is the connection
equation of the parallel frame; the torsion equation yields

o’ = h” v+ thj_a, DXhH = hj_“va (3.9)
where 1 = h“q,, and the normal part of the curvature equation yields

D.®,, = 2E'[a1)b] + 2q[anwb]. (3.10)

The tangential part of the curvature equation then gives
v = D, +2v, D7 (P! + by . (3.11)
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Because of the non-stretching condition on X, observe vqg, = w%, = 0 and likewise
h1%g, = 0. It is now convenient to regard v*, w?, h“ as 2-component vectors v, ©o, h, and
employ an index-free vector notation for writing the Hamiltonian operators. Hence, the flow
equation is given by

v, = H(@) + xJ (@) = R(hy) + xh. (3.12)
in terms of the operators
H = D, ++vD_ ' (xv-), J =D, +vD;'(v-), R=HoJ, (3.13)

where * is the Hodge-star operator on vectors in two dimensions obeying the product identity?
C.iu(BANA) = (xA-B)xC. As proved in [9] using the framework developed in [19, 20],
‘H and J are a pair of cosymplectic and symplectic Hamiltonian operators, and the formal
inverse 7 ~' = 7 as defined on the x-jet space of v(t, x) is a cosymplectic operator compatible
with H. Moreover, R is a hereditary recursion operator for a hierarchy of Hamiltonians flows
that are each invariant under the frame structure group. Group invariance requires the flow
components to be a covariant vector function h; = h, (v, vy, vy, ...) on the jet space, so
accordingly the flow equation has an O (2)-invariant vector form, where this group O (2) is the
isotropy subgroup of the frame structure group leaving invariant X for an adapted (parallel)
frame. Because a parallel frame is determined geometrically by the curve y up to a global
SO (2) rotation, the Hamiltonian variable v represents differential covariants of y [22].
The O flow in the hierarchy is produced by h;, = v,, giving the vector PDE

vy = Vyyr + 30200 + 0y (3.14)

This flow is a well-known vector generalization [23] of the mKdV equation, to within a
convective term that can be absorbed by a Galilean transformation x — x — x¢,t — t. The
+k flow as obtained from h; = R¥(v,) gives a vector mKdV equation of higher order 3 + 2k
on v. These flows correspond to geometric motions of the curve y,

Ve = f(y)m ViV V;%Vx, ) = he,, (3.15)

subject to the non-stretching condition |y, |, = 1. The equation of motion is obtained from
the decompositions ¢, = g, X + (¢,)1 and h* = hyg® + h,* with hy = D' (h.“v,), after

substitution of the expressions i, ¢ = h,“(v, v, vb,, ... ) followed by use of the relations

xXx0

vi(ea)L = ViV, v}a{ (ea) 1 = Vi (ve,) — v Vye,
= Vive + IVa¥e 370, (3.16)
and so on, where
V(e = VU, Vx- (3.17)
In particular, for the 0 flow, h, ¢ = v{, b = %v" v,, thus
ve = h'eq = 300, X +vi(ea) L = Vive + 3 Vavelivs- (3.18)

Note that the trivial flow given by h; = 0, 2 = 1 corresponds to the motion y; = y, which
is a convective (travelling wave) map equation.

There is also a —1 flow contained in the hierarchy, with the property that h is annihilated
by the symplectic operator J and hence gets mapped into h; = O under the recursion

2 Throughout, in any dimension, _ denotes the interior product between a vector and a 1-form or 2-form, as well as
the contraction of a vector against an antisymmetric tensor; A denotes the exterior product taking a pair of vectors into
an antisymmetric tensor, as well as the ordinary wedge product between forms; the Hodge-star operator * is mapping
between a vector and a rank n — 1 skew tensor in n > 2 dimensions or between vectors in the n = 2 dimensional
case, with %> = —1. In addition, vectors and 1-forms will be identified using the frame metric.
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operator R. Geometrically, this flow means simply J(h,) = o = 0 so y satisfies the
equation of motion

@ =Viy, =0 (3.19)
which is the wave map equation on the target space N = S, H3, R®. The resulting vector
PDE is a nonlocal evolution equation

v, = xh, (3.20)
where h | satisfies
OZWZthL-Fh”’U and DXhH IhL-’U. (321)

Note that this PDE possesses the conservation law 0 = D, (h||2 + |hL|2) =V |yt|§ and so a
conformal scaling of 7 can be used to put

L=yl =h/+h.| (3.22)
This relation enables &, h to be expressed entirely in terms of v. Its geometrical meaning

is that the flow is conformally equivalent to one with uniform speed. Consequently, the —1
flow vector PDE reduces to

v = —sgn(O) Dy (V1% = v [Pv) (3.23)

which is equivalent to a hyperbolic vector equation

v = —/1 — v, 2o (3.24)

after a further scaling ¢t — x ~'t. This PDE is related to [24] a vector SG equation known
from O (4) sigma models, which will be derived later in potential form.

Theorem 1. [In three dimensions there is a hierarchy of group-invariant integrable flows
of curves y(t,x) in any constant-curvature space (N,g) ~ S, H? R®. The 0 flow is a
non-stretching mKdV map equation

ve = Vive + 31 Vavelave, lyxle = 1. (3.25)

while the +k flow is a higher order analogue y, = f(yx, ViViseves ka"zyx). The —1 flow is
a non-stretching wave map equation

Viye = 0, Iyxlg = |Vt|g =1, (3.26)
which is equivalent to the O (4) sigma model.

Group invariance has the geometric meaning here of covariance of the equation of motion
(3.15) of y (¢, x) under the group of isometries of (N, g), as implied by the O (2)-invariance
property of the vector expressions hy = h, (v, vy, vy, ...) on the x-jet space of v(¢, x).
Note that these expressions for each +k flow, k = 0, 1, ..., are explicit polynomials, while the
—1 flow is only given by an implicit nonlocal expression in this setting.

Similarly to the derivation in two dimensions, associated with the curve flows in three
dimensions is a hierarchy of commuting Hamiltonian vector fields b, ' - 3/dv and involutive
variational covector fields o® - dv,k = 0, 1,2, ..., generated by the recursion operator
R and its adjoint R*. The hierarchy starts from h,© = v,, =@ = v, which has the
geometrical meaning that the Hamiltonian vector field k., - 9/dw is the infinitesimal generator
of x-translations, where x is the arclength along the curve y. This hierarchy has a natural
bi-Hamiltonian structure b, ® = H@SH® /8v) = T(SH*V /8v) with w® = s§H® /sv

determining the Hamiltonians H = H (v, vy, Uy, ...). Consequently, the curve flows
themselves are bi-Hamiltonian:

v, = HEH®0 /8v) = T(SH*10 /5v) (3.27)
where

H&0 =y H® 4 gD, (3.28)
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3.2. Covariantly-constant frames and vector potential mKdV Hamiltonian operators

The previous results will now be extended to the situation of a non-adapted moving
frame e, for curve flows in the same constant-curvature spaces. In this case, the frame
components g of the tangent vector X are (non-constant) functions of #,x, and as a
consequence the most natural Hamiltonian variable will be given by v = X itself.
Compared to the previous case when v = V,X, the roles of the associated variables
Y, =Y —Y X, w = V,X are switched here to be Hamiltonian covector and vector field
variables, respectively. This relationship is analogous to going to a potential formulation
in the Hamiltonian setting, similarly to the situation in two dimensions. The flow
equation of motion on v now comes from the part of the torsion structure equation (3.1)
projected into the normal space of y, V,X = (V,Y), = V.Y, +g(Y,,V, X)X + YV, X,
while the curvature structure equation (3.2) and the tangential part of the torsion structure
equation are used to express V,, V., Y interms of w, Y .

