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Introduction

These notes are based on a semester course on integrable systems given at
UNC. They explore various ways in which Lie groups can be used to study
evolution equations arising in mathematical physics. We treat a variety of
equations, both ODE and PDE, but the emphasis is on PDE, and in such
cases the Lie groups involved are infinite dimensional.

In Chapter I we consider equations of geodesic motion on a Lie group,
finite or infinite dimensional, endowed with a right (or left) invariant metric
tensor. A general program is set out to describe the geodesic in terms of the
solution to an evolution equation for a curve on the Lie algebra of the group.
Quite a number of very interesting PDE arise in this setting. Perhaps the
most fundamental is the Euler equation for ideal incompressible fluid flow.
Various other examples are also produced in this chapter, including the
Korteweg-deVries equation and the Camassa-Holm equation.

Chapter II discusses Hamiltonian systems. The equations derived in
Chapter I can be recast in Hamiltonian form, yielding an evolution equation
for a curve in the dual of the Lie algebra. For this discussion it is useful
to work with Poisson structures, which are more general than symplectic
structures. The dual of a Lie algebra has a natural Lie-Poisson structure,
and also a variety of other Poisson structures, including particularly “frozen
Poisson structures,” choices of which lead to “Poisson pairs.” The equations
arising from Chapter I have a Hamiltonian form with respect to the Lie-
Poisson structure, and in addition a number of them are Hamiltonian with
respect to another element of a Poisson pair, yielding a “bi-Hamiltonian”
structure. When this holds, there is a program that yields a sequence of
conservation laws, which frequently presents the evolution equation as an
“integrable system.” As is well known, the full Euler equations for ideal
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2 Introduction

incompressible fluid flow do not form an integrable system, but a number of
other equations derived in Chapter I do.

In Chapter III, we extend the setting of Chapter I to Lie groups equipped
with both a right invariant metric tensor and a potential. One family of
physical examples is considered, namely spinning tops. One very classical
family of symmetric spinning tops is shown to yield integrable Hamiltonian
systems, though without invoking the bi-Hamiltonian technology mentioned
above.

Chapters IV and V explore in further detail two of the PDE that arose in
Chapter I, namely the Korteweg-deVries (KdV) equation and the Camassa-
Holm (CH) equation. Both have a bi-Hamiltonian form, which can be seen
in terms of the Lie-Poisson structure and a frozen Poisson structure (differ-
ent in the two cases) on the dual of the Virasoro algebra, which is a central
extension of the Lie algebra of vector fields on the circle. We also discuss
various different (though ultimately related) methods to construct sequences
of conservation laws, involving Lax pairs and isospectral families of linear
operators. In the case of KdV we also discuss the method of Gel'fand and
Dickii to produce systematically heirarchies of Hamiltonian systems in in-
volution, a program that has been used to produce many additional such
heirarchies of integrable systems. We make use of conservation laws to es-
tablish global existence of smooth solutions to KdV. We also discuss how
such global existence sometimes works and sometimes breaks down for CH.

Analytical and geometric background for these notes can be found in the
author’s PDE text [58]. This includes basic geometric background, given
in Chapters 1-2 and Appendices B and C of [58], as well as techniques
for analyzing nonlinear evolution equations developed in the third volume,
and material on pseudodifferential operators presented in Chapter 7 of [58].
Basic concepts regarding Lie groups and their Lie algebras, in the finite-
dimensional case, can be found in [59].



Chapter 1

Geodesic Flows on
Groups

This first chapter is devoted to the equations of geodesic flow on a Lie
group, equipped with a right (or left) invariant metric tensor. One of its
focal points involves the curious phenomenon that a remarkable number of
partial differential equations that have arisen to describe fluid motion also
arise as equations for geodesics on various infinite-dimensional Lie groups,
endowed with right-invariant metric tensors.

The premier example is the Euler equation for ideal incompressible
fluid flow, which turns out to be the geodesic equation on the group of
volume-preserving diffeomorphisms of a Riemannian manifold M, with a
right-invariant metric whose value at the tangent space to the identity ele-
ment of this group, which consists of divergence-free vector fields on M, is
given by the L?-inner product. Other examples involve equations that arise
to describe approximate fluid motions, via formal nonlinear geometrical op-
tics. These include the Korteweg-deVries equation and the Camassa-Holm
equation, and also the cubic nonlinear Schrodinger equation, the latter via
a transform of a special case of the Landau-Lifschitz equation.

We begin with a general study of the geodesic equation on a Lie group
G, with a right-invariant metric tensor. This leads to an “Euler equation”
for a curve in the Lie algebra g of G. We show how this yields a familiar
treatment of the free motion of a rigid body in R™, in terms of a geodesic
motion on SO(n). We then move on to infinite-dimensional Lie groups,
starting with Diff (M), the group of diffeomorphisms of a compact manifold
M, then considering subgroups, in particular the group of volume-preserving
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4 1. Geodesic Flows on Groups

diffeomorphisms. We proceed to look at various general constructions, in-
volving central extensions, semidirect products, and gauge groups. We see
that special cases of these constructions give rise to various PDE mentioned
in the previous paragraph.

Of these derivations, only the derivation of the equation of ideal incom-
pressible flow and that of rigid body motion are directly parallel to the stan-
dard physical derivation. The main interest in the fact that these other PDE
arise as geodesic equations on Lie groups rests on the resulting mathematical
structure. This is manifested most clearly in terms of a transformation to
an evolution equation for a curve in g*. Two phenomena have the potential
to come into play, though usually one is dominant. One is that these curves
in g* lie in coadjoint orbits. The other is that the evolution equation might
be Hamiltonian in two different ways. Either one of these phenomena has
the potential to generate important conservation laws. These ideas will be
developed further in subsequent chapters.



1.1. Geodesic equation for right (or left) invariant metrics 5

1.1. Geodesic equation for right (or left) invariant metrics

Let G be a Lie group (later we will allow G to be infinite dimensional),
endowed with a right-invariant metric tensor. We want to study the geodesic
equation. A geodesic u : [a,b] — G is a stationary point of the energy
functional

b
(1.1.1) I(u) = / L(u(t), ' (1)) dt,
where ‘
(1.1.2) L(p,v) = Bup~t,vop™), peG, ve TG,

B(+,-) being an inner product on T.G = g, the Lie algebra of G. Here we
(somewhat informally) picture G as a group of elements in an algebra A
of linear transformations on a vector space, so that right multiplication by
p~! € G maps T,G to T.G, e being the identity element. All the products
below are products in A. Clearly matrix groups have a natural structure of
this sort. In other cases, one can have G act on a sufficiently rich space of
functions. This approach serves to lighten the notation in the calculations
below.
The standard Lagrange equation for a stationary point of (1.1.1) is
d

(1.1.3) aDvL(u,ut) = DpL(u,ut).

When L(p,v) is given by (1.2), we have

DyL(p,v)W = —2B(vp~ ' Wp~ ', up™1),
DyL(p,v)W = 2B(Wp~',up™"),

with W € T,,G. We see that

(1.1.4)

d

— Dy L(u, ug )W

(1.1.5) dt " (1, ut)
= —QB(Wu_lutu_l, utu_l) + QB(Wu_l, upu”t — utu_lutu_l).

Thus the Lagrange equation (1.1.3) becomes

—B(Wu_lutu_l, utu_l) + B(Wu_l, upu”t — utu_lutu_l)

(1.1.6) ) . )
= —-Bwu " Wu ,wu ), VWeT,G.

We now set
(1.1.7) v(t) = w(t)u(t)™t, v:(a,b) = g.

Hence u; = vu, uy = viu + vug, and, with Y = Wu™! € g, the equation
(1.6) yields

(1.1.8) —B(Yv,v)+ B(Y,v) = —B(vY,v), VY €g,



6 1. Geodesic Flows on Groups

or equivalently we obtain the following equation for v(t):
(1.1.9) B(Y,v)+ B([v,Y],v) =0, VY €g.
We call (1.1.9) the Euler equation for the geodesic flow. Note that if one

solves (1.1.9) for v(t), then the geodesic u(t) is obtained as a solution to the
(generally non-autonomous) linear equation

(1.1.10) ur(t) = v(t)u(t).
Another way to write (1.1.9) is
(1.1.11) v +adpv (v) =0,

where we refer to the adjoint of the linear map adv : g — g, taken with
respect to the inner product B(:,-). Here adv(X) = [v, X].

REMARK 1. One has a similar calculation for a left-invariant metric. Say
instead of (1.1.2) we take

(1.1.12) L(p,v) = B(p~'v,p ).

Analogues of (1.1.4)—(1.1.6) hold, and if we replace (1.1.7) by
(1.1.13) v(t) = u(t) tug(t),

then a slight variant of (1.1.8) holds and yields the Euler equation
(1.1.14) B(Y,v) — B([v,Y],v) =0, VY eg,

which differs from (1.1.9) only in a sign.

REMARK 2. As is well known, a critical point of (1.1.1)—(1.1.2) is a constant-
speed geodesic. We can directly verify this from (1.1.9) as follows. If v : [ —
g solves (1.1.9), then

(1.1.15) %B(v,v) — 9B(vr, v) = —2B([,v],0) = 0,

the second identity obtained by taking Y = v in (1.1.9). Hence, given a
solution to (1.1.9),

(1.1.16) B(v(t),v(t)) = Cq,
with C; independent of t.
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1.2. The reductive case, and the coadjoint picture

Suppose g has a non-degenerate, Ad-invariant, symmetric bilinear form
Q(+-), so

(1.2.1) Qladv X,Y)=-Q(X,adv Y), VX,Y,veg.
Given another bilinear form B(-,-), as in §1, we can write
(1.2.2) B(u,v) = Q(u, Av), A:g—g.

Then the Euler equation (1.1.9) becomes

Q(Y, Avy) = —Q(adv(Y), Av)

(1.23) = QY [v, Av)),
for all Y € g, or simply

(1.2.4) Avy = [v, Av].
Alternatively, if we set

(1.2.5) w(t) = Av(t),

we get the equation

(1.2.6) wy = [A™ w, wl.

One implication of (1.2.6) is that, if ¢y € (a,b), then
(1.2.7) w(t) € Oy = {Ad(g) w(to) 1 g € G}, Vite(a,b).

In other words, a solution to (1.2.6) must lie in an adjoint orbit.

ExaMPLE. Consider g = so(n), the space of skew-symmetric, real, n x n
matrices, with

(1.2.8) Q(u,v) = Tr(uv®) = — Tr(uv).
Let us consider

(1.2.9) B(u,v) = Tr(uRv"), R:R"™—R",
with R positive-definite. Then (1.2.2) holds with

1
(1.2.10) A(u) = §(UR + Ru),
the skew-symmetric part of uR.
While compact Lie groups and semisimple Lie groups have non-degenerate,

symmetric bilinear forms satisfying (1.2.1), a vast array of Lie groups do not.
Hence it is useful to have the following more general reformulation of the
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Euler equation (1.1.9). The inner product B(-,-) used in §1.1 produces an
isomorphism

(1.2.11) B:9—g¢g", B(u,v)=(u,fpv).

Then the Euler equation (1.1.9) is equivalent to

(1.2.12) wy —ad*(v)w =0,

for

(1.2.13) w(t) = Bo(t),

and with the coadjoint representation of g on g* given by ad* (v)w = —(ad v)*w.
In other words, we get the differential equation for a path in g*:

(1.2.14) wy — ad* (B~ w)w = 0.

Parallel to (1.2.7), we have

(1.2.15) w(t) € Oy = {Ad (9w (to) 1 g € G}, VL E (a,D).

In other words, a solution to (1.2.14) must lie in a coadjoint orbit.

REMARK. The result (1.2.7) and its more general counterpart (1.2.15)
amount to conservation laws. One particular conservation law that holds
when (1.2.7) applies is that

(1.2.16) Q(w(t),w(t)) = Cy,
independent of t. In other words,
(1.2.17) Q(Av(t), Av(t)) = Cs.

Compare this conservation law with (1.1.16), which in this context is

(1.2.18) Q(Au(t),v(t)) = C1.
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1.3. Rigid body motion in R" and geodesics on SO(n)

Suppose there is a rigid body in R", with a mass distribution at t = 0 given
by a function p(z), which we will assume is piecewise continuous and has
compact support. Suppose the body moves, subject to no external forces,
only the constraint of being rigid; we want to describe the motion of the
body. According to the Lagrangian approach to mechanics, we seek an
extremum of the integrated kinetic energy, subject to this constraint.

If £(t, x) is the position in R™ at time ¢ of the point on the body whose
position at time 0 is x, then we can write the Lagrangian as

(1.3.1) I1(¢) = ;/t 1 /p(&(t,w)ﬂf(t,x)’? dz dt.
0 Rn

Here, &(t, ) = O/ Ot.
Using center of mass coordinates, we will assume that the center of mass
of the body is at the origin, and its total linear momentum is zero, so

(1.3.2) E(t,x) = W(t)z, W(t) € SO(n),

where SO(n) is the group of rotations of R™. Thus, describing the motion of
the body becomes the problem of specifying the curve W(t) in SO(n). We
can write (1.3.1) as

1) = ;/t 1 /p(W(t)x)|W’(t)x2 du dt
0 2

(1.3.3)

3| [ oW aya
0 K
()

=J

We look for an extremum, or other critical point, where we vary the family
of paths W : [tg,t1] — SO(n) (keeping the endpoints fixed).

Let us reduce the formula (1.3.3) for J(W) to a single integral, over t.
In fact, we have the following.

Lemma 1.3.1. If A and B are real n x n matrices, i.e., belong to M(n,R),
then

(13.4) / oly) (Ay, By) dy = Tr(B'AT,) = Tr(AL,BY),
where

(1.3.5) Z :/p(y) yRydy € ®2 R"™ =~ M(n,R).
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Proof. It suffices to note that, since y ® y = yy?,
(Ay, By) = Tr (A(y ® y) BY).
O

Recall that we are assuming that the body’s center of mass is at 0 and
its total linear momentum vanishes (at ¢t = 0), i.e.,

(1.3.6) /p(y)y dy = 0.

By (1.3.4), we can write the Lagrangian (1.3.3) as

w3 [ e (W W L0V W ()Y d
1.3.7 y
(1.3.7) _ ;/t:l Tr (Z(t)Z,Z(t)!) dt,
where
(1.3.8) Z(t) =W W)~
Note that, if W : (to,t1) — SO(n) is smooth, then
(1.3.9) Z(t) € so(n), Y te (to,t1).

where so(n) is the set of real antisymmetric n X n matrices, the Lie algebra
of SO(n); in particular so(n) is the tangent space to SO(n) C M(n,R) at
the identity element.

Clearly we are in the situation discussed in §§1.1-1.2, with
(1.3.10) Q(u,v) = Tr(w’), B(u,v) = Tr(uZ").

Hence W (t) is a geodesic on SO(n), and the Euler equation (via (1.2.4))
takes the form

(1.3.11) L,Z"'=Z,L,Z],
where (as in (2.11))

(1.3.12) L, :so(n) = so(n), L,(U) = %(Uzp +I,U).

Alternatively, if we set

(1.3.13) M) =Z,Z(t) + Z(t)Z,.
Then the Euler equation is equivalent to

aM
(1.3.14) =—[M,Z].

dt
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In case n = 3, we have an isomorphism x : R — so(3) given by

0 —W3 w2
(1.3.15) K(wi, wa,w3) = | ws 0 —wi |,
—Ww9 w1 0

so that the cross product on R? satisfies w x 2 = Az, A = k(w). Then the
vector-valued function

(1.3.16) w(t) = —k"12Z(t)
is called the angular velocity of the body.
The isomorphism k has the properties
(1.3.17) Kz xy) = [k(z), k)], Tr(s@)k(y)) =2z y.
Furthermore, a calculation shows that, if £, is given by (1.3.12), then
(1.3.18) KLk (w) = %Jpw, T, = (Tr I,)I — I,.
Hence, with M (t) € so(3) defined by (1.3.13), we have
(1.3.19) p(t) = —kTM(t) = Tow(t),
the first identity defining u(t) € R3. The equation (1.3.14) is then equivalent

to

(1.3.20) = —w X (L.

dt
The vector p(t) is called the angular momentum of the body, and J, is
called the inertia tensor. The equation (1.3.20) is the standard form of
Euler’s equation for the free motion of a rigid body in R3.

Note that 7, is a positive definite 3 x 3 matrix. Let us choose a positively
oriented orthonormal basis of R? consisting of eigenvectors of Ty, say Jpej =
Jjej. Then, if w = (w1, w2, ws), we have p = (Jiwi, Jows, J3ws), and

wx p= ((J3 — Jo)wows, (J1 — J3)wiws, (J2 — J1)wiws).
Hence, (1.3.20) takes the form
Jiwr + (J3 — Ja)wawsz = 0,
(1.3.21) Jows + (J1 — J3)wiws = 0,
J3wz + (J2 — J1)wiwe = 0.
If we multiply the £th line in (1.3.21) by &y and sum over ¢, we get (d/dt)(Jiw?+

Jow? + ngg) = 0, while if instead we multiply by Jyw, and sum, we get
(d/dt)(J?w? + J3w3 + J3w?) = 0. Thus we have the conserved quantities

le% + JQW% + ngg =(C1,

1.3.22
(1.3.22) Fui 4 TRl + Bk = O,
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If any of the quantities Jy coincide, the system (1.3.21) simplifies. If, on
the other hand, we assume that J; < Jo < J3, then we can write the system
(1.3.21) as

(1.3.23) wo = flwiws, w1 = —Pwaws, w3 = —Y2wiws,
where

Jz —J Jg —J Jo—J
(1.3.24) a? = 3J12, g% = 3Jél, e 2J31.
If we then set
(1.3.25) G =awz, (=pwi, (=afws,
this system becomes
(1.3.26) G=0G G=-0é G=-70
For this system we have conserved quantities
(1.3.27) Gt+G=c. VPG+E=c

a fact which is equivalent to (1.3.22). (We mention that arranging that
J1 < Jy < J3 might change the orientation, hence the sign in (1.3.20).)

Note that we can use (1.3.27) to decouple the system (1.3.26), obtaining
: 1/2
G = [(e1 = Dez =D
(1.3.28) G ==l -Re2—7a+3)"

(3=—[(ca— )1 — 7 22 +772G3
Thus (; are given by elliptic integrals; cf. [33].

)]1/2

REMARK. Note that the conservation laws in (1.3.22) are special cases of
(1.2.17)-(1.2.18).
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1.4. Geodesics on Diff(M)

Here we see how the Euler equation derived in §1 looks when G = Diff (M),
the group of diffeomorphisms of M. We assume M is a compact manifold,
endowed with a Riemannian metric. The Lie algebra is

(1.4.1) g = Vect(M),

the space of real vector fields on M. The natural Lie bracket on g is the
negative of the standard lie bracket of vector fields on M, i.e., —[u,v].

For B(-,-), we consider bilinear forms of the form

(1.4.2) B(u,v) = (Au,v) 2 = /g(Au,v) av.
M

The operator A is taken to be some positive-definite, self-adjoint operator
acting on vector fields (usually a differential operator), g(-,-) is the metric
tensor on M, and dV its volume element.

The Euler equation (1.1.9) has the form
(1.4.3) B(v,Y) = B(v,L,Y), VY € Vect(M),

where £, is the Lie derivative (cf. [58], Chapter 1, §8). Using (1.4.2), we
rewrite this as

(A’Ut,Y)LZ == (AU,,CUY)Lz = ([,:;A’U,Y)LQ,

so the Euler equation becomes

(1.4.4) Avy = L Av,
or
(1.4.5) v = ALY Av.

Here £} is the L2-adjoint of £,, which can be computed as follows.
Since [ g(w,u)dV is invariant when all relevant objects are pulled back
appropriately by diffeomorphisms M +— M, we have

[ow.Lawyav = - [gewwav - [(.g)ww)av

(146) M M M
— /g(w,u) (L, dV).
M
Note that

(1.4.7) (Lyg)(u,w) = 2 g(Def(v)u, w),
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where Def(v) is the deformation tensor associated with a vector field v, and

(1.4.8) L,(dV) = (divv)dV,

where div v is the divergence of v (cf. [58], Chapter 2, §3). Hence (as is well
known),

(1.4.9) Ly=—Ly,—To,

with

(1.4.10) Tv =2 Def v+ (divv)[.

Going back to the Euler equation (1.4.5), we can rewrite it as

(1.4.11) ve + ALy 4+ Tv)Av = 0,

or, alternatively, using A~'BA = B + A71[B, A, and L,v = 0, we have
(1.4.12) v + (Tw)v + AL, Ajv + A7 Tw, AJv =0,

with T'w given by (1.4.10).