There is a quite simple encoding of Hamiltonian operators in the frame components of
these equations if the frame e, is chosen to be covariantly-constant V,e, = 0, i.e. parallel
transported, along the curve. (In a geometrical sense, whereas a parallel frame is completely
adapted to the curve, a covariantly-constant frame is minimally adapted yet still determined
entirely by geometrical considerations.) To give some details: the connection equation is

simply 2,5, = 0 while the curvature equation reduces to D;®,, = —2xg(.hp). The torsion
equation yields D hy = h, g} and so the flow equation becomes

qf =@ —2xq,D; " (¢""h.") (3.29)
with

@ = Dh,* +hq® +q°hy,q”. (3.30)

Note that the non-stretching condition on X implies wq, = h,%q, = 0 as before, but now
g“ is the Hamiltonian variable and obeys the constraint g“g, = 1. For ease of notation,
q%, @, h,® will be written as 3-component vectors with @, h; L g subjectto || = 1. A
useful vector product identity? is c J(E A A) =Cx (E X A) in three dimensions. This leads
to the operators

T=-gxD;'(@Gx) (3.31)
and

H =Dy +G:D; (@) +4(Gx) (3.32)
in terms of which the flow equation is given by

G = xZ(h1) +H(h1). (3.33)

The following result can be proved by computations similar to [9] based on the framework
presented in [19, 20]. Details will be given elsewhere.

Theorem 2. 7, H are a pair of compatible Hamiltonian (cosymplectic) operators and obey
g -I =q-H =0, with respect to the constrained Hamiltonian variable q(t, x). The inverse
of T is a Hamiltonian symplectic operator

J=T"'=—GxD.((§x)—3§D;'((§ X §:))) (3.34)
whose domain is defined on the x-jet space coordinates 1. G.* Then the flow equation on q
takes the form g, = x @'+ R(@") in terms of the operator R = Ho J, where @' = Z(h,) is
the inverse image of @ = H(h,) under R.
3 Throughout, x denotes the standard cross product on three-dimensional vectors.

4 Namely, the coordinate space {(§x, Gxx»---) 1 = (Gxs Gxx + |Gx|>q. - ..)} consisting of those vectors L g derived
from the differential consequences of Icﬂ2 =1.
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Asaresult, R = H o J will be ahereditary recursion operator for commuting Hamiltonian
vector fields @ ® -9/, k =0, 1,2, ..., starting from @ ? = g,, the infinitesimal generator
of x-translations in terms of the arclength x along the curve y. Likewise the adjoint operator
R* = J o H will be a hereditary recursion operator for involutive variational covector
fields 1, ® . dg,k = 0,1,2, ..., related by h® = 7(&®) and thereby starting from

O =7 (Zi)f) = G + |clezfj. This_hierarchy has a natural bi-Hamiltonian structure
a®D = T(h,*V) = H(h, ®) with h,® = —sH® /5G determining the Hamiltonians
H = H(q, gy, Gxx,-..). Because of the constraint |§| = 1, the variational derivatives
involve a Lagrangian multiplier term A(|q| — 1) in the Hamiltonians to enforce the constraint
condition g - 8H/8¢ = 0. For instance, h, ¥ = g, + |¢,>’¢ = —8H®/8g determines
HO = %l?]x|2 +A(|g| — 1) where, after variational derivatives are evaluated, A = —|g,|°.
The hierarchy &' = o® k=0,12,..., produces commuting bi-Hamiltonian flows

on g given by constrained vector PDEs

G = xo® +a*D, 1g| = 1. (3.35)
Their Hamiltonian structure looks like

—g =Z(H®0 /5g) = H(EH* 10 /83) (3.36)
where

H%0 = yqg® 4 g+ (3.37)

are the Hamiltonians as before. These PDEs have an O (3)-invariant form on the x-jet space
of g(t,x), where @’ = @®(q, Gy, Gux,...) and hy = h1 P (G, Gy, Gsx, . ..) are covariant
vector functions given by explicit polynomial expressions. Correspondingly, the curve y (¢, x)
undergoes a group-invariant non-stretching motion

Ve = (Ve Vaves Vive,...) (3.38)
which is related to these vector expressions by substitution of
qaea = Vx» qsea = Vx(f]aé’a) = nyxv q;txea =V (q;ea) = Vf]/x, (3.39)
and so on, into the flow equation given by f = h%, with h* = hyq® + h,* and
hy = D' (h1,q5)-

The 0 flow on ¢ corresponds to the curve motion specified by the non-stretching mKdV

map equation (3.25), which yields

Gr = Geex +3(Gx1°9)x + X G- (3.40)
This flow has the form of a vector mKdV potential equation subject to the constraint |g| = 1.
More generally, the +k flow in the hierarchy is a higher order mKdV constrained-potential
equation arising from the mKdV map equation of order 3 + 2k in theorem 2 through
the geometrical relation between the frame components /2, of the curve motion (y,); in

the covariantly-constant frame and the parallel frame. This relation is expressed via the
correspondence

v < Viyr < Gxs (3.41)

vy < (V)%yx)l <~ Djﬁx, (3.42)
and so on, where (on the domain of x-jet space coordinates L g)

Dy =D, — 4G - Dy = Dy +G(Gx+). (3.43)

Under this correspondence, the Hamiltonian operator (3.32) and symplectic operator (3.34)
in the covariantly-constant frame carry over, respectively, to the symplectic and cosymplectic
operators (3.13) in the parallel frame.
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Proposition 3. For any mKdV flow v, = h, P, vy, vyy, ...) in the parallel frame (where
h, % denotes a linear combination of Hamiltonian vector fields h,*" + yh ® k =
0,1,...), the corresponding constrained-potential mKdV flow in the covariantly-constant
frame is explicitly given by g, = —g x D;'(q x EL(X)(Z]}, D1g,, (Dj‘)zc']'x, ...)). This
correspondence extends to the convective (travelling wave) flow in the two frames.

The converse correspondence is expressed via the augmented relations

g <y (0,1, (3.44)
‘_])x < Vi < (v,0), (3.45)
‘?xx <~ nyx <> Dy (v,0), (3.46)

and so on, using the derivative operator
D, = D, + (v, 0) x. (3.47)

(A helpful identity relating 2-component and 3-component vectors here is (v, 0) x (0, 1) =
(*xv,0).) This operator comes from the geometrical form of the parallel frame e, in three
dimensions as follows: write (e,)) <> e) so e, = (ey, X) is adapted to X = y,. Then, the

conditions V,(e,)| = —v, and V, X = v for ¢, to be parallel [10] are expressed by

Vi(er, X)=(—v® X,v) = —(xv,0) x (e, X) (3.48)
where

g, el) =v, gX,er) =g(X,v) =0, (3.49)

with v <> v,. Hence, a parallel frame has the invariant characterization Ve, = 0 where V,
is the covariant version of D, .

Proposition 4. Any constrained-potential mKdV flow §, = @(G, Gy, Grx, ...) in the
covariantly-constant frame (where @ denotes a linear combination of Hamiltonian
vector fields @®V) + yo® k = 0,1,...) has the corresponding form v, =
H(zw((0, 1), (v,0), D (v,0), ...)) given by an mKdV flow, using the Hamiltonian operator
H=D,+ xvD_ ! (xv-) from the parallel frame.

The constraint |g| = 1 can be resolved by the introduction of variables

q = (k, k), (3.50)
defined relative to any fixed unit vector 7 by k = g - /A and k = g — ki, satisfying
1 = (k) + k| (3.51)

Elimination of the scalar variable & then leads to unconstrained-potential mKdV flows in terms
of the 2-component vector variable k. To within a convective term, the 0 flow is given by

ke = ke + 3K — 161D (LD + ke D E)s (3.52)

which is a vector generalization of the potential mKdV equation. In particular, for
g = (cos#,sin@,0) lying in a plane, where k = cosf,k = (siné,0), then 0 satisfies
the potential mKdV equation 6, = 0,,, + %93 . This reduction has the geometrical meaning
that the curve y (¢, x) is restricted to lie on a totally geodesic two-dimensional subspace given
by the sphere S? when x = 1 or the hyperboloid H? when x = —1 or the plane R* when
x = 0 in the respective constant-curvature spaces N = S, H> R>.

The same correspondence also applies to the curve motion specified by the non-stretching
wave map equation (3.26), with ¢ conformally scaled so that 1 = |y,|,, which gives the
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—1 flow in the hierarchy. This flow is characterized by the kernel of the recursion operator
0= =R@) = H(h 1) in the covariantly-constant frame, corresponding to the kernel
of the symplectlc _operator in the parallel frame. Hence, the —1 flow equatlon is given by
g = xw' = xT (h 1) w1th h 1 determined by the geometrical equatlon o =D, h = 0 where

the vector i = hyq + h 1 is thus constant. This vector also satisfies |h| |¥l¢ = 1, which
allows putting k = h, k = g — hHh, relative to & = #. Then the tangential and normal
parts of the —1 flow equation on g yield nonlocal evolution equations k, = —xkD 'k and

ki = xk - D;lk, with the identity 1 = (k)? + |k|?. Thus, after the scaling r — x ~'t is made,
the 2-component vector variable k satisfies the hyperbolic PDE

V(A =1k k) = —k (3.53)

which is a well-known vector generalization [25, 26] of the SG equation. In particular,
under the reduction k = cosf, k = (sinf, 0), considered earlier where the curve y(t, x)
lies on a totally geodesic two-dimensional subspace in N, the variable 6 satisfies the ordinary
SG equation.

The bi-Hamiltonian operators in theorem 2 for the hierarchy of potential mKdV flows
are readily formulated by using the unconstrained variable k, providing a direct 2-component
vector generalization of the well-known bi-Hamiltonian structure of the SG hierarchy. Write
ht=h, —#A-hf, " =& — i - @h. Then, we have

k, = xZH(hY) + HE(RY) (3.54)
where the operators
L = kD (k + kk™'k-) — xkD_ ' (xk-) (3.55)
and
H* = D, + Dy (kD; ' (kx+) — k 'kok-)) (3.56)

are given by the normal parts of 7, H relative to 2. The normal part of 7 relative to 7 yields
an inverse operator of 7+,

T* =Dy +k((ky) =k keke) — ksk D (K| (kR ™) Geke- ) + (R - k)K" k| k).
(3.57)

With respect to the unconstrained Hamiltonian variable k(z, x), it can be shown using
computations similar to [9] that the operators Z, H' are a compatible bi-Hamiltonian
(cosymplectic) pair, while J* is a Hamiltonian symplectic operator. Hence, the operator
Rt = H* o J* and its adjoint R+* = J+ o H' are hereditary recursion operators for
the hierarchy of bi-Hamiltonian unconstrained vector potential mKdV flows including the
—1 flow given by the vector SG equation (3.53).

3.3. Left-invariant frames and square-root operators

Another choice of non-adapted moving frame e, is available by utilizing the group-manifold
structure that exists for positive constant-curvature spaces in three dimensions. Recall that
the compact semisimple Lie group SU(2) is isometric to the 3-sphere. The isomorphism is
expressed via left-invariant vector fields, giving at any point on N = §3 an identification
of the tangent space T,.S? ~ su(2) ~ so(3) with the Lie algebra of SU(2), under which
the Riemannian metric on S° is identified with the Cartan—Killing metric of s0(3). Any
orthonormal basis in s50(3) thereby determines a left-invariant frame e, on the space N = S°,
satisfying the commutator property

[eq, ep] = 2\/Y6abcec (3.58)
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and the curvature relation
Rlec, ea)” = x€ca*€ed” = 2X8arcdar” (3.59)

where €, = €4,%8.4 (Levi-Civita symbol) represents the so(3) Lie-algebra structure constants
and x > 0 is the curvature scalar of N = §3. In contrast to a covariantly-constant frame, a
left-invariant frame is entirely adapted to the group-manifold geometry of the space N = S°
and so it is independent of any curves on this space. Nevertheless, such frames will be seen
to naturally encode Hamiltonian operators in the frame components of the Cartan structure
equations for group-invariant flows of curves y (¢, x) on N = §3. These flows will be invariant
under the group SO (3) of isometries that preserve the Lie-algebra structure of 7, S 3~ 50(3).