EXAMPLE. Suppose A is the identity operator in (1.4.2), i.e., B(u,v) is
simply the L2-inner product. Then all the commutators in (1.4.12) vanish,
and one has the following first-order, quasi-linear equation:

(1.4.13) vt + 2(Def v)v + (divo)v = 0.

Here is another way to write the Euler equation. Since

(1.4.14) Low = Vow — Vv, 2(Defv)w = Vv + (Vo) - w,
we have
(1.4.15) (Ly + Tv)w = Vyw + (Vo)' - w + (divo)w,

so the Euler equation (1.4.4) becomes

(1.4.16) Avy + YV, Av + (Vo) - Av + (dive)Av = 0.
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1.5. The Camassa-Holm equation

Here we specialize the setting of §1.4 to M = S, the circle, where we have
a canonical identification

(1.5.1) Vect(S1) =~ C=(SY), [ f(z)0,,
the Lie bracket given as usual by
(152) [f 89:798:13] = (fg/ - f/g)ax-
We take
(1.5.3) A=1-0?
so the inner product B(u,v) is hence
(1.5.4) B(u,v) = /(uv +u'v') du.
S1

In this case the calculation of L} is elementary; one has

(Lyu,w)rz = (u, Lyw) 2 = (U, vy — Vzw) 12

1.5.5

(1:5:5) = (—vpt — (W) ) 2,
and hence

(1.5.6) Liu = —vuy — 20U,

which is seen to be a special case of (1.4.9)-(1.4.10). Hence the Euler equa-
tion (1.4.4) takes the form

(1.5.7) Av + v(Av) g + 20, (Av) =0,
or, using (1.5.3),
(1.5.8) (1 — 0%)v; 4 30y — 204Vp0 — Vg = 0.
Another way to write this is as
1
(1.5.9) (1 — 02) (v + vvg) + 0, (v2 + ivﬁ) = 0.

This is the Camassa-Holm equation (cf. [6]). Similar derivations are given
in [29], [40].
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1.6. Geodesics on Diffs (M)

Here we look at the Euler equation for geodesics on a subgroup of Diff (M),
whose Lie algebra ) is a Lie subalgebra of Vect(M). We consider

(1.6.1) B(u,v) = (Au,v) 2 = /g(Au,v) av,
M

as in (1.4.2). Let P denote the orthogonal projection of (the L? comple-
tion of) Vect(M) onto (the L? completion of) $. Then the Euler equation
becomes

(1.6.2) (Ave, )2 = (Av, L,Y )2 = (PL A, Y ) 2,
forall Y € $, or

(1.6.3) Avy = PL Av.

Assume A and P commute, so (1.6.3) becomes

(1.6.4) vy = PATILY A,

or, parallel to (1.4.12),

(1.6.5) v+ P((Tv)v + ALy, Alo + AV [T, A]v) =0,

where, as in (1.4.10), we have
(1.6.6) Tv =2 Defv + (divv)l.

An alternative formula for (Tv)v is

1
(1.6.7) (Tv)v = Vv + §V|’U|2 + (divo)v.

EXAMPLE. Take A = I, so (1.6.1) is simply the L?-inner product. Then the
Euler equation (1.6.5) becomes

1
(1.6.8) v + P(Vvv + §V|v\2 + (div v)v) = 0.

For another form of the Euler equations, we can use (1.4.9) and (1.4.14)
to write (1.6.3) as

¢ : _
.0. t v = U.
(1.6.9) Avy + P(VyAv + (Vo) - Av + (dive)Av) =0
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1.7. Ideal incompressible fluid flow

An incompressible fluid flow on a compact Riemannian manifold M defines
a one-parameter family of volume-preserving diffeomorphisms

(1.7.1) F(t,-): M — M.
The flow can be described in terms of its velocity field
(172) u(tay) = Ft(t,l‘), Yy = F(t,.%‘),

where Fi(t,x) = (0/0t)F(t,x). We assume the fluid has uniform density
and derive Euler’s equation for the dynamics of the fluid flow.

If we suppose there are no external forces acting on the fluid, the dynam-
ics are determined by the constraint condition, that F'(t,-) preserve volume,
or equivalently that divu(t,-) = 0 for all . The Lagrangian involves the
kinetic energy alone, so we seek to find critical points of

(1.7.3) L(F) = / b / o(Fi(t,2), Byt 2)) dV dt,
M

on the space of maps F' : (a,b) x M — M with the volume-preserving
property.

To compare (1.7.3) with the Lagrangian (1.1.1)—(1.1.2) for geodesics in
Diffs (M) when

(1.7.4) $ = {v € Vect(M) : divv = 0},

and B(u,v) = (u,v)2, let us note that for F'(t) : M — M we have
d

(1.7.5) F'(t)F(t) ! = d—F(H—s) o F(t)™1 _y»

and in particular, for y € M, F'(t)F(t)"'(y) € T, M is given by

(1.7.6) FO)F(1) () = diF(t 5.0y = U(EY),

for u(t,y) as in (1.7.2). Hence the Lagrangian (1.1.1) takes the form
n=[ / PR V() de
(L77) - / [ stutt.).utt.v) aviy) ai
M

b
_ / / g(Fi(t,2), Fi(t, ) dV (z) dt,
“ M

the last identity using the volume-preserving property of F'(t). Hence the
problem of finding critical points of (7.3) is precisely the problem of finding
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geodesics on the group Diff4(M), with $ given by (1.7.4) and with A =T
in (1.6.1). Hence we have the following special case of (1.6.8):
(1.7.8) v+ PVyv =0, divv=0.

Here P is the Helmholtz projection of vector fields onto divergence-free vec-
tor fields. This is the standard Euler equation for ideal incompressible fluid
flow.

Lagrange averaged Euler equations

Here we take $) as in (1.7.4) but consider the Euler equations from §6 when
A is not the identity but rather

(1.7.9) A=1-ad*A.

For simplicity, take M = T", and let A act componentwise on vector fields.
Then A and P, the Helmholtz projection defined above, commute. Further-
more, (1.6.9) becomes

(1.7.10) Avy + P(VyAv + (Vo) - Av) =0,

since divo = 0. See [52] for a discussion and further references.
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1.8. Geodesics on central extensions

Let G be a Lie group (perhaps infinite dimensional) and G a central exten-
sion, with Lie algebra

(1.8.1) g=gdR,

having a Lie bracket of the form

(1.8.2) [(u, a), (v, 0)] = ([u, v],y(u,v)).
Here

(1.8.3) v:gxg—R

is a skew-symmetric bilinear form. In order for (1.8.2) to be a Lie bracket, it
must satisfy the Jacobi identity, which imposes on  the following “cocycle”
condition:

(1.8.4) ¥([w, v], w) + y([v,w],u) + y([w,ul,v) =0, Vu,v,w € g.

Not all Lie groups have nontrivial central extensions, but a variety of im-
portant examples arise, as we will see.

Let us put on g an inner product of the form
(1.8.5) B((u,a), (v,0)) = B(u,v) + ab,

with B(-,-) as in §1.1. The Euler equation for geodesic flow on G is the
following for (v,c): I — g:

(1.8.6)  B((vt;cr), (Y, 9)) + B((v,¢), [(v,¢), (YV,9)]) =0, V(Y,y) €g.
Using (1.8.2) and (1.8.5), we can rewrite this as
(1.8.7) B(v,Y) 4+ ¢y + B(v, [v,Y]) + ¢ey(v,Y) =0, V(Y,y) €g.

Setting Y = 0 in (1.8.7) yields ¢; = 0, i.e., ¢ = ¢g, a constant. Then the
equation for v(t) becomes

(1.8.8) B(v,Y)+ B(v,[v,Y]) = —coy(v,Y), VY €g.
Equivalently, if as in §1.2 we use

(189)  w(t)=po(t), Big—g' Bluw)=(upv),

and we also take

(1.8.10) k:g—g", v(Y)=(Y k),

we obtain

(1.8.11) wy + ad™ (v)w = —cok(v),

or

(1.8.12) wy + ad* (B~ w)w = —co ko fw.
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The curve w(t) does not lie in a coadjoint orbit of g*, typically, though of
course (w(t), cp) does lie in a coadjoint orbit of g* = g* ® R.

EXAMPLE. Let G = R?", with the standard additive structure, so g = R?>?,
with the trivial Lie bracket. There is a central extension of G known as the
Heisenberg group, whose Lie algebra h” = R?® @ R has the Lie bracket

(1.8.13) [(v1,v2,a), (w1, ws,b)] = (0,v1 - wy — vy - wy),

where v;, w; € R" and v; - wy, is the standard dot product of vectors in R".
In this case, since G is abelian, ad* = 0, and (1.8.12) takes the form

(1.8.14) w; = —co ko B w,
with solution
(1.8.15)  w(t) = e Eyw(0), E =rop~! e End(g*) = End(R™).

Note that if B(-,-) is a positive-definite inner product on g = R?", then E
is skew-adjoint with respect to the inner product induced on g* = R?".
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1.9. The Virasoro group and KdV

The group Diff (S') has a central extension called the Virasoro group, whose
Lie algebra

(1.9.1) Vir(S') = Vect(S') @ R~ C=(SY) @ R

is given by (1.8.2), with the cocycle

(1.9.2) y(u,v) = (W, 0" 2 = /u'(w)v"(x) dx.

S1
It is straightforward to verify the cocycle condition (1.8.4) in this case. The
Euler equation for a curve in Vir(S!) yields (v(t),cg), with co € R and v(t)
satisfying (1.8.8). If we take

(1.9.3) B(u,v) = (u,v)2 = /U(CE)U(CC) dz,

g1
the equation (1.8.8) becomes

(1.9.4) (v, Y )2 — (L2, Y )2 = co(v",Y) 2, VY € C®(8Y),
which in view of the formula

(1.9.5) Liv = —3vv,,

derived in (1.5.6), yields the equation

(1.9.6) v + 30V — CoUgpr = 0,

known as the Korteweg-deVries equation.
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1.10. Geodesics on semidirect products

Here we consider the semidirect product H = G x, V' of a group G with a
vector space V', on which there is a G-action, ¢ : G — Aut(V'). We have a
Cartesian product, H = G x V, with the group law
(1.10.1) (91,v1)(g2, v2) = (9192, v1 + ©(g1)v2)-
The Lie algebra of H is h = g@® V, as a vector space, with Lie bracket
(1102) [(ua CC), (U, y)] = ([U,, 1)], ¢(U)y - w(v)x)7
where ¥ = dy is the derived representation of g on V.

Let us take an inner product on § of the form
(1.10.3) B((u, ), (v,y)) = B(u,v) + Q(z,y),

where B(-,-) is an inner product on g, as in §1, and Q(-, ) an inner product
on V. Then the Euler equation associated with the geodesic flow on H, with
right invariant metric, is the following equation for (v,z) : I — g® V:

(1.10.4) B((vz, z1), (Y, 9)) + B((v, 2), [(v,2), (YV,9)]) =0, V (Y,y) € g V.
Using (1.10.2) and (1.10.3), we can rewrite this as
(1.10.5)  B(v,Y) + B(v,[v,Y]) = —=Q(zt,y) — Q(z, ¥ (v)y — (Y )z),
for all (Y,y) € g@® V. Setting Y = 0 yields

)

(1.10.6 Qzt,y) + Qz,¥(v)y) =0, VyeV,
or
(1.10.7) xy = —tp(v)'z,

where ¢(v)* : V' — V is the adjoint of ¢(v) with respect to the inner product
Q(-,-). We then reduce (1.10.5) to (1.10.7) plus

(1.10.8) B(v,Y) + B(v,[v,Y]) = Q(z,¢v(Y)z), VY eg.
Now we can define
(1.10.9) vh(x) €9, B (r),Y) = Qz,v(Y)x),

a quadratic function of x € V. Then the equation (1.10.8) can be rewritten
as

(1.10.10) B(v,Y)+ B(v,[v,Y]) = B(y5(2),Y), VY €gq,

which is coupled to (1.10.7). In the terminology of (1.1.11), we can write
this coupled system as

vt +adp v (v) = ¥g (x),

(1.10.11) 5y = —(o)"a.
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ExXAMPLE. Take V = g*, o = Ad", i.e.,
(1.10.12) H =G xpq~ g".

Also, having an inner product B(-,-) on g, let Q(-,-) be the inner product
induced on g*, i.e.,

(1.10.13) Q(z,y) = (872, y),
where, as in (1.2.11),
(1.10.14) B:g—g", B(u,v)=(u,pv).

We also use

(1.10.15) u=p"lz, 2=pv,

with (v,z) as in (1.10.11). The equation (1.10.7) for x is equivalent to
(B e y) = —(B7 2, (ad"v)y),

for all y € g*, hence to

(1.10.16) up = [v,ul.

Meanwhile we have

(Bg (@), Y) = B(yg(x),Y) = Qz,$(Y)z)
(1.10.17) = (87 x,ad*(Y)z) = — ([ 2, Y], 2)
= —(Y,ad" (8™ )x),

or

(1.10.18) Bibg(x) = —ad* (B z)a.

Hence (1.10.10) can be written

(1.10.19) (Y, Bo) + (Y, (ad* v)fv) = (Y,ad"(Bx)z), VY €g,

so coupled to (1.10.16) we have
(1.10.20) z + (ad*v)z = (ad” u)z.

It is also useful to realize that when H has the form (1.10.12), its Lie
algebra h = g ® g*, with Lie bracket

(1.10.21) [(u, &), (u,m)] = ([u, v],ad*(u) n — ad™(v) £),

has a nondegenerate, Ad-invariant bilinear form:

(1.10.22) Q(u, &), (v,m)) = (u,n) + (v, ),
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where (-, -) is the natural g x g* pairing. Indeed, straightforward computa-
tions give
(1.10.23)
Qad(w, ¢)(u, &), (v,1)) = —(u, p(w)n) + (v, p(w)&) — (v, P (u)(),
Q((ua 5)7 ad(wv C)(Ua 77)) = <ua ¢(w)77)> - <u7 1?(”)0 - <’U, Tﬂ(w){%
with ¢ = ad*, and the fact that the first quantity in (1.10.23) is equal to
the negative of the second comes down to

(1.10.24) —(v,9(u)¢) = (ad(u)v, () = —(ad(v)u, ¢) = (u, P (v)().
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1.11. Ideal incompressible MHD

Here we take

(1.11.1) G =Diffg(M), g=H={v e Vect(M) :divv =0},
as in (1.7.4), and consider the Euler equation for geodesic flow on
(1.11.2) H=Gxaq g".

This is an evolution equation for (v,§) : I — g @ g*. It turns out to be
equivalent to the system of equations for a velocity field v and a magnetic
field B, knows as the equations of magnetohydrodynamics (MHD), for an
ideal incompressible fluid interacting with a magnetic field.

The inner product we place of g is the L2-inner product:

(1.11.3) B(u,v) = (u,v)2 = /g(u,v) av.
M

We use this inner product to “identify” g* with g. Denote by B the image of £
under this identification. Formally, parallel to (1.10.15), we have B = 3¢,

We write out the coupled system (1.10.7), (1.10.10) in this context. The
equation (1.10.10) becomes

(1.11.4) (01, Y )2 = (0, LY )2 = =(¥§(€),Y) 2, VY €g,
or
(1.11.5) v — PLyw = —Py§ (&),

where P is the Helmholtz projection, as used in (1.7.5). Using the formulas
(1.4.9)—(1.4.10) and (1.6.7), we can rewrite (1.11.5) as

(1.11.6) v+ PV = —Pyg(g), dive =0,

in parallel with (1.7.5). This is coupled to the following incarnation of
(1.10.16):

(1.11.7) B+ L,B=0, divB=0.

As in (1.10.18), we have

(1.11.8) BYE(€) = —ad*(B) .
Alternatively, we have

(1.11.9) V5(&) = LB =-VgB - %V|B|2,

the first identity by (1.11.8) and the second by (1.4.9)—(1.4.10), plus (1.6.7)
and the fact that div B = 0.
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The vector calculus identity V|u|? = 2V, u+2ux curl u yields yet another
alternative, in case dim M = 3:

(1.11.10) ¥5(€) = B x curl B — V|BJ*.
Then the incompressible MHD equations take the standard form:
vt + PVyv = —P(B x curl B),
(1.11.11) B+ L,B =0,
divev =divB = 0.
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1.12. Gauge groups and the Landau-Lifschitz equation

Let G be a compact Lie group and M a compact Riemannian manifold. We
consider the “gauge group” C*°(M,G), which acts as a group of automor-
phisms on the trivial principal G-bundle M x G — M. The Lie algebra of
C>®(M,G) is

(1.12.1) h=C=(M,g).

Let us take a bi-invariant inner product Q(-,-) on g and a self-adjoint oper-
ator A, acting on real valued functions on M. We pick a basis of g and let
A act componentwise on g-valued functions. Then we set

(1.12.2) B(u,v) :/Q(Au(x),Av(x))dV(x).
M

The Euler equation (1.1.9) is

(1.12.3) B(v,Y)+ B(v,[v,Y]) =0, VY e€hb.

Here

B(w,Y) = / Q(Aui(z), AY () dV (z)

(1.12.4) M
= / Q(A%v;,Y)dV,
M
and
B(v, [v,Y]) = /Q(Av,A[v,Y])dV
M
(1.12.5) =/Q(A2v7 [v,Y])dV

M
_ —/Q([U,AQU],Y) qv.
M

Hence the Euler equation for geodesic flow on C*°(M, G) is

(1.12.6) A2y = [v, A%0].
Equivalently, for

(1.12.7) w = A%v,
we have

(1.12.8) wy = [A™%w, w].
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EXAMPLE. A particularly important case of A is

(1.12.9) A=(1-A)"12

Then A=2 = 1 — A, and since [(1 — A)w,w] = —[Aw,w], the equation
(1.12.8) becomes

(1.12.10) wy = —[Aw, w].

This is known as the Landau-Lifschitz equation.
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1.13. From Landau-Lifschitz to cubic NLS

Let us specialize the setting of §1.12 to M = S'. The Landau-Lifschitz
equation (1.12.10) becomes
(1.13.1) wy = [w, Wag),

for w : R x S' — g, the Lie algebra of a compact Lie group G. We next
specialize to G = SO(3) and use the isomorphism (1.3.15) of so(3) with R3,
with the cross product. Then the Landau-Lifschitz equation becomes

(1.13.2) Wt = W X Wgg,
for w: R x S' — R3. Note that (1.13.2) can be written
(1.13.3) wy = Op(w X wy).

The equation (1.13.2) is also known as the Heisenberg magnet equation.

Note that whenever (¢, z) solves

(1134) Yt = Yz X Yazx

then w(t,z) = 9,7y(t,x) solves (1.13.2). It is interesting to regard ~(¢,x) as
a l-parameter family of curves x — (¢, z), parametrized by ¢, and (1.13.4)
defines an evolution of this family of curves. Note that if (1.13.4) holds then

(1.13.5) Ot (V2 - Vz) = 272 Ytz = 2w - wy = 0,

so the “speed” |v;(t,x)| is independent of ¢. In particular, if x — (0, z)
is a unit-speed curve, then so is x +— ~(¢,x) for all ¢ (for which (1.13.4)
holds). Let us restrict attention to such an evolution of unit-speed curves.
Thus it is suggestive to set T'(t,z) = 0,¥(t,z), to denote the unit tangent
to x — y(t,z). We recall the Frenet-Serret formulas:

T, = kN
(1.13.6) Ny = =T + 7B
B, = — TN,

with (T, N, B) an orthonormal frame such that B = T x N. In particular,
since

(1.13.7) Yo =T, Yoo = KN,
the equation (1.13.4) is equivalent to
(1.13.8) v = KkB.

This is known as the “filament equation.” It provides a crude model of the

motion of a curve on which vorticity is concentrated in a 3D incompressible
fluid.

R. Hasimoto made the following remarkable connection between the fil-
ament equation and the cubic nonlinear Schrédinger equation.
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Proposition 1.13.1. Let y(t,x) solve (1.13.4) and satisfy |vz| = 1, and set
x

(113.9)  $(t2) = n(t,2) eMED) M (1, 2) = / ~(t,5) ds + p(t),
0

where p(t) will be specified below. Then 1) solves

. 1
(1.13.10) Wt + Voo + 51" =0,
To verify (1.13.10), we begin with ¢, = (k; + ixM;)e?™ | etc., obtaining
. 1
(1.13.11) it + Yae + S = Fy,
with
1
(1.13.12) Fe M+ 2 22 <ﬁ+2'w —i—’i‘z)i.
K 2 K K
Thus (1.13.10) is equivalent to the following two identities:
(1.13.13) Kt + 28,7 + Tk = 0,
and
K 1
(1.13.14) M; = % — 7%+ 5/12.
If we specify u(t) to satisfy
/ Kaa(t,0) 2 1 2
t) = ——-—- —17(1,0 —k(t,0
(o) = B — (0.0 + (0P,

then (1.13.14) is equivalent to
1
(1.13.15) = ax<’%w 2y 7,{2).
K 2

To establish (1.13.13), we will compare the identity
(11316) Yt = HtB + I{Bt, (Bt 1 B),
which follows from (1.13.8), with the identity

(1.13.17) Vit = Vez X Vez + Vo X Viza,

which follows from (1.13.4). To establish (1.13.15), we will compare the
identity

(1.13.18) By = -nN—7N, (N, LN),

which follows from the third formula in (1.13.6), with another formula for

B¢, which in turn is derived from the identity for B; produced by comparing
(1.13.16) and (1.13.17).