Because of the non-adapted nature of the left-invariant frame, the components g of the
tangent vector X along y are (non-constant) functions of #, x. So, the most natural Hamiltonian
variable will againbe v = X while Y, =Y —Y X and @ = V,X continue to be the associated
Hamiltonian vector and covector field variables. The flow equation of motion has the same
geometrical form as before, given by the part of the torsion structure equation (3.1) projected
into the normal space of y. However, a crucial difference now is that the curvature structure
equation (3.2) becomes redundant since the connection 1-form determined by the left-invariant
frame is just an algebraic expression

Wap = eabcec. (360)

In detail, the covariant derivative of the left-invariant frame in the tangent direction of the
curve yields

Vie, = —3/xeaxX = —/Xew q e (3.61)
and in the flow direction yields
Viea = —3/XeaxY = —x€w hec, (3.62)

giving the connection matrices Q4 = /X€wcq° and Oy, = /x€wh®. Here, x denotes
the s50(3) Lie-algebra product on 7,S°. Related to this structure, the frame components of
@’ = X xY will be seen to play the role of a Hamiltonian vector field. The flow equation
coming from the Cartan structure equations is

g = Dh * +hq" +q°hy,q° + 2/ x@" (3.63)
in terms of
o =€ q"h.", (3.64)

where D, h = h,,q{ is again obtained from the tangential part of the torsion equation, and
now

@ = Dh" + /xw". (3.65)

As before, g%q, = 1 while w'%q, = w%q, = h,1°q, = 0, and the same 3-component vector
notation will be employed hereafter. Consequently, the flow equation takes the Hamiltonian
form

Gr = M(hy) +2/xT(hL) (3.66)
where the operator
H = Dy +G:D; ' (Gx) +G(G+) (3.67)

is unchanged, but now

I=gx (3.68)
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is an algebraic operator (with the so(3) Lie-algebra product identified with the vector cross
product) satisfying 7> = § x (§x ) = —1+g(g-) = —id, . Omitting details, it can be proved
that these operators enjoy the same properties as the Hamiltonian operators (3.32) and (3.31)
in the covariantly-constant frame.

Theorem 5. Z,H are a pair of compatible Hamiltonian (cosymplectic) operators and
obey g -T = q -H = 0, with respect to the constrained Hamiltonian variable g(t, x).
The inverse of T is a Hamiltonian symplectic operator J = 17! = —Gx = —T whose
domain is defined on the x-jet space coordinates 1. g.> Then the flow equation on g becomes
g = 2/x@' + R(@') in terms of the operator R = H o J, where &' = Z(hy) is the
inverse image of @ = H(Z D+ /xZ (71 1) under the shifted operator R' = R + /X, namely
T =R ().

On the x-jet space of g(t, x), it follows that & - /3q has the geometrical meaning of a
Hamiltonian vector field as does @’ - 3/3¢q, and h, - dg has the geometrical meaning of a
variational covector field. Hence, R = H o J and its adjoint R* = J o H will be hereditary
recursion operators for respective hierarchies of commuting Hamiltonian vector fields o ®

and involutive variational covector fields 7, ®, k = 0, 1,2, ..., related by 7, ® = 7 (5 ®).
Because J = —Z is purely an algebraic operator, these recursion operators are like a ‘square
root’ of the ones obtained from the covariantly-constant frame. The hierarchy starts at
70 =g, (3.69)
describing infinitesimal x-translations in terms of the arclength x along the curve y, while
h© =7@G) = =G % . (3.70)
Next comes
&V =R(G) = —H(G % §x) = =G X G, (3.71)
and
1V =T(=4 x§) = =(Gux +14:1°9), (3.72)
followed by
&? = —Goer — 3(1G:179)x (3.73)
and
hi® = =G % Gux — 31373 x G- (3.74)

In particular, the vector fields @, @ ®, and so on for even k, along with the covector
fields 71, D, 1, @, and so on for odd , exactly reproduce the hierarchy of potential mKdV
Hamiltonian vector and covector fields with respect to g(z, x) derived in the covariantly-
constant frame.
The full hierarchy in the left-invariant frame has a natural bi-Hamiltonian structure
o® =71 (h 1 W) = H(h 1 %=1) with Hamiltonians H = H®(q, Gy, §uv. ...) determined
by h l”‘) = §H® /8g subject to Lagrangian multipliers enforcing the constraint condition
g - 8H/8qg = 0 like before. Thus, modulo the Lagrangian multipliers,

HY = 13,7, (3.75)

5 Namely, the coordinate space {(Gx, Gxx»---)L = (Gx» Gux + \qxl g, . ..)} consisting of those vectors L g derived
from the differential consequences of ||? = 1.
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agrees with the bottom Hamiltonian in the hierarchy in the covariantly-constant frame, while
the next Hamiltonian in the hierarchy here is given by

H® = =34 (G X Gux), (3.76)
and so on to all higher orders k = 1, 2, .. .. But there is no Hamiltonian H O gince any scalar
triple product expressions that can be formed just out of ¢ and ¢, are trivial.

The entire hierarchy k = 0, 1, 2, ..., produces commuting flows

g =2yx5® + D, (3.77)
with |g| = 1. These flows describe constrained vector PDEs having a bi-Hamiltonian structure

G =ZI@EH " /5g) = HEH "0 /59) (3.78)

given by the Hamiltonians
HE&0 — ZﬁH(k) + H&D (3.79)

The form of the PDEs here is SO (3)-invariant, expressed by covariant vector functions
@' =a“G, Gy, Gexr...)and hy = h1 % (G, Gy, Gxx. . . .) consisting of explicit polynomials
constructed using vector dot products and cross products on the x-jet space of g(z, x).
Compared to the larger O (3)-invariance in the covariantly constant frame, invariance under
reflections on ¢ in the left-invariant frame is lost due to the explicit appearance of the cross-
product operator.

There is a corresponding hierarchy of group-invariant non-stretching motions

Ve = (¥, Ve, Vivis...) (3.80)

on the underlying curve y (¢, x). These motions are obtained through substitution of

q“ea = ¥x, (3.81)
q*V.e, =0, (3.82)
gleq = Vi(q"ea) — 4" Viea = Viys, (3.83)
qiViea = 1/ XV xVivy = —Sew gl q e, (3.84)

and so on, into the flow equation (3.80) given by f = h%, with h* = hyjg* + h,“ and
hy = D;! (hlaq)’j). The 0 flow on g producing the vector PDE

Gr = =G X Gx +2/XGx (3.85)
yields the curve motion
Vi = Yx X Vi¥r. (3.86)

This motion defines a geometric map equation on the group-manifold N = §3 and will be
called the SO (3) group-motion equation for y. A linear combination of this equation (3.86)
and the non-stretching mKdV map equation (3.25) gives the curve motion determined by the
+1 flow

G = —Grrx = 514xPPx = 20/XG X Gax- (3.87)

Conversely, the non-stretching mKdV map equation is given by a linear combination of the

0 flow and +1 flow equations. A similar result holds for the hierarchy of higher order non-

stretching mKdV map equations when expressed as vector PDEs for ¢ in the left-invariant
frame as follows. -

Through the geometrical meaning of 4, and @ as the respective frame components

of the normal motion of the curve (y;); and the evolution of its tangent vector V,y,, any
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constrained-potential mKdV flow in the covariantly-constant frame describes a non-stretching
curve motion corresponding to a flow in the left-invariant frame (and conversely) via replacing
D, <> D, in the expressions for the Hamiltonian vector fields @ (g, x, Gxx, - - .) in the two
frames, where

Dy = D, + /X x. (3.88)

This correspondence arises geometrically from the relation between the frame equations
0 = Ve, in the covariantly-constant case and 0 = (V, + /X ¥x X)e, in the left-invariant case.
The shifted recursion operator then has the interpretation as a covariantized operator given by
R <> R’ under replacing D, <> D, in the Hamiltonian operator H.

There is an analogous correspondence relating the flows in the left-invariant frame to the
flows in the parallel frame via the relations

g < v 0,1, (3.89)
Dig = gx <> Viyr < (v,0), (3.90)
Digx < Viyx < D, (v,0), (3.91)

and so on, with

D, = D, + (xv,0)x, (3.92)
while

gx < x < (0,1)x, (3.93)
similarly to the correspondence for the case of the covariantly-constant frame.
Theorem 6. For any flow ¢, = @Y(G, Gy, Grx, ...) in the left-invariant frame (where
@ denotes a linear combination of Hamiltonian vector fields w**V + 2 /xo® k =
0,1,...), there is a geometrically corresponding flow in the parallel frame, v, =
HO (w0 ((0, 1), (v,0), DX (©,0),...)) = h, %W, vy, ...) in terms of the mKdV
Hamiltonian operator # = D, + xvD;'(xv-), where DY’ = D, — Jxx and H® =
H— /X *. Moreover, the shifted recursion operator in the left-invariant frame corresponds
exactly to the square root of the mKdV recursion operator

R?=-HoJ (3.94)
and
R =xJ = Hx, (3.95)
where J = D, +vD ' (v-) is the mKdV symplectic operator.
The Hodge-star operator here plays the role in t~he parallel frame of an additional
Hamiltonian operator Z = —s which is compatible with H and corresponds to the symplectic

operator 7 in the left-invariant frame. Under this correspondence, the SO (3) group-motion
equation (3.86) is given by the flow

v, = *(vyr + 5 [0]*0 + x) (3.96)
with
h) = *uv, (3.97)

which is outside the standard mKdV hierarchy. In particular, the square-root recursion operator
R’ generates an enlarged hierarchy of flows

v =R v) =h,®, k=0,1,..., (3.98)
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commuting with the mKdV flows. These flows (3.98) inherit a bi-Hamiltonian structure from
their counterparts in the left-invariant frame,

v, = H(w* ) = Z(=w?), (3.99)
in terms of the adjoint recursion operator R”* = J* = %/, where

w® = R w) = xh, ®. (3.100)
Associated with this structure are commuting Hamiltonian vector fields A, ® - 8/8v and
involutive covector fields zo® - dv,k = 0, 1, ..., from which the Hamiltonians H® are
determined by

SH® /sv = xh, ¥ = w®, (3.101)
In detail, the hierarchy looks like
w® =, HO = L% (3.102)
o = s, HD — %v KV (3.103)
w?® = —v,, — L, H® = Lo, > + Lol (3.104)
@ = — x (vyx + 30]%0), HY = lo, s — 3]0 - 2, (3.105)
and so on.

This enlarged hierarchy contains the same —1 flow as in the mKdV hierarchy, which
arises directly from the kernel of the square-root recursion operator R'. In the left-invariant
frame, this flow is given by 0 = @ = H(h1) + /xZ(h1) = Dch where h = h +hjg isa
covariantly constant vector, with D h = h. - .. Note that h) and h, are related through
the conservation law 0 = Dy |fz|2, with the consequence that |fz| depends only on ¢ and hence
satisfies 1 = |h|? = |h|* + h)? after ¢ is conformally scaled. The —1 flow equation produced
on ¢ is then given by

G= X&' =Jxq x h, (3.106)
or simply

D,g=0 (3.107)
so thus g is covariantly constant with respect to the covariant derivative

D, = D, + /xhx. (3.108)

These equations in covariant-derivative form on g and h together are recognized to be a
constrained vector su(2) chiral model [27], which is geometrically equivalent to the non-
stretching wave map equation @ = V,y, = 0 on the group-manifold N = SU(2) ~ S3, for
the curve y (¢, x) subjectto 1 = [y, | = [Vilg-

Interestingly, the wave map equation describing the —1 flow can be expressed as a vector

hyperbolic equation on g(¢, x) via eliminating h, = —/Xq x g and hy = V1 — |sz|2 =
VT= 171G P to get
Gix = —q1 - 4:q — q % (‘}t +v1-— |ét|zéx) (3.109)
after x is scaled outby t — t/./x, x — x//X.
Another formulation of the —1 flow equation is provided by a covariant-derivative
vector SG equation derived as follows for the 2-component vector variable h (¢, x). First,
differentiation of 0 = D,g by D, followed by use of the commutator

[D,, D,] = x(Gh- — h§-) (3.110)
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gives 0 = D,g, — X;z 1. Next, g, can be eliminated in terms of hy and h 1 from
0 =D.h = Dxih L + hyg, obtained by decomposition of 2 and D, into tangential and
normal parts relative to g, where the derivative operator

D = DI + /xgx (3.111)

satisfies ¢ - Dy = g - D> = 0. This operator has a natural meaning through the geometrical
correspondence

v < Viyy < g, vy < (Vivx) | < Dids. (3.112)

and so on, between the parallel frame and left-invariant frame. Finally, through the derivative
operator

D} = D} + /) (hy x +hGx) (3.113)
which obeys G - D} = 0, we have the equation

=D} (hy™'Dyhy) = xhu, (3.114)
where hH =+ 11— |hL|2.

Theorem 7. In positive constant-curvature spaces (N, g) ~ S* ~ SU (2) in three dimensions,
the group-invariant integrable flows of curves y (t, x) comprise an enlarged hierarchy whose
even-order flows consist of the SO (3) group-motion equation

Ve = J/xXVxJ/x

and higher order analogues, and whose odd-order flows consist of the non-stretching mKdV
map equation

Vi = V)%Vx + %|nyx|§:)/x

and higher order analogues, all subject to |y,|, = 1. The —1 flow is the non-stretching wave
map equation

Viyx =0, |7/x|g = |Vt|g =1,

which is equivalent to the SU(2) chiral model.

Corollary. The —1, 0, +1 flows can be reformulated as motions of an arclength-parameterized
embedded curve in R* described by a 4-component vector variable u(t, x). This vector is
constrained such that || = 1 so the curve motion is confined to the 3-sphere §° ~ SU(2),
and in addition |ii,| = 1 so that the curve does not stretch (namely, x is arclength). Under the
resulting identifications

y < i, V. < D, —iu(u-D,), (3.115)
the wave map equation becomes the O(4) sigma model

Upy = —U; » Uyl (3.116)
the mKdV map equation reduces to the model

Uy = lyxy + Sy - lyxlly (3.117)
up to a convective term; and the SO (3) group-motion equation is given by the model

Uy = *(l A ly Aldyy). (3.118)

Here - is the dot product, A is the wedge product and x is the Hodge-star operator, on R*.
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4. Hamiltonian operators and integrable flows of curves in higher dimensions

The derivation of bi-Hamiltonian operators from frame formulations of flows of non-stretching
curves in three-dimensional spaces S° ~ SU(2), H?, R® generalizes to all higher dimensions
both for the case of constant-curvature spaces and Lie-group spaces. As in three-dimensions,
the flow of a curve y (¢, x) in an n-dimensional Riemannian manifold (N, g) for any n > 2 has
associated with it the Cartan structure equations expressing curvature [V, V;] = R(y,, y;) and
torsion V,y; — V;¥r = [¥x, ¥:] = 0 in terms of orthonormal frame vectors e, and connection
1-forms w,y, in the tangent space T, N. The same natural encoding of a compatible pair of
Hamiltonian operators contained in these equations is seen in all dimensions, through the use
of a geometrical choice of e, and w,;, given by a covariantly-constant frame or a parallel frame
if N is a constant-curvature space or a left-invariant frame if N is a Lie-group space. For such
frames the curvature matrix will be constant on NV, leading to a simple bi-Hamiltonian structure
based on the geometric variables given by the tangent vector X = y, = g“¢, along y, the
flow vector Y, = (y,)1 = h,“e, normal to y and the principal normals v = V, X = v%e, and
w = V,X = w, associated with the tangential and flow directions of y, where |X|, =1
and g(v, X) = g(w, X) = 0 for a non-stretching curve y. Note that the frame components
of the principal normals v, @ will be differential covariants of y.