To compute the ingredients in (1.13.17), we have from (1.13.4) that
Ytz = Yz X Vaaz,

(1.13.19)
Yizz = Yoz X Yezz + Yz X Yezzr-
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To obtain the ingredients in (1.13.19), we can differentiate (1.13.7), using
the Frenet-Serret formulas (1.13.6) to obtain

Yezz = —K2T + ke N + KTB,
(1.13.20) ) .
Veaze = — (26 + K)T + (kg — K> — KT°)N + (26,7 + K75) B.

This leads to

(1.13.21) Yio = —KTN + Kk B,

and

(1.13.22) Vigz = K2TT — (kaT + K72)N + (Kgz — HTQ)B.
Plugging these formulas plus (1.13.7) into (1.13.17) gives
(1.13.23) Vit = —kkipT + (K72 — Kige) N — (26,7 + K75) B.

Comparison with (1.13.16) yields the equation (1.13.13), from comparing
coefficients of B, and it also yields

(1.13.24) kB = —krigT + (k7% — Kgz)N.

Dividing by « and taking the z-derivative yields
1
(1.13.25)  Biy = —kr?T — (@ g %2) N+ (r?’ - Z;%,JC)B.
K 2 Ja K
Comparing the coefficients of NV in (1.13.18) and (1.13.25) gives the identity
(1.13.15), and completes the proof of Proposition 1.13.1.

REMARK. The integral of 7(¢, z) over x € [0, 27] is not necessarily an integral
multiple of 27, so (¢, z) is not generally periodic in z, even if y(t, ) is.
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1.14. Geodesics on FIO(M)

We consider FIO(M ), the group of unitary, zero-order, Fourier integral op-
erators on a compact Riemannian manifold M. Its Lie algebra is

(1.14.1) UH(M) ={A € OPS|y(M): A* = —A},

with the commutator as Lie bracket. Here OPS117O(M ) is the space of pseu-
dodifferential operators of order 1 and type (1,0). We use notation and
results of [56].

We consider the following sort of inner product on W!(M). Pick k >
n + 2, where n = dim M, and pick a positive-definite elliptic operator Q) €
OPS;{;(M). Then set
(1.14.2) B(Aq, Ag) = Tr(A1QAS),  A; € UH(M).
Note that A;QA; € OPS|, g“(M ) is trace class. Then the Euler equation
(1.1.9) takes the form
(1.14.3) Tr(v:QY ™) + Tr(vQ(Y*v* —v*Y*)) =0, VY € ¥Y(M).

Let us temporarily assume k£ > n + 3. Under this hypothesis on Q,
vQY*v* and vQu*Y ", members of OPSi§+3(M), are both trace class. We
claim that

(1.14.4) Tr(vQY *v*) = Tr(v*vQY™).
In fact this is a special case of the following result.

Lemma 1.14.1. If A; € OPST&(M) and my +mg < —n (n = dimM),
then

(1145) TI"(AlAQ) = TI'(AQA1>.

Proof. Let us assume mgy < 0; if this does not hold then we must have
my1 < 0, and a similar argument will work with the roles of A; and A,
reversed. Decomposing As into self-adjoint and skew-adjoint parts, we see
it suffices to prove (1.14.5) when A, is self-adjoint.

Taking an appropriate gg, positive definite and elliptic in OPST@(M ),

and replacing As by As + CLAVQ, with large positive a, we can assume A, is
elliptic, and positive-definite, so

(1.14.6) Ay € OPST* (M), for reR.

Given that mg < 0, we can pick k € ZT and write A1 Ay = AlA%_l/kA;/k
with m; + (1 — 1/k)ma < —n. Then

(1.14.7) Tr(A; Ay) = Tr(AY* A A%,
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by Theorem 3.1 of [53]. Now applying this sort of argument to (Aé/kAl)Aéfl/k7
we have
Tr(A; Ay) = Tr(AYF A A7),

and iterating this argument we arrive at the conclusion (1.14.5). g

This lemma suffices to prove (1.14.4), under the hypothesis that & >
n + 3. Now we improve this result.

Lemma 1.14.2. Assuming k > n+ 2, Q € OPSi(I)“, v,Y € OPSiO, we
have

(1.14.8) Tr(vQ[Y™, v*]) = Tr([v*, vQ]Y™).

Proof. Let J. be a Friedrichs mollifier, 0 < ¢ < 1, and set Q. = J.QJ-.

Then, by (1.14.4), (1.14.8) holds, with @ replaced by Q., for each & > 0.
Now, as ¢ — 0,

(1.14.9) VY™, v = vQ[Y ", 0], [N, 0Q YT — [vF,vQ]YT,

in OPS; §+2+5(M ), for each § > 0, and hence we have convergence in trace

norm, provided k& > n + 2. This yields (1.14.8). O
Using (1.14.8), we can rewrite the Euler equation (1.14.3) as

(1.14.10) Tr((v:Q + [v*,vQ)Y*) =0, VY € U (M),

which yields

(1.14.11) uQ — Quf + [v*,vQ] — [v*,vQ]* =0,

or

(1.14.12) v Q + Qui = [v,vQ + Q.

Note the formal similarity to the Euler equation (1.3.13)—(1.3.14) for geodesics
on SO(n). This is to be expected; it just takes a little more analysis to pro-
duce (1.14.12) in the current situation.






Chapter 2

Poisson Brackets and

Hamiltonian Vector
Fields

Poisson structures are a class of structures that include symplectic structures
as a special case. A Poisson structure on a manifold M gives rise to a
Poisson bracket on functions on M, in turn yielding an association f +— H
of a Hamiltonian vector field Hy to such a function. The dual g* of a Lie
algebra gets a natural Poisson structure, called a Lie-Poisson structure, and
this plays a central part in the role of Lie groups in differential equations.

We define Poisson structures in §2.1 and establish some basic properties,
including a frequently useful criterion for testing whether the crucial Jacobi
identity holds for a candidate for a Poisson structure. We proceed in §2.2 to
discuss the Lie-Poisson structure. Section 2.3 discusses the special case of
symplectic structures. The reader has likely come across symplectic struc-
tures before, and our treatment here is brief. More can be found in Chapter
I of [58], for example. In §2.4 we show how right-invariant Lagrangians on
a Lie group lead to Hamiltonian equations on the dual to its Lie algebra,
with its Lie-Poisson structure. This provides a generalization of the setting
of Chapter L.

In §2.5 we discuss how the Lie-Poisson structure on the dual g* of a Lie
algebra gives rise to other Poisson structures, namely shifted Poisson struc-
tures and frozen Poisson structures. From these we get “Poisson pairs,”
pairs of Poisson structures with a crucial compatibility property. Some
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Hamiltonian systems on g*, with its Lie-Poisson structure are also Hamil-
tonian with respect to a frozen Poisson structure. Such systems are special
cases of a class called bi-Hamiltonian systems, which we discuss in §2.6. Bi-
Hamiltonian systems are often integrable, with a string of conservation laws
generated by the Lenard scheme. We give a general discussion of this here.
As we will see in Chapters IV and V, the Korteweg-deVries equation and
the Camassa-Holm equation each have a bi-Hamiltonian structure, and one
obtains an infinite sequence of conservation laws in each of these cases.
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2.1. Poisson structures

A Poisson structure on a manifold M is a map assigning to f,g € C*°(M)
a function {f, g} € C°°(M), satisfying the following four identities:

(2.1.1) (Anti-symmetry) {f, g} = —{g, f},
(2.1.2) (R-linearity) {f,cig1 + cago} = ci{f, 91} + c2{f, g2},
(2.1.3) (Leibniz rule) {f, g192} = g1{f, 92} + g2{f, 1},

(214) (JaCObi identitY) {{fa g}a h} + {{g’ h}v f} + {{ha f}a g} =0,

for all fagahagl>g2 € COO(M)7 €1,C2 € R.

Properties (2.1.1)—(2.1.3) imply that there is a vector field (called a
Hamiltonian vector field) H; associated to each f € C°°(M), such that

(2.1.5) {f,9} = Hyg,
and that f +— Hj is R-linear. Given this, (2.1.4) is equivalent to the identity
(2.1.6) Hyp oy = [Hy, Hy,
for all f,g € C*°(M).
The standard example is M = R?", with coordinates (21, ..., Zn, &1, -+, &),
and with Poisson bracket given by
~(0f 89 df g
2.1.7 g} = (—————)
(21.7) thor=2 d¢; dz;  Ox; O%;

7j=1
In this case it is routine to verify (2.1.1)—(2.1.4).

There are more subtle constructions of Poisson structures, such as the
one we will see in §2.2, where it will be easy to verify properties (2.1.1)—
(2.1.3) and more of a job to verify (2.1.4), or equivalently (2.1.6). The
following result will prove to be a useful tool.

Proposition 2.1.1. Let L be a linear subspace of C*°(M). Suppose (2.1.6)
holds for all f,g € L. Then (2.1.6) holds for all f,g € A, the algebra
generated by L.

Proof. It suffices to show that

(2.1.8) H{fygj} = [Hf’ng] = H{f79192} = [Hy, Hg,g,]-

We are assuming (2.1.1)—(2.1.3). Note that Hy g, u = {9192, u} = g1{g2, u}+
g2{g1,u}, and hence

(219) H9192 = ng92 +92H91'
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Also, we generally have

(2.1.10) [X,uY] =u[X,Y]+ (Xu)Y,

for vector fields X,Y and v € C*°(M). Hence

(2.1.11) [Hy,Hgyg,) = q1[Hy, Hg,] +{f, 91} Hgy + g2[Hy, Hg, ]+ { f, 92} Hy,
Meanwhile, using (2.1.3) on {f, g1g2} and applying (2.1.9) gives

H{f,glgz} = Hgl{fm} + HgQ{ﬁgl}
= 1 H{s g,y +{fr 92 Hgy + g2Hy g,y + {f, 011 H, .

Now the identity of (2.1.11) and (2.1.12) follows from the hypothesis in
(2.1.8), so the implication in (2.1.8) is established. O

(2.1.12)

The following result implies that a Poisson structure is defined by a
second-order tensor field.

Proposition 2.1.2. If fi, fo € C®°(M) and dfi1(p) = dfa2(p), then Hy, (p) =
Hy,(p) € T,M.

Proof. Consider f = f1 — fa, so df(p) = 0. It follows easily from Taylor’s
formula with remainder that one can write, locally near p,

(2113)  f@) - fG) =Y g 9(0) = hilp) =0,

with g;,h; € C°°(M). That Hy = 0 at p then follows from the analogue of

(2.1.9). O
Consequently, given a Poisson structure on M, there exists a linear map

(2.1.14) J:TyM — T,M,

depending smoothly on p, such that

(2.1.15) H¢(p) = Jdf(p), VpeM.

Thus J is a contravariant tensor field of order 2; we call it the Poisson
tensor. We see from (2.1.1) that

(2.1.16) J*=-7.

Maps on M that preserve the Poisson bracket are called Poisson maps.
The following records an important source of Poisson maps.

Proposition 2.1.3. Let M have a Poisson structure. The flow F; generated
by a Hamiltonian vector field X = H, preserves this Poisson structure, i.e.,

(2.1.17) Fill 9y ={Ff, Fia},
where F} f(z) = f(Fix).
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Proof. The definition of F; f yields

(2.1.18) %Ft*f = XF'f=FXf.
Hence
L F 1 Fg)
(2.1.19) ar” Ve lTed
= —JFLX{F L F gy + FLAXF g, Fogy + FL AR f, X Fi g}
Now, by (1.4),
(2.1.20) X = H, = X{f,g} ={X [, g} +{f. X3},
so the quantity (2.1.19) vanishes. This proves (2.1.17). O

Generally we say a vector field X is an infinitesimal Poisson map if the
flow it generates satisfies (2.1.17). The content of Proposition 2.1.3 is that
each Hamiltonian vector field is an infinitesimal Poisson map. As the proof
shows, a (more general) sufficient condition for X to be an infinitesimal
Poisson map is that

(2.1.21) X{f. gy ={Xf, 9} +{f, Xg},
for all f,g € C°°(M). This condition is also seen to be necessary.
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2.2. Lie-Poisson structure on g*

Let g be a Lie algebra, so we have a bracket [-,-] : g X g — g, satisfying
(2.2.1) X, Y] = —[, X],

(2.2.2) [X,c1Y7 + eoVa] = ¢1[X, Y] + e[ X, Ya),

(2.23) X, Y1, 2) + [IY, 2), X] + 12, X, Y] = 0,

for all X,Y,Z,Y1,Ys € g, c1,c2 € R. The identity (2.2.3) is the Jacobi
identity in this context. Another way to put it is the following. Given
X € g, define ad X : g — g by

(2.2.4) ad X (Y) = [X,Y].
Then, given (2.2.1)—(2.2.2), the identity (2.2.3) is equivalent to the identity
(2.2.5) ad[X,Y] =[ad X,ad Y],

where the right side of (2.5) denotes the commutator (ad X)(adY)—(ad Y')(ad X).

Let g* denote the dual space of g. We define a Poisson bracket of
functions in C*°(g*) as follows. Given f : g* — R, & € g*, we have
df (§) : g* — R, linear, i.e., df(§) € g. Using this, we set

(2.2.6) {f,9}(&) = ([df(£), dg(£)]. &),
[-,-] denoting the Lie bracket on g.

We need to verify the properties (2.1.1)—(2.1.4) when {f, g} is defined by
(2.2.6). The identities (2.1.1)—(2.1.2) are obvious consequences of (2.2.1)-
(2.2.2), and (2.1.3) follows readily from the identity
(2.2.7) d(g192) = g1dgz + g2 dg1.

The proof of the Jacobi identity (2.1.4), or equivalently (2.1.6), is somewhat
more subtle, but we can establish it fairly cleanly, using Proposition 2.1.1.

First, note that if f : g* — R is linear, then, for all { € g*, df(§) = f € g,

S0

f.g linear = {f, g}(§) = ([f. 9, €)

= {f.9} =1f. 9]
Hence the fact that (2.1.4) holds for f, g, h linear follows directly from (2.2.3).
This implies

(2.2.9) fyg linear = Hyy oy = [Hy, Hyl,

(2.2.8)

at least as vector fields acting on linear functions h. But a vector field on
a linear space is determined by its action on linear functions, so we have
(2.2.9). Now we can apply Proposition 2.1.1 to deduce that (2.1.6) holds
whenever f and g are polynomials. But the space of polynomials is dense in
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C*(g*), so the validity of (2.1.6), hence of (2.1.4), for all f,g,h € C*(g*)
follows by a limiting argument.

We now consider integral curves of a vector field Hy, defined by (2.1.5),
when {-,-} is the Poisson bracket on C*°(g*) given by (2.2.6). An integral
curve £(t) of Hy satisfies

(2.2.10) g'(t) = Hy(&(1))-

Equivalently, given X € g, defining a linear map X : g* — R, we have
d
5 X €() = {f, X}E®))

= —(X,ad* df (£(t)) £(1)),

the last identity incorporating the definition of the coadjoint representation
of g on g*:

(2.2.12) (ad Y (X), &) = —(X,ad" Y ()).
Hence the differential equation (2.2.10) takes the form
(2.2.13) ¢'(t) = —ad™(df (£()))&(1).

From this we deduce that if (2.2.10) holds on an interval I = (a,b) and
to € I, then, for all t € I,

(2.2.14) £(t) € O,y = {Ad™(9) (o) : g € G,

where G is a Lie group with Lie algebra g, and Ad* the coadjoint represen-
tation of G on g*.

EXAMPLE. Suppose

(2.2.15) B:g—g", (X,8Y)=DB(X,Y), positive-definite,
and set

(22.16) iR Q)= 55766

A calculation gives

(2217) &) = 57,

so in this case the differential equation (2.2.10) becomes

(2.2.18) & = —ad*(871¢) €.
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It follows from (2.2.14) that Hy, defined by (2.2.6), is tangent to each
coadjoint orbit (920. The following implies that Hp

f

Proposition 2.2.1. If f;j € C*(g") and f1 = f2 on Of , then Hy, = Hy,
on OFf .
o

. 18 determined by
OEO

. -
(950

Proof. Consider f = f; — f2, 80 f =0 on Ogo. We are claiming that

(2.2.19) g€ C™(g") = Hpg=0 on O.

Indeed, Hyg = —H, f, and by the reasoning above Hj is tangent to (920, SO
O

this is clear.

In other words, each coadjoint orbit in g* gets a Poisson structure. We
will see in §2.3 that this is actually a symplectic structure.

REMARK. In case g has a non-degenerate, Ad-invariant quadratic form, we
can rewrite (2.2.13) in terms of a differential equation for a curve in g. In
fact, such a quadratic form yields an isomorphism

(2.2.20) Q:9—g", Qoad=ad"oQ.
Hence if we set

(2.2.21) olt) = QIE(),

the differential equation (2.2.13) is equivalent to
(2.2.22) V'(t) = —[df (Qu(t)), v(t)].

In case f is given by (2.2.16), this becomes v; = —[37'Qu,v]. This can be
compared to (1.2.6) of Chapter I.

Another formula equivalent to (2.2.22) arises by taking

(2.2.23) F:g—R, F(v)=f(Qu).
The dF (v)w = df (Qv)Qw, so dF (v) € g* satisfies
(2.2.24) dF (v) = Q(df (Qu)).
Thus (2.2.22) is equivalent to

(2.2.25) v = —[Q N (dF (v)),v].

Note how this generalizes the situation giving rise to (1.2.6) in Chapter I. It
is natural to set

(2.2.26) VF(v) = Q YdF(v)),
and write (2.2.25) as
(2.2.27) o' = HZ(v), HZ(w)=—ad(VF(v))v.
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2.3. Symplectic structures

A Poisson structure on a manifold M is said to be symplectic provided

(2.3.1) {Hf(p): feC®(M)} =T,M, VpeM.

In view of Proposition 2.2.1, this is equivalent to the statement that
(2.3.2) J:TyM — T,M

is an isomorphism, where

(2.3.3) Hy(p) = Jdf(p), pe M.

In such a case, since J* = —7, we define a 2-form o on M by
(2.3.4) o(X,Y) = (X,T7Y).

Then o is non-degenerate, and we have, for all smooth functions f and
vector fields X,

(2.3.5) o(X,Hy) =(X,df) = X f.
Conversely, given a non-degenerate 2-form o, we can use (2.3.5) to define

f — Hy, uniquely, and then set { f, g} = Hyg. Such a bracket clearly satisfies
(2.1.2)(2.1.3). Also

(2.3.6) Hyg=0(Hf, Hy) = —H,f,

so we easily have (2.1.1). The following specifies when the Jacobi identity
holds.

Proposition 2.3.1. If o is a non-degenerate 2-form on M and f v+ Hy is
defined by (2.3.5), then the Jacobi identity holds if and only if o is closed,
i.e., do =0.

Proof. Since (2.3.1) holds in this setting, it suffices to show that
(237) dJ(Hfo7Hf17Hf2) = 07

for all f; € C°°(M), if and only if the Jacobi identity holds. A standard
formula for the 3-form do (cf. [57], Chapter I, (13.15)) gives the left side of
(2.3.7) as

2
(238) > (-V)'Hpo(Hy, Hy)+ Y. (=1 o((Hy, Hy), Hy,).
=0 0<0<j<2

In the first sum, {¢,j,k} = {0,1,2} and j < k. In the second sum also
{¢,j,k} ={0,1,2}. We can write the first sum as

(2.3.9) {fo, L o}y = L Ao, fo} )+ {f2, {fo, f1}),
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and the second sum as

— [Hyos Hplfo + [Hypy, Hp [ 1y = [Hyy Hp] fo =

= 2{fo,{f1. fo}} = 2{ 1, {fo: fo}} = 2{ /2, {Jo. f1}}-
Thus the left side of (2.3.7) is equal to

(2311) _{fO) {f17 fQ}} - {f17 {f27 fO}} - {f27 {f07 fl}}7
which shows that do = 0 if and only if the Jacobi identity holds. (]

(2.3.10)

REMARK. A closed, non-degenerate 2-form is called a symplectic form.