4.1. Constant-curvature spaces

Let (N, g) be an n-dimensional constant-curvature Riemannian manifold (n > 2), with
curvature scalar y. The curvature matrix for any orthonormal frame e, is simply

R(ec, ea)a” = 2x8ac8a)"- .1
Recall that a parallel frame is adapted to y via

ea = ((ea) 1, X) (4.2)
such that the covariant derivative of the normal vectors in the frame

Viled) = —v,X 4.3)
is tangential to y and the covariant derivative of the tangent vector

VX =v%(eq) 1 4.4)

is normal to y (where, note, g“ = const). The resulting Cartan structure equations carry over
directly from three dimensions to n dimensions where v¢, @, h, “ now are (n — 1)-component
vectors. Thus, the flow equation on v* retains the form (using index-free notation)

v, = H(w) + xZ(w) = h', + xhy 4.5)
where

H = D, +v.D; ' (vn), I'=J=D,+vD;'(v) (4.6)
are, respectively, Hamiltonian cosymplectic and symplectic operators and R = H o J is a
hereditary recursion operator as proved in [9]. Here, h; = Z(w) and its image b/, = H(w)
under R have the roles of Hamiltonian vector fields with respect to v(z, x), while the role
of =o is a covector field. (Compared with [9] the present formulation of these operators is
manifestly O(n — 1)-invariant, employing just the vector dot product, interior and exterior
vector products. In particular, C.(B A A) = (C-B)A — (C - A)B).

The resulting hierarchy of flows generated by R has the same structure as in three

dimensions: at the bottom the 0 flow is given by h; = v,, with v seen to satisfy the vector
mKdV equation

3 2
Uy vaxx+§|v| Uy + XUy (47)
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up to a convective term. The non-stretching curve motion of y produced by this flow is a
corresponding mKdV map equation

Ve =Vive +31Vave v (4.8)

with |y, |, = 1. Thereisa —1 flow mappedinto k', = Ounder R in the hierarchy, which is given
by the kernel of H determined by zo = 0. This yields a nonlocal flow h| = —D; ! (hv), with
the conservation law D, (|h,|*>+h?) = 0 implying that the flow is conformally equivalent
to one with uniform speed. Thus, after a conformal scaling of ¢ is made, v in this flow then
satisfies the vector hyperbolic equation

vy = —v/ 1 — |vg]?. 4.9)

Equivalently, h | obeys the vector SG equation

WA=l thi) —t=—h. (4.10)

The corresponding curve motion of y is the non-stretching wave map equation

Vive =0, lvelg = vilg = 1, (4.11)

as seen from the geometrical meaning of zo.

A covariantly-constant frame provides a different formulation of these main results,
arising in terms of vector potential variables. Recall that, since Ve, = 0, the principal
normal for the tangential direction of y for a covariantly-constant frame is given by v* = g
where ¢ # const. In the Cartan structure equations in n dimensions, ¢“, 1, %, @w® now are
n-component vectors, with ¢ having unit norm and with 4, ¢, @w“ L to ¢*. Compared to
three dimensions, vector cross products are replaced by interior and exterior products, so thus
the flow equation on g“ becomes

G =xTh)+H(hy) = x& +& (4.12)
where

H =D, +G:D; " (Gu) +G(Gx-) (4.13)
as before, while now

T =—g.D'@Gn). (4.14)

The main results on these operators carry over to n dimensions: Z, H are a pair of compatible
Hamiltonian (cosymplectic) operators obeying G-I =g -H = 0 with respect to the
constrained variable g(z, x), and so J = Z~! defines a symplectic operator (Note that
the domain of these operators consists of the x-jet space coordinates L G.%) The role of
Hamiltonian vector fields is hence played by @ = H(h_) and its inverse image @’ = 7 (h 1)
under the hereditary recursion operator R = H o J. In dimensions n > 3, however, there is
a noteworthy difference that an explicit simple expression for the inverse of Z can no longer
be derived.

The hierarchy of flows in the parallel frame corresponds to a hierarchy of constrained-
potential flows in the covariantly-constant frame as a result of the geometrical meaning of the
frame components 4 for the normal motion (y;) | of the curve as well as @ for the evolution
of the tangent vector V, X of the curve. It is natural to express this correspondence by first
resolving the constraint |g| = 1 through splitting

g = (k. k) (4.15)

6 Namely, the coordinate space {(Gx, Gxx»---)L = (Gx» Gux + \qxl g, . ..)} consisting of those vectors L g derived
from the differential consequences of ||? = 1.
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into a scalar variable k and a (n — 1)-component vector variable k defined relative to any fixed
unit vector 7, so

k=+/1- |k (4.16)
This splitting yields the relations

Gx = (kK Ky, k), (4.17)

Dy gy = (—k 'k - Dy k., Dik.), (4.18)
and so on, where

D = D, +kk((k"'k),-) (4.19)

which comes from a similar splitting of DL = D, +G(g,-). Hence, the correspondence looks
like

v < Viy < ky, vy < (Vi*n), < Dk, (4.20)

and so on. In particular, as in three dimensions, the O flow on k is given by the vector potential
mKdV equation

ki = keex + 3 (ke + ke 7)) 4.21)
up to a convective term, while the —1 flow on k reduces to the vector SG equation
k') = —xk (4.22)

after a conformal scaling on ¢ is used to put 1 = h.. All these flows inherit a natural
bi-Hamiltonian formulation which is obtained by splitting the operators Z, H relative to 7.

Theorem 8. The flow equation on the unconstrained variable k(t, x) takes the form

k = xZ (hY) + HE (WD) = xwo't + wt (4.23)
given by

T+ = kD (k+ k(™ 'k-)) — koD ' (kA) (4.24)
and

H* = D, + Dy (kD] ' (k) — k ki (K-))). (4.25)

These operators I+, H*+ are a compatible Hamiltonian pair with respect to k, where
ht=h, —f-h,h,w" =& —i-@h (and likewise for w'*) are Hamiltonian covector and
vector fields, respectively.

In summary, in any n-dimensional constant-curvature space (N, g) there is a hierarchy
of bi-Hamiltonian flows of non-stretching curves y (¢, x), where the 0 flow is described by
the mKdV map equation (4.8) and the +k flow is a higher order analogue, while the wave
map equation (4.11) describes a —1 flow that is annihilated by the recursion operator of the
hierarchy. In a parallel frame, the principal normal components along y for these flows
satisfy, respectively, a vector mKdV equation (4.7) and a vector hyperbolic equation (4.9).
A covariantly-constant frame gives rise to potentials for the principal normal components
along y, satisfying a vector potential mKdV equation (4.21) and a vector SG equation (4.22),
respectively.
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4.2. Hamiltonian operators in Lie-group spaces

Importantly, the idea of utilizing a non-adapted moving frame for non-stretching curve flows
will now be carried over to Riemannian spaces (N, g) without the property of constant
curvature, specifically compact semisimple Lie-group manifolds N >~ G. These spaces have
a natural Riemannian structure [21] which is invariant under left multiplication, with the
Riemannian metric g given by the bilinear Cartan—Killing form in the Lie algebra g of the
Lie group G. (Recall that the Cartan—Killing form is nondegenerate when and only when G is
semisimple and positive when and only when G is compact.) To proceed, let (N ~ G, g) be
a n-dimensional (compact semisimple) Lie-group manifold (n > 2), generalizing the three-
dimensional case N = SU(2) ~ §3 (cf section 3.3). Any orthonormal basis for the Lie
algebra g >~ T, N provides a left-invariant orthonormal frame e, on N whose local structure
group is G itself, satisfying the commutator property

[eq, ep] = capec (4.26)

where ¢, = c[qp)© denotes the Lie-algebra structure constants. Note that the Jacobi relation
iS cap’cejde = 0 while semisimplicity is expressed by cqpe = c[anc), Where indices are raised

and lowered by the Cartan—Killing form g(e,, ¢;) = —%cacd cpa© = 84p. The frame curvature
matrix for N is given by the algebraic expression
R(e., ed)ab = iccdecaeb~ 4.27)

A distinguishing feature of a left-invariant frame is that this matrix is constant on N.

The Cartan structure equations associated with the flow of a curve y (¢, x) generalize from
three dimensions, i.e. N = SU(2), to n dimensions, i.e. N = G, with the structure constants
cap° 1n place of €,,¢ and with the Lie-algebra bracket in place of a vector cross product. In
particular, let ad(q)i7 = c.oq¢ denote the bracket on the n-component vector ¢g¢. Note that
q“ has the geometrical meaning of a potential for the components v = g{ of the principal
normal along y. Hereafter, it will be convenient to scale out a constant factor xy from the
curvature R(e., ed)ab — X Ced®Cac” by putting cq,“ — 2./Xcas” for ease of comparison with
the three-dimensional case.

Thus, the flow equation on g (in index-free notation) is given by

G = VAT +H (h) = /X&' + & (4.28)
where

7 = ad(q) (4.29)
is an algebraic operator and

H =Dy +3:D; ' (Gx) +4(G) = H+/xT (4.30)

is a covariant version of the previous operator H = D, + ¢, D;'(g,-) + G(g.-) using the
derivative

D, = D, + /xad(q). 4.31)

As in three dimensions, the operators H (or H') and 7 are a compatible Hamiltonian pair with
respect to the constrained variable g (¢, x), on the domain of x-jet space coordinates L. g. So
@ and @’ represent Hamiltonian vector fields, while h 1 represents a covector field. However,
in higher than three dimensions the operator Z is no longer invertible because of the fact that
for any vector g in g the kernel of ad(g) has a (nonzero) dimension at least equal to the rank of
the Lie algebra g, and all semisimple Lie algebras of dimension n > 3 have rank greater than 1
(see, e.g., [28]). Thus in the n > 3 dimensional case, Z~! does not exist since Z(¢) = 0 for at
least one nonzero vector ¢ linearly independent of g in g. This difficulty can be overcome by
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restricting the operators , Z to a suitable smaller domain, which will be seen to necessarily
introduce some nonlocality.
Let C, denote the centralizer of ¢ in g, namely the set of all vectors ¢ commuting with g
in g,
ad(g)¢ = 0. (4.32)
Note that, for a given vector g, the centralizer C,, is algebraically determined through the Lie-
algebra structure constants. Write C ;_ for the orthogonal complement of C, in g with respect
to the Cartan—Killing metric, so g = C, & C ql, and write C, 4 for the orthogonal complement
withrespectto g in C,. Thesets C,, C 1, are Lie subalgebras of g, and the set C, ql is an invariant
vector subspace in g under ad(g). Let Pc,,, Pc,» Péq denote the projection operators in g onto

Ciy,Cy, qu. Now decompose izl into the orthogonal parts ﬁc =Pc,, (izl), ich = Pé-q (7@).
Proposition 9. For all vectors ¢ in C1,,¢- I = 0while ¢ - H = —¢, -Pé} —C, gD (G )+
(¢c-Dy)Pc,,.

Hence, 7 restricts to an operator in C ql acting on ;ch by
I(h)) = ad(@)hcr i= T, (heo). (4.33)
Consequently, 7 is now invertible on ;lci, with
7' =ad(g)7’ (4.34)

where ad(), denotes the restriction of ad() to C ql. Moreover, H can be adjusted to yield an
operator in C,- if the condition

¢-HMhy) =0 (4.35)

for all vectors ¢ in C 14 1s used to determine A¢ in terms of hc. as follows: introduce an
orthonormal basis ¢* for the vector space C 4, SO

e =M, (4.36)
and fix the x dependence of the basis by the orthogonality property

ctel=0. (4.37)
Then the basis coefficients of condition (4.35) on H yield the equation

Dyhy = hyd -Gy + & - her (4.38)
with

Dyhy =4y - her +h, et - s, (4.39)

where h,, = ﬁc - ¢* denotes the basis coefficients of fzc. Hence, H becomes an operator in
C, acting on hc: by

H(hy) = Dy(her +hyd +h, ) = Diher + hyGh + b, := Hy (het) (4.40)
where

D} =P (Dy) = Dy +G(§s) + 5t (4.41)
and

Gy =P¢,(Ge) = Gu +¢uq - 1. (4.42)
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To obtain the closest generalization of the results in three dimensions, § should be
restricted to obey the condition

Pc,(qx) =0, (4.43)
so thus g, = g will lie in the range of the operators #, Z . In this situation, /; and h,, are
able to be explicitly determined in terms of A1 by

Dihy =Gy - hee, Dihy = - hee. (4.44)
In addition, we have

¢ =ad(q)]'[¢*, Gx] (4.45)
where the bracket denotes the Lie-algebra product.