The standard example of a symplectic structure is the Poisson structure
on R?" defined by (2.1.7). In this case, we have

(2.3.12) o= déNdx;.
j=1

We also have o = dk, where & is the following 1-form on R?":
(2.3.13) K=Y &da;.
j=1

This is called the contact form. We will present a more general construction
of contact forms below.

Another family of examples of symplectic structures arises on coadjoint
orbits. Recall the Poisson structure on the dual g* of a Lie algebra, defined
by (2.2.6). As shown in Proposition 2.2.1, this induces a Poisson structure
on each coadjoint orbit (’)20 C g*. We claim that each of these is a symplectic
structure, i.e., that (2.3.1) holds, for M = OEO. Note that, given £ € OEO,

(2.3.14) TeOf, = {ad" X £ : X € g}
On the other hand, as seen in (2.2.11),
(2.3.15) Hy(§) = —ad™(df (£)) €,

so it remains to show that for each X € g, £ € g*, there exists f € C*(g*)
such that df () = X. Indeed, f(§) = (X, &) works, so (2.3.1) is verified.

We now discuss another very important family of symplectic manifolds,
generalizing (2.3.12). Namely, we consider the natural symplectic structure
that arises on the cotangent bundle T*M of a smooth manifold M. In fact,
the symplectic form is given by ¢ = dk, where k is the contact form on
T* M, constructed as follows. Let

(2.3.16) m:T*"M — M
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be the natural projection. Given p € M and z € Ty M, we want to define
k(z) € TX(T*M) by its action on v € T,(T*M). The formula is

(2.3.17) (v, (2)) = (D7)v, 2),
where
(2.3.18) Dr: T.(T*M) — T,M
is the derivative of 7 in (2.3.16).

We examine x in local coordinates z = (z,§) = (z1,...,2n,&1,...&n)
on T*M arising from local coordinates x = (z1,...,2,) on M. Given v €
T.(T*M), we write v = (v1,...,Vp, Wi, ..., Wy), SO

(Dm)v = (v1,...,vp), ((Dm)v,z) = Zvj{j.
j=1
Hence (2.3.17) gives
R = ij dl‘j,
=1

as in (2.3.13), so o is given by (2.3.12). In particular o is non-degenerate,
as well as closed, so it is a symplectic form.
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2.4. Right (and left) invariant Lagrangians on Lie groups

We study the equation for a critical point of a Lagrangian integral

b
(2.4.1) I(u) = / L(u(t),d(t)) dt,
for a path u : [a,b] — G, where G is a Lie group, and we assume L(p,v) has
the form
(2.4.2) L(p,v) = F(up™),

for some smooth F' : g — R. The calculations here generalize those done
for geodesics on Lie groups with right (or left) invariant metric tensors in
Chapter I, §1.1.

The Lagrange equation for a critical path for (2.4.1) is

(2.4.3) %DvL(u,ut) = DpL(u,ut).
When L(p,v) is given by (2.4.2), we have

DyL(p,v)W = —DF(vp™)op™ ' Wp™,
Dy L(p,v)W = DF(vp™)Wp~,

with W € T,,G. We see that

(2.4.4)

d
(2.4.5) 27 Dol u)W = D*F (wu™ ) (ugu™" = ™ wu ™, W)

— DF(upu™ HYWu tugu?
Thus the Lagrange equation (2.4.3) becomes
D2F(utu_1)(uttu_1 — wu gt Wu_l)
— DF(upu "YWu tugu™ = —DF (wpu™ugu ™ Wau™,
for all W € T,,G.
We now set

(2.4.7) v(t) = w(tu®)™t, v:[a, b — g.

(2.4.6)

Hence u; = vu, uy = viu + vug, and, with Y = Wu™! € g, the equation
(2.4.6) yields

(2.4.8) D?F(v,Y) — DF(v)Yv = —DF(v)vY, VY €g,
or equivalently we obtain the following equation for v(t):
(2.4.9) D?F(v)(vs,Y) + DF(v)[v,Y] =0, VY €g.

Note that if one can solve (2.1.9) for v(t), then the solution u(t) to (2.4.3)
is obtained as a solution to the (generally non-autonomous) linear equation

(2.4.10) ug(t) = v(t)u(t).
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We can derive from (2.4.9) an equation for a curve £(¢) in g*, upon
setting

(2.4.11) ¢ = DF(v).

This is a “Legendre transform.” We have (&,Y) = D?F(v;,Y), so (2.4.9) is
equivalent to

(2.4.12) (&,Y) = —=DF(v)[v,Y] = —(§[v,Y]), VY €g,
hence to
(2.4.13) & =ad"(v) &

If we use a left-invariant Lagrangian, i.e., replace (2.4.2) by

(2.4.14) L(p,v) = F(pv),

we get similar formulas, involving v(t) = u(t) 1w (t) in place of (2.4.7). We
wind up with a sign change in the second term of (2.4.9). Thus setting
¢ =F(v) as in (4.11) yields

(2.4.15) & = —ad*(v) ¢,

in place of (2.4.13).

We will concentrate on (2.4.15), which is reminiscent of the equation
(2.2.13):

(2.4.16) § = —ad™(df (§)) &,
itself equivalent to (2.2.10):
(2.4.17) & = Hy(6),

where f +— Hy is determined by the Lie-Poisson structure (2.2.6) on g*. We
claim that, if the Legendre transform (2.4.11) is a diffeomorphism from g to
g*, then (2.4.15) is equivalent to (2.4.16), with f(&) defined by

(2.4.18) f(§) = DF(v)v— F(v), &= DF(v).
Equivalently,
(2.4.19) f(€) =(v,&) = F(v).
In fact, defining f(&) in this way, with £ = {(v) given by (2.4.11), we have
Df(§)DE()W = (v, DE()W) + (W, §) — DF(v)W
= (v, D{(v)WV),
for all W € g. Hence, given that D¢(v) is invertible, we have
(2.4.21) Df(§) = v,
showing that (2.4.15) and (2.4.16) coincide.

(2.4.20)
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Note that conversely, if we are given f : g* — R and if (2.4.21) defines a
diffeomorphism Df : g* — g, then we can define the associated Lagrangian
by

(2.4.22) F(v) = (v,§) = f(§) = DF(§)§ = f(8).
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2.5. Shifted and frozen Poisson structures on g*

Here we consider variants of the Lie-Poisson structure on the dual g* of a
Lie algebra g, which was treated in §2.2. Recall that, for f,g € C*°(g*),

(2.5.1) {/,93(&) = ([df (£), dg(£)], &)-

One way to modify this Poisson structure is simply to translate it. That is
to say, fix §y € g*, and define 7¢, : C*°(g*) — C*°(g*) by

(2.5.2) e £(§) = F(§+ o)
Then set

(2.5.3) {f.9}tey = T&l{Tfof, Teod ) (Shifted Poisson structure)
It is obvious that (2.1.1)-(2.1.4) hold for {-,-}¢,, given that it holds for {,-}.

To relate these Poisson structures in another way, we calculate

{Téofa T{og}<£ - &)) = <[d7_§0f<£ - 50)7 dTgOg(f - 50)]75 - §0>

(254 — ([dF(E). dg(€)]. € — &),
with

(2.5.6)  {f,g}(&) = ([df(€),dg(£)], &). (Frozen Poisson structure)
As the label suggests, {-,-}%0 also satisfies (2.1.1)-(2.1.4). Of course, (2.1.1)~
(2.1.2) are obvious. Also (2.1.3) readily follows from (2.2.7). Hence there
is a correspondence f +— H;O such that {f,g}% = Hﬁog. We need to verify
(2.1.4), or its equivalent

(2.5.7) H e = [H H).
Retracing an argument in §2.2, we first note that
(2.5.8) f.g linear = {f,g}* (&) = ([f. 9], ).

In this case the bracket yields a function that is independent of £. Thus
when f, g, and h are linear, all three terms in (1.4) (with {-, -} replaced by
{-,-}%0) are zero. Hence both sides of (2.5.7) are vector fields that have the
same action on linear functions, so these vector fields are equal, whenever f
and ¢ are linear. From here, as in §2.2, we can apply Proposition 2.1.1 to
verify (2.5.7) for general f and g, so (2.5.6) does define a Poisson structure
on g*.
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For an alternative approach, note that if we replace &y by &y/e in (2.5.5),
we obtain

E{f7g}_{f7g}£o =€{f,g}§0/s, Ve>D0.

Since the right side clearly gives a Poisson structure, so does the left side,
for all £ > 0. Taking & — 0 yields the Jacobi identity for {-,-}%.

We use the notions introduced above to produce rich families of functions
on g* that Poisson commute. Denote by I(g*) the space of Ad*-invariant
functions on g*:

(2.5.9) I(g*) ={f € C=(g%) : f(Ad"(9)S) = f(£), Vg € G}
Clearly
(2.5.10) gel(g’) ={f,9t =0, VfeC™(g),

since we have seen that Hy is tangent to coadjoint orbits. We now establish
the following.

Proposition 2.5.1. Fiz & € g*. Then
(2.5.11) f,9€1(g"), s,t e R= {7y, f o9} =0.

Proof. For notational simplicity, set fs, = 75, f, etc. First note that,
under the hypotheses of (5.11),

{fs&)» gtfo}—tfo = tho{T(s—t)§0 [ g} =0,

{fs&oagtﬁo}—sfo = 7-8§0{f¢ T(t—s)fog} =0,

the first identity on each line by (2.5.3) and the second by (2.5.10). Hence
we obtain

(2'5’13) 0= S{f8§079t50}—t§0 - t{f8507gt§0}—850 = (8 - t){fSémgtﬁo}v

upon applying (2.5.5) to the quantities on the left sides of (2.5.12), and
observing a cancellation of #{fsg,, g1, }*%0. This yields the conclusion in
(2.5.11) when s # t. The case s =t follows by continuity. O

(2.5.12)
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2.6. Poisson pairs and bi-Hamiltonian vector fields

Let {-,-}o and {-,-}1 be two Poisson structures on a manifold M. They are
said to form a Poisson pair provided

(2.6.1) s{-, o+ t{- 11 = {-, Jor

is a Poisson structure on M for each s,t € R. (Clearly this need only be
checked for s = 1, t € R.) It is clear that {-,-}s; always satisfies (2.1.1)—
(2.1.3). In particular there is a correspondence f — H%' such that H;’tg =
{f,g}st. With obvious notation,

(2.6.2) H}' = sH} + tHj.

The condition that we have a Poisson pair is that (2.1.4) holds, i.e.,
s,t st s,t

(2.6.3) [Hf H, | = H{f,g}s,t'

Expanding both sides and making obvious cancellations, we see that the
Jacobi condition is equivalent to

(2.6.4) [H}, Hy) + [H}, Hy] = Hig gy, + Hi gy,
Equivalently, the condition to have a Poisson pair is

{fidg, htorr +{g,{h; fYot1 + {h,{f, 9}o}1
+{f{g,ht1}o +{g: {h, f}1}o +{h,{f,g}1}0 =0,
for all f,g,h € C(M).

Significant examples of Poisson structures arise for M = g*, the dual to
a Lie algebra g. In fact, fix § € g%, let {-,-}o = {-,-} be the Lie-Poisson
bracket, and let {-,-}; = {-,-}%° be the frozen Poisson bracket, given by
(2.5.6). In view of the computation (2.5.4)—(2.5.5), we have

(2.6.6) {f.9} +t{f. 9} = {f. 9} —sc0-

which as seen in §2.5 is a Poisson bracket, for each ¢t € R (i.e., each —t&y €
g%)-

Suppose we have a Poisson pair {-,-}o, {-,-}1 on M. A vector field X
on M is said to be bi-Hamiltonian (with respect to this pair of Poisson
structures) if there exist f; € C°°(M) such that

(2.6.5)

(2.6.7) X =H} =H;.
The following result is a useful tool in the study of integrable systems.

Proposition 2.6.1. Assume X is a bi-Hamiltonian vector field with respect
to Poisson structures {-,-};, j = 0,1. Then HJQI is also an infinitesimal
Poisson map for {-,-}1.



52 2. Poisson Brackets and Hamiltonian Vector Fields

Proof. The claim is that Y = HJQI satisfies

cf. Proposition 2.1.3 and the subsequent discussion. Equivalently, we need
to show that

(2.6.9) {fi.{g.h}1}o —{{f1.9}0,h}1 — {9, {f1,h}o}1 = 0.

Now (2.6.5) implies that the left side of (2.6.9) together with the following
sums to zero:

(2.6.10) {fi.{g:h}torr — {{f1,9}1,h}o — {9, {f1,h}1 }o.

But if (2.6.7) holds, then (2.6.10) is equal to

(2.6.11) {fo, {9, h}o}o — {{fo, g}o, h}o — {g,{fo, h}o}o,

which is 0 by (2.1.4). This proves the proposition. O

The way this result is used is as follows. Given the setting of Proposition
2.6.1, then under “favorable” circumstances,

(2.6.12) There exists fo € C*°(M) such that HJQI = H}Q.

That is to say, the infinitesimal Poisson map Y = HJOC1 for {-,-}; discussed
in Proposition 2.6.1 is actually a Hamiltonian vector field for this Poisson
structure. Thus we have an analogue of (2.6.7), to which Proposition 2.6.1
applies. If this “favorable circumstance” persists, we can write

(2.6.13) HY =Hj,
and continue, obtaining f; such that
(2.6.14) Hy =Hj ., j>0

When this works, the sequence is said to follow the Lenard scheme (cf. [4],
p. 310). An important corollary is that, when this program works, these
functions are in involution. This is a consequence of the following result.

Proposition 2.6.2. Assume {-,-}o and {-,-}1 are a Poisson pair on M,
and X is a bi-Hamiltonian vector field, of the form (2.6.7). Then

(2.6.15) {fo, fito={fo, itr =0.
Furthermore, if the sequence {fj : j > 0} exists, satisfying (2.6.14), then

Proof. First we prove (2.6.15). In fact (2.6.7) gives {fo, fi}o = H})Ofl =
H}lfl = 0, and simﬂarly {f(), f1}1 = —H}lfo = —H})Of() =0.
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Now suppose { f; : j > 0} exists, satisfying (2.6.14). The same reasoning
used to establish (2.6.15) immediately gives

(2.6.17) i fivito={fj, fi+1}1 =0, Vj=>0.

Hence (2.6.16) is true whenever |j—k| < 1. To treat the general case, assume
J < k and note the following:

{fjs fer1yo = HY fryr = {fivr, frn b,

{fj> froirhr = —Hj, [ = {fi: fi}o-

The transformations here decrease k + 1 — j to k — j, so (2.6.16) follows by
induction. (Il

(2.6.18)

The following gives an important “favorable circumstance” for invoking
(2.6.14):

Proposition 2.6.3. In the setting of Proposition 2.6.1, assume also that
{-,-}1 is a symplectic structure on M, and that M is simply connected.

Then (2.6.12) holds, and so does (2.6.14).

Proof. The result of Proposition 2.6.1 that ¥ = H]QI is an infinitesimal
Poisson map for {-,-}; implies that its flow preserves the associated sym-
plectic form (call it o), or equivalently that Ly o; = 0. Now use Cartan’s
formula to get

(2.6.19) 0="Lyo = d(01JY) + (dO’l)JY - d(O’ﬂY) =0.
Since M is simply connected, this implies
(2.6.20) o1]Y = —df,

for some fo € C°°(M), which in turn gives (2.6.12). O






Chapter 8

Motion on a Lie Group
With a Potential

Here we have a brief variation on the theme of Chapter I. Namely, we con-
sider motion of a particle on a Lie group, endowed with a right-invariant
metric tensor, and also equipped with a potential, giving rise to a force
field. We examine one family of physical problems, associated with the
“heavy top,” or the “spinning top.” We first derive equations of motion for
such a top (spinning on a table) in R", formulated as motion on SO(n),
equipped with such a metric tensor and potential. We then note some “mir-
acles” that occur when n = 3, arising from the unique isomorphism of the
Lie algebra so(3) with R3, equipped with the cross product. Even special-
ized to three dimensions, most spinning top equations are not integrable.
We discuss one family of integrable examples, discovered by Lagrange back
in the dawn of the theory of analytical dynamics.
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3.1. Lie groups with potentials

Let G be a Lie group, endowed with a right-invariant metric tensor. We
want to study the motion of a particle on G, under the influence of a force
arising from a potential V. The path u : [a,b] — G followed by such a
particle is a stationary point of the functional

b
(3.1.1) I(u) :/ Lu(t),u/(t)) dt,
where
(3.1.2) L(p,v) = %B(Up_l,vp_l) -V(p), pedG, veTl,G,

B(+,-) being an inner product on T.G = g.
The equation of motion is produced via calculations parallel to those

done in Chapter I, §1.1. The standard Lagrange equation for such a station-
ary point is

d
(3.1.3) ﬁDvL(u,ut) = DpL(u,ut).

When L(p,v) is given by (3.1.2), we have
DpL(p7 U)W = _B(Up_lwp_la Up_l) - DV(p),
Dy L(p,0)W = B(Wp~',up™?),
with W € T,,G. We see that
d

(3.1.5) @DUL(u,uls)W = — B(Wu 'upu™ upu™t)

(3.1.4)

+BWu ™ ugu™! — upu tugu ).
Thus the Lagrange equation (3.1.3) becomes
(3.16) — B(Wu_lutu_l, utu_l) + B(Wu_l, upu”t — utu_lutu_l)
= —B(wu 'Wut,uu™t) - DV ()W, VYW € T,G.
We now set

(3.1.7) v(t) = w(t)ut)™t, v:(a,b) —g.

Hence u; = vu, uy = viu + vug, and, with Y = Wu™! € g, the equation
(1.6) yields

(3.1.8) —B(Ywv,v)+ B(Y,v) = —B(wY,v) — DV(u)Yu, VY €g,
or equivalently we obtain the following equation for v(t):

(3.1.9) B(v,Y)+ B(v,[v,Y]) = =DV (u)Yu, VY €g.
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Unlike the geodesic equation (1.1.9) of Chapter I, this is not an equation for
v alone, but it is completed by coupling it to

(3.1.10) Ut = VU.

For solutions to the system (3.1.9)—(3.1.10), the total energy (1/2)B(v,v)+
V' (u) is conserved. This is verified by the following calculation:

%(%B(v, v)+ V() = Blur, v) + DV (w)uy

(3.1.11) = —B(v,[v,v]) — DV (w)vu + DV (w)uy
=0,
the second identity by using ¥ = v in (3.1.9) and the third via (3.1.10).

We can transform (3.1.9) to an ODE for a curve £(¢) in g* by the usual
device. Take

(3.1.12) B:9— g, DB(u,v) = (u,pv),

and set £(t) = Bu(t). Then (3.1.9) yields

(3.1.13) &, Y)+ ({,ad(v)Y) = —DV(u)Yu, VY €g.
We can write

(3.1.14) DV (u)Yu = (DV (u)u, Ad(u™)Y),

with DV (u)u : T.G — R, linear, i.e., DV(u)u € g*. Then the system
(3.1.9)—(3.1.10) becomes

& —ad*(v)é = — Ad*(u)(DV (u)u), v=p"1E,

Uy = VU.

(3.1.15)
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3.2. The heavy top

Suppose there is a rigid body in R", with a mass distribution at t = 0 given
by a function p(z), which we will assume is piecewise continuous and has
compact support. Suppose the body moves, subject to the force of gravity,
and with the constraint that one point remains fixed, say at the origin. This
situation models the motion of a heavy top, spinning about while sitting on
a table. We want to describe the motion of such a body. The derivation
of these equations can be compared with the derivation of the equations of
motion of a free rigid body, done in §1.3 of Chapter I.

According to the Lagrangian approach to mechanics, we seek an ex-
tremum of the following Lagrangian, subject to this constraint. If £(¢,x) is
the position in R” at time ¢ of the point on the body whose position at time
0 is «, then we can write the Lagrangian as

(321
// &(t, ) ]5tw|2d1‘dt // (t,x)) vo - xda dt.

Here, £(t, ) = D€ /Ot, o is the unit vector pointing in the vertical direction,
opposite to the direction of the force of gravity, and g is the gravitational
acceleration.

Our rigidity assumption plus the assumption that the point at the origin
remains fixed allows us to write

(3.2.2) E(t,z) = W(t)r, W(t) e SO(n),

where SO(n) is the group of rotations of R™. Thus, describing the motion of
the body becomes the problem of specifying the curve W(t) in SO(n). We
can write (3.2.1) as

(323
// ) W' (t)a|* de dt — // )0 - @ dz dt
// Y)W (t ()1y|2dydt—g/a /p(y)%-W(t)lydydt
i
= J(W

We look for an extremum, or other critical point, where we vary the family
of paths W : [a,b] — SO(n) (keeping the endpoints fixed).

Let us reduce the formula (3.2.3) for J(W) to a single integral, over t.
As shown in Chapter I, §1.3, we have

24) [ oly) (A By) dy = Tr(B'AL,) = Tr (AZ,B),
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where

(3.2.5) Ip—/p(y) YRy dy€®2 R"™ ~ M(n,R).
Let us also set

(3.2.6) o= /p(y)y dy € R".

Then we can write the Lagrangian (3.2.3) as

b
JW) = 4 / T (W)W (6) " 2, (W' ()W (1) 1)) dt
(3.2.7) a

b
— g/ o - W(t)yodt.
This has the general form

b
(3.2.8) I(u) = / L(u(t), o (1)) dt,

considered in §3.1, i.e.,

1 _ _
L(p,U) = §B(Up l,vp 1) - V(p)7
V(p) =90 -py, peG, vel,G,

(3.2.9)

B(+,-) being an inner product on T.G = g, namely
(3.2.10) B(v,w) = Tr(vZ,w").
Thus a critical path W (t) for (3.2.7) satisfies the following Euler-Lagrange
equation (from (3.1.9)), involving W (¢) and Z(t) = W'(t)W (t)~L:
(3.2.11) B(Z,Y)+ B(Z,[2,Y]) = —go - YW~y, YY €so(n),

since in this case DV (W)X = go- X~ and we use X = YW. This equation
is coupled to

(3.2.12) W, = ZW.
Here W : [a,b] — SO(n) and Z : [a,b] — so(n), while 0,7 € R".

Note that the conserved energy for this system is

1
&= iB(Z’ Z)+ V(W)
(3.2.13) ;
=5 T (ZZ,Z") + go - Wo.
Note that if we set
(3.2.14) M(t)=Z,Z(t)+ Z(t)L,,
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then 2B(Z,Y) = Q(M,Y) = Tr(MY"), and since Q(-,-) is Ad-invariant,
(2.11) becomes

(3.2.15) QM Y)+Q(M,Z],Y) = —2g0 - YWy, VY €so(n).
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3.3. The heavy top in 3D

We specialize the study of the equations for a heavy top spinning on a table
in R™, studied in the last section, to the case n = 3. We use the isomorphism
Kk : R3 — 50(3), given by (1.3.15) of Chapter I, and we set

wlt) = —k1Z(1),  plt) = —xM(E) = 7,
w(t), () = W)

Here J, = (TrZ,)I — Z,, as in (3.18) of Chapter I. Recall that

W) =wx 7, Kz X y) = [5(2), 5G],
Te(s(e)n(y)!) = 20 -y,

Then (2.15) takes the following form (with y = k= *(Y)):

(3.3.3) —pey+(pxw) y=—go-(yxv), YyeR’

This leads to

(3.3.1)

(3.3.2)

(3.3.4) Ut = X w4+ gy X o.
This equation is coupled to

(3.3.5) "= Xw,
which follows from (3.2.12).

Together (3.3.4)—(3.3.5) form the heavy top equations in 3D. We note
that the conserved energy (3.2.13) takes the form

1
(3.3.6) &= §u~w+ga'7, p=Tpw.
Another conserved quantity is p - . Indeed, we have
d
(3.3.7) ) = (e xw) -y +p- (v xw) =0,
making use of (3.3.4) and (3.3.5). It also follows from (3.3.5) that
d
3.3.8 —(v-v)=0
(339 L9 =0,

but this is also a trivial consequence of the definition v(t) = W (t)yo plus
the fact that W (t) € SO(3).

It is instructive to rewrite (3.3.4)—(3.3.5) in a form (which is a variant
of (3.2.15)) involving M and Z, given by (3.3.1), and also

(3.3.9) [(t) = —k~v(t), X =-—kKo,
with x as in (3.3.1)—(3.3.2). We obtain the system
Mt = [Zv M} —{—g[E,F],

(3.3.10) L — (2]



62 3. Motion on a Lie Group With a Potential

The conserved quantities (3.3.6)—(3.3.8) take the form
1
(3.3.11) €= Te(MZY) + %Tr(EFt), Tr(MT"), Tr(ITY).

It is a remarkable fact that the system (3.3.10) can be put in the com-
mutator form as a differential equation for a curve in the Lie algebra of the
Euclidean group

(3.3.12) EB)~Gxaq9, G=S50(3),

whose Lie algebra e(3) = {(X,u) : X,u € so(3)} has Lie bracket
(3.3.13) [(X,u), (Y,v)] = ([X,Y],ad X (v) —ad Y (u));

cf. Chapter I, §1.10. By this recipe we have

(3314 (Zg%), (0, M)] = (Z.T],1Z M) + g[=. T),

so the system (3.3.10) is equivalent to

(3.3.15) %(I‘,M) =[(Z,¢%), (T, M)].

As usual, it follows from (3.3.15) that a solution (I'(¢), M(¢)) to (3.3.10)
lies in an orbit
(3.3.16) Ory.m, = {Ad(g)(To, Mo) : g € E(3)}.
Of course this implies that F(I'(¢), M (t)) is independent of ¢ whenever F :
e(3) — R is Ad-invariant, i.e., FI(Ad(g)X) = F(X) for all g € E(3), X €
e(3). We note that the functions
(3.3.17) F (T, M) = Tr(MT"), Fy(T,M)=Tr(I'T

have this property. To see this, note that to verify Ad-invariance of a func-
tion F' it suffices to show that, for each X,Y € ¢(3),

d
_F tadYX
ale

Verifying that F} and F3 have this property is straightforward.

(3.3.18) = DF(X)[Y, X] = 0.

M=o

As we have seen, in general the Lie algebra of G X g+ g* has an Ad-
invariant bilinear form given by

(3.3.19) B((X,€), (Y,n)) = (X,m) + (Y, ).

Cf. Chapter I, §1.10. If also g has a G-Ad-invariant quadratic form, say
Q(+,-), as is always the case if G is compact, then the Lie algebra of G xaq ¢
has an Ad-invariant bilinear form, naturally related to (3.3.19), namely

(3.3.20) B((X,A), (Y, B)) = Q(X, B) + Q(Y, A).

This induces a linear isomorphism of the Lie algebra h of G xaq g onto its
dual h*. This takes adjoint orbits in h to coadjoint orbits in h*. In particular
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the standard Poisson structure on h* is transferred to a Poisson structure
on b, yielding a symplectic structure on each adjoint orbit.

This observation applies in particular to (3.3.16). It naturally follows
that the equation (3.3.15) is of Hamiltonian type, more precisely, of the form

d
(3.3.21) £(F, M) = Hg(I', M),
where E(I', M) is given by (3.3.11), with M and Z related as in (3.2.14). In
light of the computations (2.2.20)—(2.2.25) of Chapter II, if we use (3.3.20)
with Q(X, B) = (1/2) Tr(X BY), verifying (3.3.21) comes down to showing
that
(3.3.22) DE(T, M) (A, B) = % TH(ZB') + § Te(zAY,
which is a straightforward computation from the formula (3.3.11) for £(T", M).

Typical adjoint orbits of the form (3.3.16) are symplectic manifolds of
dimension 4. It follows from general theory that the system (3.3.20) is
integrable if one can find a second function F, functionally independent of
&, such that {€,F} = 0. Typically the system (3.3.20) is not integrable.
One classical case where it is integrable, due to Lagrange, will be discussed
in the next section.
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3.4. Lagrange’s symmetric top

Here we discuss a special class of 3D tops, which were shown by Lagrange
to yield integrable systems. Namely, we assume that Z,, defined by (3.2.5),
has a double eigenvalue, say a, and another eigenvalue, say b, and that the
b-eigenspace is spanned by o, defined by (3.2.6). Equivalently, J, has a
double eigenvalue a and an eigenvalue b, and its l;—eigenspace is spanned by
o. Since u(t) = Jpw(t), this implies that u(t) — aw(t) is parallel to o, i.e.,
there exists a(t) such that

(3.4.1) w(t) —aw(t) = a(t)o.
Then the equation (3.3.4) implies
(3.4.2) U = —aw X 0+ gv X o,

and hence

d

a(M'U)ZMt'UZO-

In other words, u(t) - o is another conserved quantity for the Lagrange top.
Equivalently,

(3.4.3)

is conserved for the system (3.3.15). Another equivalent formulation is that
(345) w.o-:jp_lu.o-:’u'jp—lo.:l;—llu'o_

is conserved.

As we have discussed in §3.3, (3.3.15) is a Hamiltonian system of the
form

(3.4.6) %@Jﬂ:mﬂﬂm,5@J@:iﬁ@ﬂﬁ+%ﬂ@ﬁ%

on the 4-dimensional symplectic manifolds Or, ar,, with Z and M related by
(3.2.14). The fact that F is constant on integral curves of Hg is equivalent
to

(3.4.7) {F,&y =0.

Thus the system (3.4.6) is integrable for Lagrange’s symmetric top.

Let us take a further look at integrating (3.3.4)-(3.3.5) in this case.
Rotating coordinates and scaling, we can assume o = (0,0, 1), so the con-
servation law (3.4.5) gives

(3.4.8) w = (w1, wa, c3)".
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Then the equation (3.3.5) takes the form
M = a2 — was,
(3.4.9) Yo = —C371 + w1,
V3 = way1 — Wi

Also the conservation law (3.3.7), i.e., u -~y = k, takes the form

(3.4.10) a(wiyr +waye) + 56373 =k,
which implies
(3.4.11) (k — beays)? = @ (w2 + wivg + 2wiwamye).

Meanwhile, the last equation in (3.4.8) implies

(3.4.12) (13)? = w37t + wivg — 2wiwam e,

and we can use (3.4.11) to eliminate all the terms containing ~;v,. We get
(3.4.13) (15)? = (Wf +wd) (7 +73) — a2 (k — bezs)*.

To streamline this further, we use |y|?> = 1 and the conservation of energy,
which yields

(3.4.14) w? 4wl + 3 =28 — 2g73.
Thus (3.4.13) becomes
(34.15)  (14)% = (28 — c§ —2973)(1 —13) — @ *(k — bezns)® = p(33),

where p is a cubic polynomial, whose coefficients involve &£, c3, g, k, a, and b.
Separating variables, we obtain an elliptic integral:

d
V3 —

V()

(3.4.16)






Chapter 4

The Korteweg-deVries
Equation

In §1.9 of Chapter I we derived the Korteweg-deVries equation as the equa-
tion of geodesic motion on the Virasoro group, a central extension of the
group of diffeomorphisms of the circle S'. Here we study the KdV equation
further. In §4.1 we recast KdV as a Hamiltonian system on the dual Vir* of
the Virasoro algebra, with its natural Lie-Poisson structure. We show how
KdV is a bi-Hamiltonian system, also Hamiltonian with respect to a cer-
tain frozen Poisson structure on Vir*, which together with the Lie-Poisson
structure forms a Poisson pair, as a special case of material covered in §2.6
of Chapter II. In §4.2 we recast all this in terms of Poisson structures on
the dual to the Lie algebra Vect(S!) ~ C°°(S!), and in §4.3 we apply the
Lenard scheme, introduced in §2.6 of Chapter II, and show how it produces
a sequence of conservation laws for solutions to KdV.

In §4.4 we apply the first 3 of these conservation laws to give a demon-
stration of global existence of smooth solutions to KdV. In fact, these con-
servation laws yield bounds on the H?-norm of a solution, which are more
than adequate for global existence, in view of the local existence and persis-
tence results we obtain in Appendix 4.A. The results of Appendix 4.A are
parallel to familiar results for hyperbolic PDE, such as obtained in [57].

In fact, there is an infinite string of conservation laws, said to guarantee
“integrability” of KdV. We do not give a direct discussion of what this inte-
grability means; that is front and center in many treatments of the subject,
mentioned in the references. (A concise characterization of integrability can
be found on p. 638 of [37].) However, we proceed to discuss further facets of
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the production of these conservation laws, all intimately connected to inte-
grability. In §4.5 we discuss how Lax pairs arise in KdV, and lead to families
of isospectral Schrodinger operators, and how the conservation of the spec-
trum is related to the previously constructed conservation laws, via “heat
asymptotics,” making use of some results on such asymptotics established
in Appendix 4.B.

In §4.6 we discuss the Gel’fand-Dickii approach to the production and
analysis of Lax pairs, which leads to a systematic production of conservation
laws, via a “residue” calculation. This relies on a technical result, which
eventually got a neat treatment by G. Wilson, whose argument we give in
§4.7. Actually, the material discussed here was developed by these authors
in a more general context, to produce further classes of integrable systems,
such as the “KP-heirarchy.” We have confined the scope here to KdV, but
the reader who gets through this material might be well prepared to read
about these more general matters, in the papers we cite on this material.
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4.1. KdV as a bi-Hamiltonian system

In Chapter I, §1.9, we produced the Korteweg-deVries equation as a geodesic
equation on the Virasoro group, in particular as an evolution equation for a
curve on its Lie algebra,

(4.1.1) Vir = C*(S!) @ R,

with Lie bracket given by

(4.1.2) [(u,a), (v,b)] = (Vv —uv,y(u,v)),
where

(4.1.3) (1, 0) = (10, V) 2,

and with inner product on Vir given by

(4.1.4) B((u,a),(v,b)) = (u,v)r2 + ab.

We complement the discussion in §1.9 of Chapter I with a sketch of the
coadjoint formulation. We use the inner product (4.1.4) to identify Vir and
Vir*:

(4.1.5) Vir = C*(S') @ R.

We define & : Vir — Vir* so that

(4.1.6) Y(u,v) = (v,k(w)), ie., kK(u) = —Ugypy.
Starting with

(4.1.7) ((v,0),ad™(u, a)(w, ¢)) = =(([u, v], 7(u,v)), (w, c)),
and using (4.1.2)—(4.1.4), we obtain

(4.1.8) ad*(u,a) (w,c) = (ad*(u)w — ck(u),0).

Now the general set-up for geodesic flow, as derived in (1.2.12) of Chapter
I, gives the evolution for a curve (v(t),c(t)) in Vir*:

v, ¢) = ad*(v, ¢) (v, ¢
(4.1.9) e - (adf(v)z(—c,j(v),()).
Hence ¢; =0, so ¢ = ¢g. Recall from (1.5.6) of Chapter I that
(4.1.10) ad*(v)v = Liv = —3vvy,
so the formula (4.1.6) for x(v) yields for v the Korteweg-deVries equation
(4.1.11) v + 30V — CUzpz = 0,

in agreement with (1.9.6) of Chapter I.
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We can write this equation as a Hamiltonian equation with respect to
the Lie-Poisson structure on Vir*, given as usual by

(4.1.12) {9}, @) = ([df (u, @), dg(u, @), (u, ).
By the standard set-up (cf. (2.2.13) of Chapter II), a Hamiltonian vector
field with respect to this Poisson structure is given by

(4.1.13) Hp,(v,¢) = —ad*(dFy(v,¢)) (v, c).

Hence (4.1.9) is equivalent to (v, ¢;) = Hp, (v, ¢), with
1 1

(4.1.14) Fy(v,e) = _§(U’U)L2 - 502.

Now, given (ug, ag) € Vir*, there is also the frozen Poisson structure on
Vir*:
(4.1.15) {f7 g}l(u7 a) = <[df(u7 a), dg(“: a)]? (uo, ao))-

With respect to this Poisson structure, a Hamiltonian vector field is given
by

(4.1.16) Hp, (v,¢) = —ad*(dF (v, ¢)) (uo, ao).
For the particular frozen Poisson structure we will use here, we take
(4.1.17) (up,ap) = (1,0).
Furthermore, we set
(4.1.18) Fi(v,c) = —i /(v3 + cv?) d.
g1
Note that
dFi(v,c)(u,a) = _lef?t /[(v + tu)® + (¢ + ta) (vy + tug)?] dw’t:o
(4.1.19) X st
=—1 /(3v2u + av? + 2cvpuy) de,
P
and hence
(4.1.20) dFi(v,c) = —1(§v2 — CUzy, 1||v96||%2)
2\2 2

Then, by (4.1.8) and (4.1.10),

—ad*(dFi(v,¢))(1,0) = %(ad* (21}2 - cvm> . 1,())
(4.1.21) 1 (3

5 5 :21 — Cﬁzzzl,())

= (—3vvy + cVggq, 0),
since Liw = —vwy — 2v,w (cf. (1.5.6) of Chapter I).
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Thus we have a bi-Hamiltonian structure:

(4.1.22) Hp, = Hp,.
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4.2. Poisson structures induced on C*°(S1)

In §4.1 we produced two Poisson structures on Vir* = C*(S') @R, yielding
Hamiltonian vector fields of the following form:

H%O(v, c) = —ad*(dFy(v,c)) (v,c)

(4.2.1) .
_(a’d (dvFO(U7 C))’U — C/i(dUFo(v, C)), ())7

and

(4.2.2) Hp, (v,¢) = —ad*(dFi (v, 0)) (1,0)

—(ad*(dyFi(v,0))1,0).
Recall that
(4.2.3) k(u) = —03u, ad*(uw)v = L= —uv, — 2uyv.
It is clear that the vector fields H%O and Hllﬂ are tangent to each hyper-

plane ¢ = ¢g. Thus, for each ¢y € R, we have a pair of Poisson structures on
C*>(S') (in fact, a Poisson pair), yielding vector fields

H} (v) = —ad*(dfo(v))v — cor(dfo(v)),
Hj, (v) = —ad*(dfi(v))1,

for f; : C°(S') — R. Here, given v € C*®(S1), dfj(v) € C>®(S!) is
determined by the identity

(4.2.4)

0
(4.2.5) (dfj(v),w)p2 = &fj (v + tw) ‘t:o‘
For example, if ¢; = ¢;(so, s1,...,5¢), then
(4.2.6)
¢ Do
£i(0) = @(v,dpv,...,040) = df;(v) = > (~1)F 9% 832 ., 0b).
k=0

For some further formulas, let us set
(4.2.7) V; = dfy(v),
and bring in (4.2.3), to write
H?O(v) = (=02 + 200, + v,)Vo = EV,

(4.2.8) ]
Hj (v) = 20,V1 = DW1.
Here
(4.2.9) E,D:C>®(S8Y — Cc>=(sh)

are the Poisson tensors, defined in (2.1.14)—(2.1.15) of Chapter II. Parallel
to (2.1.16) of Chapter II, we have D and £ skew-adjoint, with respect to the
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L2-inner product. Parallel to (2.1.14) and (2.1.18), we consider

(4.2.10) folv) = —% /v2 dx, fi(v) = 1 /(1)3 + cov?) dx,

4
St St
yielding
1/ 3
(4.2.11) Vo=—v, Vi=3 (=502 +covm),
and hence
212 HY, () = EVy = 30, + s,

H}l (v) = DVi = —30vy + CoVzgs-
Thus the bi-Hamiltonian structure of KdV is re-stated.

It follows immediately that, when v(¢, z) is a sufficiently smooth solution
to the Korteweg-deVries equation, then fo(v) and fi(v), which a priori are
functions of ¢, are actually independent of ¢, and hence give conservation
laws for solutions to KdV. The following is also seen to be conserved:

(4.2.13) fo1(v) = /de.
S1
In §4.3 we will produce an infinite list of additional conserved quantities.
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4.3. Conservation laws and the KdV heirarchy

Here we will construct a sequence {f; : j > 0} of functions f; : C*(S1) — R,
such that fy and f; are given by (4.2.10) and

(4.3.1) H}’j = H}Hl, j >0,
where f — H} are the Poisson structures on C*°(S1) given by (4.2.4), or

equivalently by (4.2.8). That is to say, we want to produce V; = df;(v) such
that

(4.3.2) EV; = DVj41,
where, as in (4.2.8),
(4.3.3) EV = (—cd3 + 200, +v,)V, DV =20,V.

The formulas for Vj and V; are given in (4.2.11).
Thus, to get Va2, we compute that

4.3.4 EVy = fcoai’ + 200, + v, f§v2 + coagv =DV,
2

with

2 5 5
(4.3.5) Vo = — 094 + 2eo(v2 + 20055) — 203,

2 4 4
which satisfies Vo = dfa(v) with

1
4.3.6 folv) = —= 2 (Vg2 )? + Beguv? + §1)4 dx.

4 ) L° S

Sl

Note that the form of D implies that the Poisson structure {-,-}; is sym-
plectic, so the fact that one can continue indefinitely with (4.3.2) is suggested
by Proposition 2.6.3 of Chapter II. However, that result applies literally only
in the finite-dimensional case. The following furnishes justification here.

Lemma 4.3.1. For each j > 2, there exists Vji1 such that (4.3.2) holds.
One has

(4.3.7) Vi = ajcéa,%jv +®;(v,...,059 ).
Proof. Let us set

(4.3.8) R =D&,

so we desire to show that

(4.3.9) V; = RVj_4,

for all j, and so far we have it for j = 1,2. To provide an inductive proof,
we need to show that, as long as (4.3.9) holds, £V} belongs to R(D), the
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range of D = 29,. In view of the formula (3.3) for £, it suffices to show that
vDV; € R(D). Note that, by (4.2.11),

(4.3.10) vDV; = —vDRv.
Now formal integration by parts produces the identity
(4.3.11) (D1)* =D, hence R* =DRD .