The following result is a direct generalization of theorem 5:

7, = ad(q)1 and H, = D}y +3: D' (G )+ D (¢X +) are a pair of compatible
Hamiltonian (cosymplectic) operators obeying Pc ,(Z1) = Pc,,(H1) = 0 with respect to
the constrained variable q(t,x) and J, = III = ad(q)l1 is a symplectic operator (the
domains of these operators consists of the x-jet space coordinates associated with C ql ). The
flow equation on q is given by §, = /X @ .. + D¢ where wer = H', (hev), o =1, (heo)
are Hamiltonian vector fields produced from the covector field hcv. Here,

H\ =Dy +4.:D; ' (G ) + D7 () = Ho + /X1 (4.46)
is a covariant version of H, with
Dy = Dy +/xad(q) .. (4.47)

Moreover, R' = H'| o J| is a hereditary recursion operator.

Remark. N = SU(2) ~ S° is the only compact semisimple Lie group of dimension
1 < n < 3. For this group, the Lie bracket ad(g) has an empty kernel for any (nonzero) vector
g in the Lie algebra g = su(2) ~ s0(3) and hence the variables ¢ disappear. Consequently,
on the domain of x-jet space coordinates L g, the operators 7, Z are a compatible Hamiltonian
pair such that the inverse operator J = Z~! exists and is a Hamiltonian symplectic operator,
and R = H o J is a hereditary recursion operator, agreeing with the operators in theorem 5.

As in three dimensions, R’ generates a hierarchy of bi-Hamiltonian flows. At the bottom
the O flow is simply

Do = Gy, (4.48)
while next the +1 flow is given by

@i = R'(G:) = Di(ad(@)1'Gx + D7 (& - 2d(@)1'3:)<,) (4.49)
which involves essential nonlocal terms in (x-derivatives of) the variables ¢*. Accordingly,

modulo such nonlocal terms, the 0 flow equation describes a natural generalization of the
SO (3) group-motion equation on g for the Lie group G,

(G@)1oca = Dy (ad(q)7'Gx) +2/X G- (4.50)

Under this flow the curve y undergoes a non-stretching motion given by the geometric map
equation

)1 =ad(y) ' Vays 4.51)
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with |y,|, = 1, where L denotes the projection with respect to Pclq in the tangent space
TN =~ g of the curve y, corresponding to

her = ad(g)7'Gx. (4.52)

In a similar way, the +1 flow equation describes a linear combination of the group-motion
equation (4.50) and a group-invariant generalization of the mKdV equation on ¢ given by

(G)ocar = Dy (ad(g) 1" (D5 (ad(9)7'40))) — 3(lad(@)7'4:°q) (4.53)
up to nonlocal terms. The curve motion of y produced by this flow is an analogous group-
invariant mKdV map equation which contains essential nonlocal terms, corresponding to

(het)ioca = ad(g) 7' (D (ad(q) 7' Gy ) ) (4.54)
Higher order (even and odd) flows are similar in form to the 0, +1 flows.

There is a —1 flow that is mapped into @ = 0 under R’ in the hierarchy. In this flow, ¢
and A satisfy the equations

0 =D, = D:h, (4.55)
which are equivalent to a constrained vector chiral model, where /1 = hei +h 19 + h, ¢t obeys

the conservation law 0 = Dx|iz'|2 and so |;t|2 = 1 after ¢ is conformally scaled. Another
formulation of the —1 flow equation is obtained by substituting

her = ad(q)1'G, (4.56)

from the first equation into the second equation, which then yields a vector hyperbolic equation
on q(t, x),

(Dxd)iocal =[x, 2d(@) 7' G ] (4.57)

up to certain nonlocal terms involving x-derivatives of ¢#. The corresponding curve motion
of y is simply given by the non-stretching wave map equation

Vtyx =0, 1= |Vx|g = |yt|g- (458)

In summary, in n-dimensional Lie-group spaces (N =~ G, g) there is a hierarchy of bi-
Hamiltonian flows of non-stretching curves y (¢, x), subject to the geometric condition that the
principal normal along y is orthogonal to the Lie-algebra centralizer in the normal space to y,
ie. g(Vyyy, I') = 0 for all " annihilated by ad(y,). The hierarchy starts at the 0 flow whose
normal motion is described by the geometric group-motion map equation (4.51) associated
with G, while the wave map equation (4.58) describes a —1 flow that is annihilated by the
recursion operator of the hierarchy. In a left-invariant frame the principal normal components
along y for these flows, respectively, satisfy a vector group-motion equation (4.50) and a
vector hyperbolic equation (4.57).

5. Conclusion

The main goal of this paper has been the study of various kinds of moving frames—parallel,
covariantly-constant, left invariant—in deriving bi-Hamiltonian operators and vector soliton
equations from flows of non-stretching curves in Riemannian manifolds. A main insight,
following the ideas of [8, 9, 11], is that the bi-Hamiltonian structure is geometrically encoded
in the Cartan structure equations for the torsion and curvature associated with a curve flow
whenever the frame curve matrix is everywhere constant on the manifold. The curve motions
corresponding to the soliton equations determined by such a bi-Hamiltonian structure are
found to be geometric map equations, in particular wave maps and mKdV /group-invariant
analogues of Schrodinger maps.
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A unified treatment of constant-curvature manifolds and Lie-group manifolds based on
Riemannian symmetric spaces will be given in a forthcoming paper.
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Appendix A

The following summary of Hamiltonian structure is adapted from [19, 20].

Consider the jet space {(x, u, u,, uyy, ...)} of a scalar or vector variable u(x). Let hd/du
be a vector field with component(s) & = h(x, u, uy, u,y, ...) and @ du a covector field with
component(s) @ = @ (X, U, Uy, Uyy,...). Write §, = pr(hd/ou) denoting the variation
(linearization) induced by 4, i.e. the prolonged action of the vector field; write §/5u for the
variational derivative with respect to u.

A skew-adjoint operator { mapping @ into h is Hamiltonian (cosymplectic) iff

0= /(du A 8pH(du)) dx with /7 = H(du).

This condition is equivalent to the vanishing of the Schouten bracket of H. A skew-adjoint
operator 7 mapping / into @ is symplectic iff

0= /(l’l3J8hl._7(h2) + cyclic) dx

for arbitrary h;. The operator R = H o J is a hereditary recursion operator on /4 iff
0 =R(8n,R(h2) — 8, R(h1))

for arbitrary A;.
A (Hamiltonian) functional is an expression ) = f H(x,u,u.,uy,...)dx. The Poisson
bracket with respect to a Hamiltonian operator H is defined by

{9, E}y = /(H(&@/SM)JSﬁ/Su)dx
for any functionals $), €. This bracket is skew and obeys the Jacobi identity. hd/du is a
Hamiltonian vector field if there exists a (Hamiltonian) functional $) such that

€ = {9, €y

holding for all functionals €. @ du is a variational (Hamiltonian) covector field if there exists
a (Hamiltonian) functional $) such that

w =69/u.

There is a canonical pairing between Hamiltonian vector fields #9/0u and variational
covector fields @ du via

w=wh,)s
where

w(hl,hz)j=fh145(h2)dx

is a symplectic 2-form. In particular, the operators J and H directly give mappings
ho/ou +— J(h)du and w du — H(w)d/du.
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