Thus we have, for some A;,

vDV; = ((R*)?Dv)v + 0, A;

(4.3.12) |
= (DRv)v + 0, 4;,
hence
1
(4.3.13) VDV, = S0, 4;,
proving the lemma. O

From here we have, as in §2.6 of Chapter II:

Proposition 4.3.2. For each j > 0, there exist f; : C*°(S') — R such that
(4.3.1) holds. Furthermore,

(4.3.14) {fisfio={fi, fithir =0, Vijk>0.

The sequence of Hamiltonian vector fields {ngj : j > 0} is called the

KdV heirarchy. It follows from (3.14) that each f; provides a conservation
law for sufficiently smooth solutions to the KdV equation (4.1.11).
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4.4. Global existence of solutions to KdV

As shown in Appendix 4.A to this chapter, the initial value problem
(4.4.1) Ut + 300 — CoUzzz =0, v(0,2) = u(x),

has a short-time solution, given v € C°°(S!), and this solution does not
break down as long as one has a bound on [[v(t)[|c1(g1). Here we will show
that, for any given nonzero, real ¢y, there is such a bound, and hence we
have global existence of a smooth solution to (4.4.1). We will make use of
the following conservation laws, established in §§4.2—4.3:

Ey(v) = /v2 dx,

S1
(442) E]_ (’U) = /('U‘% + Cal’Us) dﬂf7
S1
)
Es(v) = /(vfm + 5¢5 ww2 + 160_21)4)d1:.
Sl

Each Ej(v) is a constant multiple of f;(v), given in (4.2.10) and (4.3.6).

We compare these quantities with
(4.4.3) Hy(v) = / ()2 da.
Sl

Clearly Ey(v) = Hp(v). We can obtain upper bounds on Hj(v) and Ha(v)
as follows. First we have

(4.4.4) 0|20 < K2Ho(v) + K2H,(v),
and hence
(4.4.5) (/03 dw‘ < ol g Ho(v) < K Ho(v)*? + K Ho(v)Hy(v)Y2.

Thus
(4.4.6) Hy(v) < E1(v) + K\cal|Eo(v)3/2 + K\CEIIEO(U)Hl(v)lﬂ.
Writing this as
y? < B+24y, y* = Hi(v),
and hence y? — 2Ay < B, we have y < A+ /B + A2, hence y? < 4A%2 + 2B,
i.e.,
(4.4.7) Hi(v) < 2E1(v) + 2K |c5 t | Eo(v)3/? + K252 Eo(v)?.
Having this, we next immediately obtain

(4.4.8) Hy(v) < Ey(v) + 5leg | (Eo(v)Y/? + Hy(v)Y/?) Hi(v).
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Since |[v]|2; < CHay(v) + CHg(v), the asserted bound on solutions to
(4.4.1) follows from the conservation of the three quantities in (4.4.2), and
this leads to global existence. We give a formal statement of such a result.

Proposition 4.4.1. Given v € H*(SV), k > 2, there exists a unique global
solution
(4.4.9) v e C(R,H*(SY))

to the initial value problem (4.4.1). The quantities E;(v(t)) for 0 < j <2
given by (4.4.2) are independent of t.

Proof. As we have advertised, global existence of v satisfying (4.4.1) and
(4.4.9) follows from the results of Appendix A once one has a bound on
|lv(t)|| g2, and by (4.4.8) such a bound follows from the fact that Ej;(v(t))
are independent of ¢, for 0 < j < 2.

Now in the derivation of these conservation laws we assumed v was
“smooth.” We need to show that these laws hold when v has limited regu-
larity. We can analyze

d 5 10 5
—F +)) = e 2 - 9 3
(4410) dt 2(7)( )) (Utarxa'vaca:) + 0 (Uta Uz) + co ('Utacav'vac) + Cg (Utvv )

= (v, 0%0) + -+,
and show this is equal to zero, given v € C(I, H*(S1)) satisfying (4.4.1),
with & > 4. Then we readily have the stated results of Proposition 4.4.1 in
case k > 4. It remains to show that Proposition 4.4.1 holds for £ = 2 and 3.

We can establish this as follows. Using a Friedrichs mollifier J., set
up = Jou € C°(Sh), with ¢ = 27%, and solve

(4.4.11) O + U0z — coag’vk =0, v(0,2) =uk(z),

obtaining vz € C°(R x S1'), by the results established above. Furthermore,
for each k, we have
(4.4.12) E;(vi(t) = Ej(uk) = ejk,
independent of t, for j = 0, 1,2. This has the following implications:
vx bounded in L*>(R, H*(S1)),
(4.4.13) Oy, bounded in L®(R, H~1(S1)).

We deduce that, upon passing to a subsequence (still denoted vy ), we have,
for each T' < o0, 6 > 0,

v — v in L®(R, H*(S1)), weak”,
(4.4.14) v — v in C([-T,T), H*°(S')), in norm,
vp(t) — v(t) in H*(S'), weak*, VtcR.
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It readily follows that v is the unique solution in L*(R, H%(S!)) to (4.4.1).

Furthermore, we have norm convergence
(415) vk(pv)? = vy in C([-T.T], H'°(S1),
B vp =t in O([-T,T), H*7(SY)).

Hence we have

(4.4.16) Es(vy) — Ha(vg) — Ea(v) — Ha(v),
locally uniformly in ¢, as k — oo. Furthermore,
(4.4.17) Es(v(t)) = e, — Ea(u),
so, for each t, as k — oo,
(4.4.18) Hy(v(t)) — Ha(v(t)) + E2(u) — Ea(v(t)).
On the other hand, the third result in (4.4.14) implies
(4.4.19) lizn sup Ha(vi(t)) > Ha(v(t)),

—00

for each t, so we deduce that
(4.4.20) Es(v(t)) < Eo(u) = Ex(v(0)),
for each t € R.

This bound suffices to complete the global existence result in Proposition
4.4.1 when k > 2. As for the conservation of Ea(v(t)), we can get this from
(4.4.20) by the following simple device. We can start the evolution at an
arbitrary time, say tg, and then the reasoning leading to (4.4.20) gives

(4.4.21) EQ(’U(t)) < EQ(U(tO)), A t,tg € R.
Then reversing the roles of ¢ and t( gives the reverse inequality, hence equal-

ity. The task of establishing conservation of Ej;(v), for j = 0,1, is more
elementary. O
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4.5. The Lax pair approach to conservation laws

Given v = v(t,z), defined for t € I, = € S', and given b € R, consider
(4.5.1) L(t) = 92 — bu(t, x),

a one-parameter family of differential operators on S, which are self-adjoint,
with discrete spectrum. As observed by P. Lax, one can form

(4.5.2) M(t) = ad2 +vdy + 0pv = ad + 200, + vy,

and the equation

oL
(4.5.3) 5 = leM L],

for certain choices of constants a,b,c, holds precisely when v solves the
Korteweg-deVries equation

(4.5.4) v + 30V — CoUzza = 0.

From this it can be deduced that all the operators L(t) are unitarily equiv-
alent, and hence have the same spectrum. This gives rise to conservation
laws, providing an alternative route to that described in §4.3. The pair
(L,cM) is called a Laz pair.

To see how this works out, we compute that, when L and M are given
by (4.5.1)—(4.5.2),

(4.5.5) [M,L]f = —(3ab + 4) (0207 f + v220: f) — [2b005 + (ab + 1)vs] f-
We take ab = —4/3, and then
1
(4.5.6) M, L)f = —(vavx - gum) f.
Then the equation (4.5.3) holds if and only if

c
(4.5.7) v = 2C00, — %vxm.
Thus (4.5.3) is equivalent to (4.5.4), provided

8 1 3
4.5.8 = — b:_i = ——,
( ) a 3607 200, c 2

To continue, M (t) in (4.5.2) is skew-adjoint for each ¢, the solution
operator U (t) to

ow

(4.5.9) i cM(t)w, w(t) =U(t)w(0),
is unitary on L2(S') for each ¢, and we have
(4.5.10) L(t) =U(t)L(0)U(t)*.

Hence, for all ¢ in an interval on which we have a solution to (4.5.4),

(4.5.11) Spec L(t) = Spec L(0).
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In particular, for each s > 0,

(4.5.12) Ty e8(02=bv(t)) — Ty 5(92—bv(0))
Now, as shown in Appendix 4.B, there is an asymptotic expansion as s \, 0:
(4.5.13) Tr e5(02-bv) Z s V2R E, (b),

k>0

with coefficients Ej(bv) described by (4.B.30). These are hence conserved
quantities for solutions to (4.5.4), conservation laws that can be compared
to those produced in §4.3.

We next present a direct proof, adapted from [32], that the conserved
quantities in (4.5.13) Poisson commute, at least for the Poisson structure
{-,-}1 given by the second formula of (4.2.4), or equivalently (4.2.8), i.e.,

(4.5.14) (f.ahio) =2 [@.V)Wda,
Sl
where
(4.5.15) V =df(v), W =dg(w) € C®(Sh).
To begin, say
(4.5.16) Spec(9? — bv) = {=2j(v)},  Ai(v) < Xo(v) <--- .

The result in Theorem 6.4 of [32] is:

Lemma 4.5.1. We have, for each j, k,

(4.5.17) {Nj, At =0.

Proof. Let w; be the real-valued Aj-eigenfunction of 02 — bu, uniquely de-

termined up to a factor of 1 (as long as A; is a simple eigenvalue) by the
normalization ||w;||f2 = 1. A calculation gives

(4.5.18) dAj(v) = bwj.
Another calculation gives

(4.5.19) Huwj = —4); dw3,
where

(4.5.20) H = 92 — 4bvd, — 2bv,.

Hence we have
{N, At (v) = 2(0, dX(v), dAg(v)) L2
= 2b2(6xw32-, w?)
b2

_ 2 9
= _27/\j(ij>wk)7

(4.5.21)
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the last identity by (4.5.19). Note that H* = —H, so this yields

b2
(4.5.22) A, Aehi(v) = K(Hw%,w?)
J
Now interchanging the roles of j and k in (4.5.21) gives
b2
(4.5.23) e A h(v) = —m(ﬂwi,u@).

But the left sides of (4.5.22) and (4.5.23) are negatives of each other, so we
obtain

(4.5.24) )\j{)\j, )\kz}l = )\k‘{)‘ja )\k}ly
which implies (4.5.17) whenever \; # Ay. O
Now Lemma 4.5.1 is neat as far as it goes, but it depends upon the

(unstated) hypothesis of simple spectrum, which we do not always have. To
fix this up, let us set, for each T' € (0, 00),

(4.5.25)  Or = {v € C™®(S") : All \; such that |\;(v)| < T are simple}.

It is easy to show that O is open in C*°(S!), and it is also known that
Or is dense, for each T' < co. Certainly (4.5.17) holds on Or, provided
IAjl, [Ak] < T. From here we proceed as follows. Let

(4.5.26) S = {¢ € C®(R) : ¥(t) is rapidly decreasing as t — —oo},
and for ¢ € S set

(4.5.27) fuo:C®(SY) =R,  fu(v) =Tre(02 — bv).

We have:

Corollary 4.5.2. Given T € (0, 00),

(4.5.28) 0, € C((=T,T)) = {fo: fu}1 =0 on Or.
Hence

(4.5.29) 0, € C(R) = {fs fu}1 = 0.

Hence

(4.5.30) 0,10 €8 = {fp, fu}1=0.

Proof. The discussion above gives (4.5.28). Then (4.5.29) follows from the
denseness of Or in C*°(S'), and then (4.5.30) follows by another approxi-
mation argument, plus the fact that

(4.5.31) Spec(92 — bv) C (—o0, A(v)], A(v) = sup (—bv(z)).

xT
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From here it readily follows that, if we set

(4.5.32) Ey(v) = Tr el -bv),
then

(4.5.33) s,t> 0= {E, E} =0.
Then the analysis yielding (4.5.13) also gives
(4.5.34) {E2,Ep} =0, Y4k,

where E]b(v) = Ej(bv).
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4.6. The Gel’fand-Dickii approach

Here we discuss an approach taken in [20] (also pursued in [2], and in [49]
and [64]), involving the following algebra ¥ of “formal pseudodifferential
operators” on S'. An element of ¥ has the form
m
(4.6.1) P= Z pr(2)0F,
k=—oc0
where pp € C*®(S'), and m (the order of P) is an integer; we also say
P € U™, The symbol of P is
m
(4.6.2) p= Y prx)".
k=—o00
If also Q = 2j<n q; ()07, we define PQ € ¥™*™ in such a fashion that the
derivation identity holds:

(4.6.3) Of = fo+ fz.
This leads to the identity PQ = R, with symbol
1
(4.6.4) r=poq=7)_ 5 (0%p)(9q).
>0

For example, if m € N, ¢ = ¢q(x),
—m m+{—1 N
@os)  emoq= -0 (" T[T a0wen
>0

The algebra DO(S!) = U,,,>0 DO™(S?) of differential operators on S!, con-
sisting of elements of the form P =3 ;" , pr(x)0F, is a subalgebra of 0.

We mention that there is an algebra ¥*(S') of operators on D'(S*),
(4.6.6) v (S') c orPs* (s = | ors™(sh),

meZ

and a surjective homomorphism

(4.6.7) oS — U,
whose kernel consists of smoothing operators on D'(S!). See, e.g., Chapter

2 of [56]. However, this algebra of pseudodifferential operators will not be
used here, just the algebra W described above.

The algebra ¥ will be used to construct a sequence of differential oper-
ators

(4.6.8) P, € DO*+L(g1),
such that
(4.6.9) [Py, L] € DO%(SY), L =0°—w.
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Then the equations

oL
(4.6.10) i [Py, L]
are equivalent to various PDE for v. The case £k = 1 will be seen to be
(essentially) KdV. Furthermore, a construction involving the “residue” of
an element of ¥ (to be defined below) will produce an infinite sequence of

conservation laws, valid simultaneously for all of these PDEs.

The analysis begins with the construction of a “square root” of L, of the
form

(4.6.11) LY?2=90+Q, Qev '
The symbol ¢ of @ is uniquely determined, as follows. We want

E—v=(E+qo(l+q=8+Eoq+qol+qogq

(4.6.12) )
=8 +2¢€+q:+qoq.

Write
(4.6.13) g= qz)&.

i>1
We then have
(4.6.14) 21 = —v, 2q2 = —(9:q1),
and, for k > 3,
(4.6.15) 2qk = —(9uqr—1) — (¢ 0 Qr-1,

where (qoq)k—1 denotes the coefficient of £ —(k=1) in gogq, a coefficient which
is determined by {q1,...,qr—2}, via (4.6.4).

Having constructed L'/2, we set
(4.6.16) P, = (LF+1/2)
where in general for P € ¥ given by (4.6.1), with m > 0,

m

(4.6.17) Pp =Y pi(x)d"
k=0

To take one example, note that

1 1
14+1/2 _ (92 _ Y- N e S
L (0 —v) (8 21)8 + 411;,;8 + )

(4.6.18) . .

= -9 —v0 — 5(7)8 + 2v,) + 70 mod ¥~ 1,
ie.,
(4.6.19) PL= 0 — 30— Su,

2 4
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We next note that

(4.6.20) (P, L] = —[(L*1/2)_ L] = M € DOY(SY),
where, parallel to (4.6.17), for general P € ¥ as in (4.6.1), we set
(4.6.21) P.=P-P =) px)d"

k<—1

The first identity in (4.6.20) arises from the elementary identity
(4.6.22) [LF+Y2 1] = 0.

Clearly the left side of (4.6.20) belongs to DO(S!), while the right side
belongs to ¥°, so the commutator belongs to DOO(S 1), as asserted, i.e., it is
a multiplication operator, say multiplication by My(z). From the left side
of (4.6.20), we see that My(z) is a polynomial in v(x) and its derivatives,
of order < 2k + 1. Note that if we take b = 1 in (4.5.1) and a = —4/3 in
(4.5.2), then the computation (4.5.5) yields

1 1

(4.6.23) [Py, L] = M;(z) = 3V —  Vaae.

As advertised in (4.6.10), the kth PDE in the heirarchy produced by this
construction is defined by

oL

(4.6.24) 5 = Ps L, Pi= (LF1/2y
In view of the calculation (4.6.20), this becomes

ov
4.6.25 — = —M,

the right side involving v and its derivatives of order < 2k 4+ 1. For k = 1,

we have from (4.6.23) the equation
ov 1 1
(4.6.26) Eﬁ'::"ivvz'+'zvmxx~
This is a variant of the KdV equation (4.5.4). It can be converted to (4.5.4)
via a simple transformation.

The next result provides one of the keys for producing conserved quan-
tities by this method. We will present the proof of this result in §4.7.
Lemma 4.6.1. If L = 0> — v(t,x) solves (4.6.24), then, for each m € Z™,

0

(4.6.27) SR = (B L)

The mechanism given in [2] for producing conserved quantities involves
the residue of an element P € W, defined by

(4.6.28) Res P = p_1(z),
when P has the form (4.6.1). We will establish the following.



86 4. The Korteweg-deVries Equation

Proposition 4.6.2. If v =v(t,z) and L = 0> — v solves (4.6.24), then, for
each m € 27,

(4.6.29) /(Res L2y dg
S1

18 a conserved quantity.

Proof. The identity (4.6.27) implies that the t-derivative of (4.6.29) is equal

to
(4.6.30) / Res([Py, L™TY?)) da.
Sl
That this vanishes is a consequence of the following general result. ([

Lemma 4.6.3. Given A, B € ¥, we have

(4.6.31) /Res [A, B]dz = 0.
S1

Proof. One readily verifies that it suffices to establish this for

(4.6.32) A=ad*, B=b0"", k,m>0, k>m.
We have
=l ‘ '
(4.6.33) AB = < ,>ab(3) gk—m=i.
=0
and, using (4.6.5), we have
- (m47—1 . .
(4.6.34) BA = Z(_l)J < J >ba(J) gk—m—j_
j=0 J
It follows that
(4.6.35) Res [A, B] = <k N 1> [ab(kferl) + (_1)k7mba(k7m+l)]'
—-m

An integration by parts shows that the integral over S' of this quantity
vanishes, so we have (4.6.31). O

Note that Res L'/2 = —(1/2)v, so the case m = 0 of Proposition 4.6.2
asserts that [vdx is conserved for solutions to the KdV equation (4.6.26)
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(which is quite elementary) and all the other PDE of the form (4.6.25).
Looking at m = 1, we extend the calculation (4.6.18) a bit, to obtain
(4.6.36)

1 1 1
LiF2 = ((’9 - 51}8—1 + va8_2 + §(2v2 — V)0 4 ) (9% —v)
1 1 1
_ 93 1 1 g2 -1, ...
=0 2v8+ e + 8(21) Uz )0 +
1
—va—vz+iv25_1+---
3 3 1
3 2 -1
— - a3 — Uy —(4 % Tt
0 21}8 1Vt 8( V= V)0 +
Hence
1
(4.6.37) Res L'1T1/2 = §(402 — Vgz),
and hence
(4.6.38) /UQ dx
Sl

is conserved for solutions to KdV (as we have seen before) and the other
equations (4.6.25). Computing Res L"+Y/2 for m = 2,3 will yield other
conservation laws of the form (4.4.2), and higher values of m will yield still
more conservation laws, equivalent to those that arise via (4.5.13).
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4.7. A graded algebra of formal pseudodifferential operators

Here we set up another algebra, slightly different from the algebra ¥ used
in §4.6, and use it to prove Lemma 4.6.1. The treatment here is adapted
from [64].

Let B be the algebra with unit over R generated by {v(j) :j € Z7}, with
v® =9, and let § : B — B be the derivation satisfying dvl) = vU+D_ Let
Wy consist of symbols of the form

m

(4.7.1) p= Y m&, meB

k=—o00
We say such p belongs to 3. If also ¢ = Zkgn q:€® € UL, we define
poq€E \IIZ,H" by the formula (4.6.4), with 9, = 0.
We also define the following “gradings” on B and on ¥p. We set
(4.72)  degv¥ =42, degvV) ... 0Uk) = (i +2) 4+ + (i + 2),

and define B* to consist of sums of monomials of degree a, for a € Z*. We
also set deg& = 1, and define \If’g to consist of elements of the form (4.7.1)
with pp € B** (so pp # 0= a > k). We also set

(4.7.3) U =UgE Ny,
It is readily verified that

(4.7.4) peVS, qe Uy = poge ugt’
and more precisely,
(4.7.5) peVI® e U — pogewptnots,

One of the principal objects of our attention is
(4.7.6) L=¢4ve Ui

Compared with the formula for L in (4.6.9), we are here sticking to the
“symbol” notation (using £ instead of 0), and we have made a (harmless)
change in sign in v. Computations as in (4.6.11)—(4.6.15) yield

1 1
(4.7.7) LV?—¢4 §v§‘1 + Zv(l)g‘Q e by
More generally,
k,k
(4.7.8) LF? e wit,

for k € ZT. In fact, as is easily verified, (4.7.8) holds for all k € Z, positive
or negative.

We denote by Z(L) the set of elements of Ui that commute with L.
The following characterization of Z(L) will be very useful.
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Lemma 4.7.1. Given P € Z(L), there exist integers mi > mg > -+ and
a; € R such that

(479) P = alel/z + QZLm2/2 4.

Proof. Say P € U} has the form (4.7.1), with p,, # 0. Thus [P, L] € ¥}

has the property

P L]=Pe—¢opP mod U
(4.7.10) L ) b
= 2(Opm )€™ mod Vg,

so if [L, P] = 0 then necessarily 9p,, = 0, s0 p,,, € B, i.e., py, is a constant.
So set m; = m, a1 = pm,, and we have

(4.7.11) Po=P—a;L™/? € U%2 my<my, [PsL]=0.

An inductive argument yields (4.7.9). O

Given P € Z(L), we set
(4.7.12) Opv = coefficient of ¢ in [Py, L],
where, as usual, if P has the form (4.7.1),
m
(4.7.13) P => ppé.
k=0
Having (4.7.12), we then define dp : B — B in such a fashion that it is a
derivation, commuting with 0. That is, we set
(4.7.14) opvl?) = &% (dpv),
and then define dp on vV ... vUk) to act as a derivation. We then define
(4.7.15) 8]3 : \I/B — \I/B
to act componentwise, so

Op(qr€*) = (Opar)€®, ax € B.

It readily follows that Jp is a derivation on Vg, i.e.,
(4.7.16) Ip(Q10Q2) = (0pQ1) 0 Q2+ Q10 (0pQ2), YV Q; € ¥Up.

The following is an elementary precursor to the main result of this sec-
tion.

Lemma 4.7.2. Given P € Z(L), Py as in (4.7.13),
(4.7.17) dpL = [Py, ).
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Proof. It is clear from the definitions that the left side of (4.7.17) is equal
to Opv. As for the right side of (4.7.17), we have, with notations parallel to
(4.6.8)-(4.6.9),

(4.7.18) P, € DO}, L € DO = [P;, L] € DOZH,

while

(4.7.19) P_.=P-P, €V, = [P, L] = —[P_, L] € ¥},

hence [P,L] € DO%. Hence the definition (4.7.12) yields the identity
(4.7.17). O

The following extension of Lemma 4.7.2 is the central result of this sec-
tion. The case P = LFY/2 @ = L"™+1/2 implies Lemma 4.6.1.

Proposition 4.7.3. Given P,Q € Z(L), we have

(4.7.20) opQ =[P4, Q].

Proof. It suffices to treat the cases where P and ) are homogeneous, i.e.,
(4.7.21) Pevwy, Qevy.

Lemma 4.7.1 then implies that

(4.7.22) P=al™?c U™, Q=0bL"?c U™

We can assume m > 0. Applying the derivation dp to the identity [@Q, L] = 0,
we obtain

(4.7.23) [0pQ, L]+ [Q,0pL] = 0.

Now (4.7.17) gives

(4.7.24) Q.00L] = (@, [Py, T = [[Q, P11, L],
so we have [0pQ — [P+, Q],L] =0, i.e.,

(4.7.25) opQ — [Py, Q] € Z(L).

Now from (4.7.22) plus the fact that the coefficient of £ in @ is constant,
it follows that

(4.7.26) opQ € \Ijg—l,ner’

and meanwhile

(4.7.27) [Py, Q] = —[P_,Q] € U2 AWt = yli-2ntm,
Hence

(4.7.28) 0pQ — [Py, Q] € \Ijg—l,n-f'm.

However, given m > 0, it follows from Lemma 4.7.1 that an element of Z(L)
satisfying (4.7.28) must vanish. This proves Proposition 4.7.3. U
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To obtain Lemma 4.6.1 from this result, note that (with our current
sign convention), by (4.7.17) the equation 9,L = [P, L] is equivalent to
0w = Opv. Now if w € B* is a polynomial in v and its derivatives (z-
derivatives, that is), the construction of Jp is just such that we obtain
v = Opv = dyw = dpw. Hence, for Q = L™TY2 we obtain 9,Q = 9pQ.

Regarding the conserved quantities produced in §4.6, as a consequence
of Lemma 4.6.1, note that

(4.7.29) P € U5 = Res P € B*'!,
so in particular, for m € ZT,
(4.7.30) Res L1/2 ¢ g?m+2,

By way of comparison, note that the integrands of E;(v) in (4.4.2) belong to
B2i+4 We can also see from (4.B.13)—(4.B.14) that the conserved quantities
Ej(bv) in (4.5.13) have integrands in B2*+4 since

(4.7.31) by € BM2,
We define the space of conserved densities:
(4.7.32) Ck={feB:0pfcRanged,VP e Z(L)}/OB* L.
It seems likely that, for each m € Z™T,
(4.7.33) dim C*™t2 =1,

and that C?™*2 is spanned by Res L""1/2 and also that it is spanned by
bam. A somewhat related issue is discussed in [65] and in [16].
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4.A. Local existence of solutions to generalized KdV
equations

Here we establish short-time existence of unique solutions to nonlinear evo-
lution equations of the form

(4.A.1) 0w = Lv + g(v)vg, v(0,2) = u(x),

where g € C*°(R) and L is a constant-coefficient, skew-adjoint differential
operator, e.g., L = 02. We take x € S!, though higher-dimensional cases
can be similarly treated. Our technique is adapted from a treatment of
quasi-linear hyperbolic equations, as presented in Chapter 5 of [57] and in
Chapter 16 of [58].

To begin, we let {J. : 0 < & < 1} be a Friedrichs mollifier, and consider
the evolution equations

(4.A.2) Owe = JeLJove + Jog(ve) Jo0pve,  ve(0,2) = Jou(z).

For each € > 0, this is a Banach space ODE, whose local solvability follows
by standard contraction mapping principle arguments. In order to show
that solutions v. exist on an interval independent of ¢ and that there is a
limit v solving (4.A.1), we need estimates, which are obtained as follows.
We have

(4A3) %(aﬁva, OFvo) 2 = 2(08,v., 0%, 2

= 2(0%g(ve) J.0pv2, J.ORV) 2.

The term containing L disappears since L is skew-adjoint and commutes
with 0%. To proceed, we establish the following.

Lemma 4.A.1. We have
‘(3139(0)89510,8];10)3‘

(4.A.4) ,
< Cllwlzellg@)ller + Cllg() [ grllwll o [Jw]l gre-

Proof. Write the inner product on the left as

(4.A.5) ([0%, g(0))0pw, OFw) 2 + (g(v)Dpwi, wi) 12, Wi = Orw.
To estimate the first term in (4.A.5), we we use the Moser estimate:
(4.A.6) 05, 9(0)]0swl 2 < Cllg(o) et [wll g + Cllg(w)ll w10zl L=

cf. (3.6.1) of [57], or (3.22) in Chapter 13 of [58]. To treat the second term
in (4.A.5), note that

(4.A.7) 2(g(v)Opwi, wy) 2 = _(gl(v)vz W, W) 1.2,

which is bounded in absolute value by ||¢’(v)v,|| L ||wk‘|%2 Since ||¢' (v)vs ]|
< |lg(v)]|c1, we have (4.A.4). O
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Returning to (4.A.3), we have
(4.A.8)

d
—N5vel7a < Cllgwe)llen 1 JevellZp + CllJevellen llg(ve)ll 1 Teve | e
Another Moser-type estimate applies:

(4.A.9) lg) Il < C(llvllzoe) (1 + lJollge);
cf. (3.1.20) of [57], or (3.30) in Chapter 13 of [58]. Hence we obtain

(4.A.10) vellZe < C(llvellen) (1 4+ [Jvel Fe)-

d

7
Now |[v|c1 < C||v]| g2 for functions on St (more generally, ||v]|c1 < C||v]| g
for k > n/2+ 1, for functions on a compact n-dimensional manifold). Hence
(4.A.10) yields

d

allvallﬁk < @ ([loe e )

for solutions to (4.A.2), as long as k > 2. Then Gronwall’s inequality yields
an estimate

(4.A.12) e (Ol e < U (llull ), [t < T =T(w),

for solutions to (4.A.2). These estimates are independent of e, and they
imply solvability of (4.A.2) on an interval independent of €, as well as such
estimates on this interval. Then we have

| Opve | gre-s < Cf|Lvel| gre-s + C|g(ve ) On Jeve || grr—s
< Cllvell e + C(l[vellzoe ) (1 + llvell ) llvell gre

(4.A.11)

(4.A.13)

(if say L = 02), assuming k > 2. Consequently, if the initial data u belongs
to H*(S'), we deduce the existence of a subsequence v., converging to

(4.A.14) ve L®(I, H*(SY)) N Lip(I, H*3(S1)),

with convergence in the weak™ topology in these function spaces, and hence
in the strong topology in C(I, H*=9(S")), for example. It follows that such
a limit satisfies (4.A.1), so we have a local existence result.

To treat uniqueness, suppose that w satisfies the conditions of (4.A.14)
and also solves (4.A.1). Then
(4.A.15)

%HU — wH%Q = 2(vy — Wy, v — W) 2
= 2(9(”)7}1‘ - g(w)wm v — w)L2
=2((9(v) = g(w))vg, v —w)r2 + (9(w)(va — wz),v — W) 2.
We have
(4.A.16)  ((9(v) — g(w))ve,v —w) 2 < K(|[v]lcr + [Jw]zeo)l[v — |75,
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and
g ()0 (v — ), v — W)z = (g(w)a (v — w), v — w)ys
A.
(4.4.17) < lg(w)llen o — w]2a,
hence

d
(4.A.18)  —llv— wliz < |Klvllor + Klwllze + lg(w)llor| o = wl7.

Under the hypothesis that v and w satisfy (4.A.14), we can estimate ||v||c1,
|lw||re, and |g(w)|c1, and then apply Gronwall’s inequality to deduce
uniqueness.

We next show that if u € H¥(S'), with k& > 2, then for the solution v(t)
to (4.A.1) we have a bound on |[v(t)]| g+ as long as ||v(t)||c1 is bounded. This
result together with the local existence result established above will enable
us to obtain the global existence result for KAV in §4.4, as a consequence of
conservation laws derived in §§4.2-4.3.

Estimates to establish this persistence result are variants of those used
in (4.A.3)-(4.A.10). We assume v solves (4.A.1), with v € H*(S'), and
start with

d

Ak k _ k k:
(4.A.19) (080, 08 Jev) 12 = 2000, 0L Jev) 2

= 2(9%J.g(v) v, O J.v) 2.

We write this last term as

(4.A.20) 2(g(v)8, 0% Jov, O J.v) 12 4+ 2([0F T2, g(v))Opv, OE Jov) f2.
The first term in (4.A.20) is
(4.A.21) = (9'(v)ve 05 Jev, 9 Jev) < ||/ (v) vzl o010 o] 7

As for the second term in (4.A.20), we have a Moser-type estimate similar
to (4.A.6):

(4.4.22) 103, g(v)]0zwl 2 < Cllg(v)llenllw] g + Cllg(v)ll e | 0wl e,
which also follows from (3.6.1) of [57]. Thus the second term in (4.A.20) is
(4.4.23) < Clg()llorlloll |0 Tevll 12 + Cllg(o)l gxllvllor |0 Tev]| 2.
We deduce that

d
(4.4.24) — 07 Jvllzz < Cllg@)lenllvllz + C(lollen) 1ol (1 + [Vl ),
and hence

(4.A.25) [ Jevll e < Ca(llvllon) (1 + [lollZe)-

4
dt
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Integration yields

(4.A.26) ([T < [[Jeullfp +/0 Ca(llo(s)llen) (1 + llu(s)lF) ds,

and letting € — 0 gives

4.A.2T) @7 < llull +/0 Ca(llv(s)ller) (1 + [lv(s) ) ds.

As long as we have a bound on |[v(s)||c1, a Gronwall argument applied to
(4.A.27) gives an estimate on ||v(t)| g+, which establishes our persistence
result.

We summarize the results established here.

Proposition 4.A.2. Given k > 2 and initial data uw € H*(S'), the equation
(A.1) has a unique solution

(4.A.28) ve C(I, H*(SY),

for some open interval I about t = 0. The solution persists as long as
lv(t)||cr does not blow up.

At this point we have proven everything stated in this proposition except
(4.A.28); what we have at this point is (4.A.14), which implies that v(¢) is a
continuous function of ¢t € I with values in H¥(S'), with the weak* topology.
To conclude that it is continuous when H¥(S') has the strong topology,
it suffices to show that the function ¢ — ||v(¢)||g+ is continuous. To see
this, note that a time-reversal argument allows us to bound the absolute
value of the left side of (4.A.25). This implies that N.(t) = ||Jev(t)||5, is
Lipschitz continuous in ¢, uniformly in e. Since J.v(t) — v(t) in H*-norm
for each ¢ € I, it follows that [[u(t)]|3,, = No(t) = lim._, Ne(t) has the same
Lipschitz continuity. The proof is complete.

REMARK. Proposition 4.A.2 can be extended, to allow k£ to be any real
number satisfying k > 3/2. In fact, the only technical points involve treating
(4.A.6) and (4.A.22) for nonintegral k, and in such cases (3.6.1) of [57] (then
called a Kato-Ponce estimate), still applies.

A comparable result was obtained in [25], using different techniques. A
stronger result, valid for somewhat rougher initial data, is obtained in [26].
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4.B. Trace asymptotics of /(@ ~V)

Here we derive results on the asymptotic behavior (as ¢ N\, 0) of the trace
t(8%+v), acting on functions on S'. There results are applied in §5 to
produce conservation laws for solutions to KdV.

of e

We begin with an accurate approximate solution to
(4.B.1) U = Ugy — Vu, u(0,2) = f(x),

with the following Fourier integral representation:

u(t, ) = / alt,z, € f () de

— o [ [ altw 0% () dy .

The natural setting for (4.B.2) is z € R, but the standard method of images
allows one to pass to the case x € S'. Using 02(f9) = foeg + 229z + f Gz,
we see that

(4.B.3) % (ae™) = (—€2a + 2ifay + azy)e’™.
Hence, if u(t, ) has the form (4.B.2),

(4B.2)

(4B.4) O — 0%u+Vu= / (ar + £2a — 2ifay — age + Va)e™S f(€) dE.
Thus we want a(t, x, £) to satisfy, in an appropriate sense (to be specified

below),

(4.B.5) dra ~ —&%a + 2i€dpa + (82 — V)a.

The way we achieve this is to set

(4.B.6) an~ Y ap(t,z,8),

k>0
and require
0, ap = _§2a07 ao vaag = 17
(4.B.7) ' , , (9,2,8)
Orar = =& ay + 2i§0,a0, a1(0,,§) =0,
and, for k > 2,

(4.B.8)  Oiap = —E2ap + 2idpap_1 + (02 — V)ap_2, ax(0,2,€) = 0.
Note that (4.B.7) yields
(4B.9) ao(t,z,&) = e, ai(y,x,€) =0.

It is convenient to set

(4.B.10) ag(t, ,6) = by(t, x,§)e ™
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Then we have

(4.B.11) bo=1, b =0,

and, for k > 2,

(4.B.12) Oby = 2i€0,bp_1 + (02 — V)bg_a, br(0,2,€) =0,
ie.,

t t
(4.B.13) by(t,z,&) = 22’5/0 Opbi—1(s,2,&)ds —I—/O (02 —V)bp_a(s,2,€) ds.

Here are a few more explicit formulas:

by = —tV,
b3 - —i‘ftzaxv7
2 t?
(4.B.14) b= SEPRV — (02 — V),

1 1
bs = §¢§3t4a§’;v - §¢5t3<za§v —Va,V).
An induction demonstrates that, for £ > 2,
(4.B.15) bi(t,x,€) = "2 By(x,1'/2¢),

where By (z, () is a polynomial in ¢, of degree k — 2, which is even in  if k
is even and odd in ¢ if k is odd. The coefficients of these polynomials are
smooth functions of z, in fact polynomials in V(z) and its derivatives. We
will comment more on this a little later on.

From (4.B.15) we can deduce such estimates as

2

ag(t,x,&)| < Cpth/? e~
(4.B.16) lax (8>, €) ,
<G+ ) e em

Similar estimates hold for x and ¢ derivatives of ay(t,x,&). We can use these
estimates to see how well

(4.B.17) En(t)f(z) = /AN(tywaf)e”gf(ﬁ) d, Av=Y q

J<N

approximates ¢/%tV) f(z). Note that, by a calculation similar to (4.B.4),
(4.B.18)

(@ = 2+ VIEN(D (@) = [ Rult:n,eF(©) de = Ry ()1 (2),
RN<t,$,§) = 2@'{(996@]\/ + (83 — V)(CLN—l + GN).
Hence, by DuHamel’s principle,

(4B.19)  Ex()f(z) =@V f(2) + / t =) O2=V) Ry () f () ds,
0
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and estimates on Ry (t,x,£) from (B.16) give a sense in which e
En(t).
This allows us to justify the following trace result:

(4.B.20) Tre@-V) ~ o Z//ak (t,x,&) dé dx.

k>0

The other ingredient used here is that, if

Kf(x) = / Kz, €)e € f(€) de

(4.B.21) ‘

— o [ [ KO )y,
then
(4.B.22) TrK = ;ﬂ//k(:r,.f) dé dx.

To analyze the individual terms in (4.B.20), write

//aktmgdgdx—//bktxé —€* ¢ da

(4.B.23) = th/2 / / , t12¢)e ™ d¢ du

¢(k=1)/2 // Bz, e <" d¢ da.

If k£ is odd the integrand is an odd function of ¢, and hence the integral
vanishes, so the nonzero contributions come only from even k.

In summary, we have

(4.B.24) Tre!@ V)~ N 42k By
k>0
with
(4.B.25) By, = /bk(l‘) dz,
Sl
and
1 [ _
(4.B.26) Bylw) = - / Bi(z, (e de,

where By(z,() are given as in (4.B.15). Note also that

> 1
(4.B.27) / e~ ac :/ e St ds = r(u 7).
0 2
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Given the inductive procedure (4.B.12) for constructing by (¢, x, &), we
can say that By(x) has the following form:

(4.B.28) Biya(z) = BrOyV + Q(A1V),

where Q is a sum of monomials involving (82! V) - - - (82 V') with ji4- - -4j, <
k — 2. Note that, by (4.B.13),

t

(4.B.29) /bk(t,x,g) dx = // Vbg—a(s,,€) dsdz.
S1 St 0

Via an analogue of (4.B.28) for By(x) and an integration by parts, we have,

for k > 1,

(4.B.30) Burs = [ [an(0™ V)P + Qu(odV)] da.
Sl

where Qy, is a sum of monomials involving (9 V) - - (82°V), with j; +-- -+
Jv < 2k — 4, and each j, < k — 2. Furthermore, it can be shown that each
ay, # 0.






Chapter 5

The Camassa-Holm
Equation

The Camassa-Holm equation was derived in §1.5 of Chapter I as the equation
for geodesic flow on the diffeomorphism group of the circle S*, whose Lie
algebra Vect(S') ~ C*(S') is equipped with the square H'-norm. We
study the equation further here. In §5.1 we note its Hamiltonian form on
the dual of this Lie algebra, with the natural Lie-Poisson structure. In fact,
this equation has a bi-Hamiltonian structure, but the second member of
the Poisson pair does not arise as a frozen Poisson structure on the dual
of Vect(S'). Rather, one needs to go to the Virasoro algebra to see the
appropriate Poisson pair arise in this fashion.

In §5.2 we use this bi-Hamiltonian structure and the Lenard scheme to
produce a string of conserved quantities. The nature of these conserved
quantities is different from those that arise for KdV. An interesting one is

[ Vit da,

where w = v — vz,. One implication of this conservation law is that if
w(0,x) > 0, and v solves CH for ¢ in an interval I about 0, then w(t,z) > 0
for ¢ € I. One says the solution has positive momentum density. In §5.3
we produce an isospectral family of self-adjoint operators associated to a
solution to CH, a related string of conservation laws, and another perspective
on this positivity-preserving result.

In §5.4 we discuss global existence of solutions to CH with positive mo-
mentum density. Our treatment follows [CoE], but is more streamlined,

101
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partly because we have available cleaner local existence results, discussed in
Appendix 5.A.

In more general cases, singularities can develop in the CH equations.
We discuss some simple examples in §5.5; more general examples can be
found in [6] and [10]. Section 5.6 gives a brief description of some of the
results on global weak solutions to CH, due to [66] and [37]. Section 5.7
briefly discusses a family of Lipschitz solutions to CH, known as peakons
and multi-peakons, whose central importance was first pointed out in [6].
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5.1. CH as a bi-Hamiltonian system

In §1.5 of Chapter I the Camassa-Holm equation was produced in the fol-
lowing form:

(5.1.1) Avy +v(Av), + 20, (Av) =0,
for v € Vect(S?) ~ C*°(S!), with
(5.1.2) A=1-02

By the approach taken there, this gives a curve in Vect(S') describing a
geodesic flow on Diff(S1), when the inner product on Vect(S!) ~ C*°(S1)
is given by
(5.1.3) B(u,v) = /(uv +u'v') da.

g1

Let us recast this in Hamiltonian form on Vect* ~ C>°(S!), with the
Lie-Poisson structure, defined by

(5.1.4) H} (w) = — ad*(dfo(w))w.
Recall from Chapter I that
(5.1.5) ad*(v)w = Li,w = —uwy, — 2uzw.
Now we take
(5.1.6) folw) = —% /wA_lw dx,

1
Slo)
(5.1.7) dfo(w) = —Atw,
and the evolution equation dyw = HJQD (w) becomes
(5.1.8) ow = L w = — (A w)w, — 2(A  w, )w.
This is equivalent to (5.1.1), with
(5.1.9) w = Av.

Note that it is natural to regard

(5.1.10) A : Vect — Vect™,

as indeed it arises from the inner product (5.1.3). The quantity w defined
by (5.1.9) is called the momentum density.

There is a second Poisson structure on C*°(S') with respect to which
the CH equation is Hamiltonian, and which together with (5.1.4) forms a
Poisson pair. However, it does not arise as a frozen Poisson structure on
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Vect*. To relate this Poisson pair to a Lie-Poisson structure plus a frozen
Poisson structure, we go to the Virasoro algebra

(5.1.11) Vir = Vect(S1) @ R ~ C*(S!) @ R,

as described in §1.9 of Chapter I, and in §4.1 of Chapter IV. As derived in
(4.1.8) of Chapter IV, we have

(5.1.12) ad* (u, a)(w, c¢) = (ad* (u)w — ck(u),0),
for (u,a) € Vir, (w,c) € Vir*, with ad*(uv)w as in (5.1.5) and
(5.1.13) K(u) = —03u.

As in §4.1 of Chapter IV, we have the Lie-Poisson structure on Vir* defined
by

(5.1.14) H%O (w,¢) = —(ad* (dwFo(w, ¢))w — cr(dwFo(w,c)),0).

Then the evolution equation (wy,c;) = H%O (w,c) gives ¢, = 0, i.e., ¢ = ¢,
and then

(5.1.15) Ow = — ad™(dy Fo(w, cp)) — cok(dy Fo(w, cp)).
If
(5.1.16) Fo(w,c) = fo(w) = —% /wAlw dx,

S1

then we obtain

(5.1.17) ow = —(A w)w, — 2(A  w)w — g ZA  w,
and hence, for v = A~'w we obtain

(5.1.18) Avy + v(Av)y + 20, (Av) = —codv,

which for ¢ = 0 is (5.1.1).

The second Poisson structure on Vir* we use here is the following frozen
Poisson structure:

H}pl(w, c) = —ad” (dF1 (w, c))(%, -1)

= (=3 ad*(dwFi(w, )1 + K(dywFi(w,¢)),0).
With V' = dy, Fi(w, ¢), we have ad* (V)1 = —20,V, so
(5.1.20)  Hp (w,c) = (0,V — 92V,0) = (0, AV,0), V =dy,Fi(w,c).

(5.1.19)

Now we set

(5.1.21) Fi(w,c) = fi(w) = 7% /(v3 +ovd)de, v=A"lw.
St
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We have
(5.1.22)

dywF1(w, c) = dfi(w) = —%A_l[3(A_1w)2—|—(A_1wx)2—20x((A_lw)(A_lwx))].

The evolution equation (wy,ct) = H}ﬁ (w, ¢) again gives ¢ = ¢p, and then

1
(5.1.23) Ow = —5896 [31}2 + 02 — 205 (vvg)], v= A w,
or
(5.1.24) (1-— 82)% = — 30Uy + 2V + VVpsas

which is equivalent to (5.1.1); cf. (1.5.8) of Chapter I.

Note that H% and H}; are always tangent to each space ¢ = const. in
Vir*. Thus we have a Poisson pair on such subspaces, which are linearly
isomorphic to C®°(S1). The case ¢y gives us a Poisson pair on C*°(S1) and
the bi-Hamiltonian structure of CH. As the calculations above show, the
two Poisson structures are

(5.1.25) ; ,
H} (w) =DV = (8, — B,

where V; = df;(w).
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5.2. Conservation laws

It follows from the computations of §5.1 that the quantities

fotw) = =5 [watwde =3 [+ e2)ds

2
1 1
(5.2.1) 15 s
fi(w) = ) /(v3 + vv?) dz,
Sl
with v = A~ lw, are constant, independent of ¢, for sufficiently smooth

solutions of the CH equation (5.1.1), and they realize this equation as a
bi-Hamiltonian system w; = HJQO (w) = H}l (w), with
HY(w) = Edf (w),  Hj(w) = Ddf (w),

(5.2.2) \
EV = (2wiy + wy)V, DV = (0, — 03)V.

Somewhat in parallel with the calculations in §4.3 of Chapter IV, we
will be able to implement the Lenard scheme (described abstractly in §2.6
of Chapter II) to produce further conservation laws, by solving inductively

(5.23) EV; =DVi1, V; = dfj(w).
So far we have
(5.2.4) Vo=—-A"1w, V= —%A*l (30 + 02 — 20, (vvg)].
This time, we go “backwards,” and solve for V_y:
(5.2.5) EV_1 =DV = -0, AA'w = —wy,,
obtaining
(5.2.6) Vo =-1,
and giving
(5.2.7) fo1(w) = —/wda:
s

as a conserved quantity. The conservation of this quantity is of course also
immediate from (5.1.23). Note also that

(5.2.8) /wd:c = /(v — Ugg) dv = /vdx,

St St St
the conservation of which is also immediate from the following variant of
(5.1.1):

(5.2.9) v + Oy (%vz + A1 <v2 + %v%)) =0;
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cf. (1.5.9) of Chapter I.

Next we solve for V_s:

(5.2.10) EV.o=DV_, =0.

Of course V_y = 0 would solve (5.2.10), but a more interesting solution is
(5.2.11) Voo =w /2,

giving

(5.2.12) fo2(w) = Q/ﬁdx
Sl

as a conserved quantity.

Since f_o is apparently not smooth at functions w that vanish somewhere
on S! (and perhaps change sign), one might perhaps wonder about the
validity of (5.2.12) as a conserved quantity. In fact, we have the following
result, established in [10]. Set w4 = w on E(t) = {z : w(t,z) > 0}, 0 on the
complement, and set w_ = —w on {z : w(t,z) <0}, 0 on the complement.

Proposition 5.2.1. Given v € C(I, H3(SY)), solving (5.1.1), the quantities
(5.2.13) /\/w+(t,x) dz, /\/w_(t,x) dx,

St St
are independent of t € 1.

Proof. We have, for € > 0,

1
(5.2.14) % \/€—|—w+dl':2/

St E(t)

we

N dx.

The equation (5.1.1) implies
(5.2.15) Wy = —VWy — 20,W,
so the right side of (5.2.14) is
WU 1 WV
— [ e [ 2
VE + w4 2 VE + w4
E(t) E(t)
(5.2.16)

1
:_/\/5+w+vmdx+5 dea:—z/wmvdx.
E(t) E(t) E(t)
Now integration by parts yields

(5.2.17) /Mvzdx:—;/

E(t) E(t)
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where J runs over all the intervals J, = (a,,b,) into which the interior of
E(t) decomposes, and [f]; = f(by) — f(ay). Thus

‘Zv e+ wy| )—f‘z ) —v(ay)) <f/|vxdw

Hence, if 0,¢t € I, we have

/\/5+w+ (t,z)dr = /\/5+w+ (0,x) dx

(5.2.18) %
V.
+€/ /zxwzodl’dt-i-O(\/g).
0 FA VE+wy
Since
(5.2.19) < e

\/€+w+

we have upon taking ¢ — 0 the result

(5.2.20) /\/er(t,x) dz :/\/w+(0,m) dz,
St St
which handles the first term in (5.2.13). The other term is treated similarly.
O

REMARK. A more natural regularity hypothesis to make on v in Proposition
9.2.11is
(5.2.21) v e C(I, H*(SY)).

In fact, the extension of Proposition 5.2.1 to this case can be accomplished
by an approximation argument. We omit the details. (We might provide
them in a more polished version of these notes.)

One corollary of Lemma 5.3.1 (established below) is that if v € C(I, C3(S!))
solves (5.1.1) and wo = (1—02)v(0,x) > 0, then w = (1—-902)v > 0on I x S*.
This observation will play an important role in §5.4.

One can continue applying the Lenard scheme, producing further con-
servation laws. The next one is

(5.2.22) fos(w) = /(iw w? — 2w_1/2) dx.
S1
Another method of producing conserved quantities will be discussed in §5.3.
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5.3. Related isospectral family

Here we look at the operator S : L2(S') — L?(S1), defined by

(5.3.1) S=K'M,K,
where
(5'3'2) K = (% - af”)il’ K* = (% + 637)71a wa = ’U)f.

We show that if w = Av and v = v(t) evolves via the CH-equation (5.1.1),
then the spectrum of S = S(t) is invariant. Our treatment is adapted from
[37].

Note that K : L?(S') — H'(S'), and

(5.3.3) we HYSY = M, : H'(S') - H~1(S1),
(5.3.4) we HH(SY) = §: L*(S) — L?(SY).

Note also that S is self-adjoint (we are taking w to be real valued). We
claim that S is actually Hilbert-Schmidt. In fact S? is a bounded, positive
semi-definite operator, and we have

(5.3.5) TrS? = Tr K*M,KK*M,K = Tr T?, label5.3.5
where

1 -1
(5.3.6) T=RM,, R=KK"= (7 - aﬁ) .

4

We can write
(5.3.7) Rf(@)= [ rla =)0 d.
Sl

Then

TrS? = TrT2 = / / r(z — 2)w(2)r(z — 2)w(z) do dz
= // r(z — 2)%w(z)w(z) dz dz,

since r(z) = r(—=z). Furthermore, if we consider

(639)  Af(r)=(1- 02 f(x) = / k(z — ) f(y) dy.

Sl

(5.3.8)

the fact that (z) is a linear combination of e*/2 and e~%/2 on (0, L) while
k(x) is a linear combination of e and e~ on (0, L), and both functions are
invariant under x — L — x, allows us to deduce that

(5.3.10) r(z)? = ak(x) + 3,
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for some constants « and § (whose computation we leave to the reader). We
obtain

Tr §% = a(A \w, w) + 5</wdm>2
(5:3.11) = a/(v2 +v2)dx +ﬁ</vdaz>2.

St St
Note that the terms on the right side of (5.3.11) are among the conserved
quantities identified in §5.2.

We deduce that S is a compact, self-adjoint operator, so L?(S') has
an orthonormal basis {F}} of eigenfunctions of S, with eigenvalue A;. The
following result can be compared with Lemma 4.5.1 of Chapter IV.

Lemma 5.3.1. We have, for each j, k,
(5.3.12) {Xj, Aeto =0,
where {f,g}o = H?g is the first Poisson structure described in (5.1.25).

Proof. With \; = \j(w), a computation gives

(5.3.13) drj(w) = f}, fj=KFj,
and
1
(5.3.14) EfE = (2w0y +wa) ff = SMk(00 — ) F7.
Then

1 1
/\*k{)‘jﬂk}o =3 /ff(@x — ) ff da
(5.3.15) = —;/fg(am — 03)f} da

1
== _7{)\k7 A A}Ov
Aj J
which gives (5.3.12) whenever \; # \j. O

This result suffers from the same limitations as Lemma 4.5.1 of Chapter
IV, due to the possibility of eigenvalues coalescing. (Actually, in the setting
of [37], with S! replaced by R, it is the case that S always has simple
spectrum, but in the current setting this need not hold.) A variant of the
remedy used there is also effective here. Namely, set

(5.3.16) F={y € C®°(R) : ¢(s) = 0 near s = 0},
and set

(5.3.17) fo(w) = Trp(K* My K).
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Then we have

(5.3.18) 0, € F= {fo, fp}o=0.
Then a limiting argument gives

(5.3.19) {r,fo}o=0, VYpeF,
where

(5.3.20) 7(w) = Tr 8% = Tr(K* M, K)>.

By (5.3.11) we have
(5.3.21) T(w) = —2afo(w) + Bf_1(w)?,
where fo(w) is given by (5.2.1) and f_i(w) by (5.2.7). Note that, since
df —1(w) = —1,
(5.3.22) {f-1, \}0 = —%)\k /(az — ) fEdx=0.

1

Hence from (5.3.19) and (5.3.21) we deduce
(5.3.23) {fo, fo}o=0, V¢eF,
or, loosely stated,
(5.3.24) {fo,\j}o=0, V.

Thus the quantities A; are all constants of motion for a solution to the CH
equation, i.e., S = K*M,, K is isospectral.

REMARK. Note that
2
(5.3.25) (Sf,f)rz = /(Kf(a;)) w(z) dz.
Sl
In particular,
(5.3.26) S>0+=w>0 on S’

Thus the fact that S is isospectral, when w(t) = (1 —02)v(t) and v(t) solves
CH, implies that

(5.3.27) wp > 0= w(t) >0,

by a different method than that used in §5.2 (the conservation of (5.2.13))
to reach such a conclusion.
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5.4. Global existence of solutions with positive momentum
density

In this section we establish some results on global solutions to the initial
value problem

(5.4.1) Avp + v(Av), 4 20, (Av) =0, v(0,2) = vo(x),
under the hypothesis that vy satisfies the condition
(5.4.2) wo(z) = (1 — 0*)vo(z) >0 on S

We start with the following result of [10].

Proposition 5.4.1. Assume vg € H*(S'), k > 2, and that (4.2) holds.
Then the equation (5.4.1) has a unique global solution

(5.4.3) ve CR, H*(SY)) N CHR, HF1(SY)).

Proof. From Proposition 5.A.1 we have a solution v of the type (5.4.3)
on some interval I about ¢ = 0, and we can guarantee I = R if we can
show that ||v(t)|[c1 does not blow up. This follows from conservation laws
established in §5.2. In particular the conservation of [ VW= dx shows that
if (5.4.2) holds then w(t,z) = (1 — 82)v(t,x) > 0 for all t € I. We also have
conservation of

(5.4.4) /v(t,:r) dx = /[U(t, x) — O%u(t, )] dx.
St St
But if the integrand on the right is > 0, this yields
(5.4.5) (L = 82)o(®) ]| L1(sr) < K,
which immediately implies
(5.4.6) H’U(t)Hcl(Sl) S KQ,
and proves the proposition. O

The following result on more singular global solutions was also estab-
lished in [10].

Proposition 5.4.2. Assume (1 — 02)vg is a positive measure on S*. Then
(5.4.1) has a global solution, satisfying, for all 6 > 0,

(5.4.7) ve C(R, H3?79(SY)) N Lip(R x S).

Proof. Using a mollifier on S', we can take vg ) € C°(S?) such that
(5.4.8) wor = (1—0Hvor >0, |worl <K,

and

(5.4.9) vor —vo in HY?7O(SY), V4 >o0.
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We also have convergence in various other function spaces, which we need
not specify here. By Proposition 4.1 there is a unique v, € C®°(R x S1),
satisfying

(5.4.10)  Adyy, + vi(Avk)z + 2(0zvk) (Avg) =0, (0, ) = v (),
or equivalently
—1 2 1 2
(5.4.11) oy, + vpdyvy, + A1, (vk + 5(0v1) ) =0, vp(0,2) = vou(a).

We have

(5.4.12) (1 — 0% vg(t,x) >0, VYt

and

(5.4.13) /(1 — P)op(t, x) dx = /woyk(x) dz,
st 51

for all t € R. Hence

(5.4.14) (1 —Bi)vk(t)HLl(Sl) <K <00, so [lug(t)]lcrsty < K' < oo,
Furthermore, by the Sobolev imbedding theorem, the first result in (5.4.14)
implies that

(5.4.15) ||Uk(t)||H3/275(51) < Ks<oo, Voi>0.

Thus we have {v;,} uniformly bounded in L>®(R, H3/2=9(S1)), for each & >
0. Also, since {9,v;} is bounded in L>®(R x S!), we have (by (5.4.11))

{0yvr} uniformly bounded in L>=(R x S1), so {v;} is uniformly bounded in
Lip(R x S1). Tt follows that {v;} has a subsequence vy, , converging to

(5.4.16) v e L®(R, H3?>79(5Y)) N Lip(R x S1),
in the weak* topology, hence strongly in C([—T,T], H3/?=20(S')), for all
T < o0, 6 > 0. It follows that v satisfies

1
(5.4.17) v + v + A8, (v2 + 51}2) —0, v(0,z)=vo(x),

i.e., v solves (5.4.1). O

REMARK 1. From (5.4.12)—(5.4.14) we see that the solution v produced in
Proposition 5.4.2 also has the properties

(5.4.18) (1 —d*)v(t) e MT(SY), (1 -d*)v(t)|tv < K < oo, VteR,

where M*(S!) denotes the space of positive Borel measures on S* and [|-||tv
the total variation norm.
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REMARK 2. Propositions 5.4.1-5.4.2 have obvious analogues with “wg pos-
itive” replaced by “wgy negative.”

REMARK 3. The proof of Proposition 5.4.1 used a conservation law that
was stated in §5.3 to hold for vy € H?(S') but demonstrated there only for
vo € H3(SY). (In fact Proposition 5.4.1 was demonstrated in [10] only for
k > 3.) To complete the proof of Proposition 5.4.1 in the case k = 2, we can
proceed as follows. Given vy € H?(S') such that (5.4.2) holds, let vy €
C*(S') approximate vy as in (5.4.8), with (5.4.9) strengthened to vg ;. — vo
in H2(SY). (Sorry for the double use of the letter k.) Then Proposition 5.4.1
applies to vgx, yielding vy € C®°(R x St), satisfying (5.4.11), with limit v
satisfying (5.4.16). But also v(0,x) = vg, and using (5.A.11), with k = 2, we
can deduce that v € C(I, H(S')) for an interval I about t = 0. Since, by
(5.4.16), ||v(t)||cr does not blow up, this solution persists, satisfying (5.4.3)
with k = 2.

Uniqueness of solutions to (5.4.1) produced by Proposition 5.4.2 was
established in [11]. Here we prove the following uniqueness result.

Proposition 5.4.3. In the setting of Proposition 5.4.2, the solution to
(5.4.1) produced by mollifying the initial data as in (5.4.8)—(5.4.9) is unique.

Proof. Let u be another solution to (5.4.1), satisfying (5.4.7) and (5.4.18).
We will estimate w(t) = u(t) — v(t). To begin, we temporarily assume u(0)
and v(0) are smooth, and estimate

& [Tl + ) dz

Sl

= /[wt(t,x) sgnw(t, z) + wig(t, z) sgnw,(t, )| de.
Sl

(5.4.19)

We concentrate on estimating the integral of the second term on the right
side of (5.4.19), since the estimate on the first term is similar but simpler.

By (5.4.17) we have

(5.4.20) Wiy = — O (uum —vv, + KF(u,u;) — KF(v, ’Ux)),
with

1
(5.4.21) K=0,1-9)7", F(u,u;) =u?+ §u326
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Note that 8, K = 82(1 — 82)"t = =1 + (1 — 92)7L, so

/‘@J((F(u,ux) - F(v,vi))’ dx
Sl

< C’/ |F(u,uy) — F(v,vy)| de
Sl

(5.4.22) ,
SC/[!u+vl-|u—vl+2]um+vxl~\u$—vmq dx
Sl
<" [ [hul + ]
Sl

where we have used (5.4.7) to bound |u + v| and |ug + v;|. It remains to
estimate

(5.4.23) — /(sgn W) O (uty — vv,) dz.
Sl
We write

Oz (utly — vuy) = Op(uty — Vuy + Vuy — VUL)
(5.4.24) = Oz (wugy + vwy)

= Waly + Wlgy + VpWy + VWsyg,
and separately estimate the resulting four terms. First,
(5.4.25) / |wyug| de < C’/ |wg | dz,
S1 S1

since ||ug|/r~ < C. Next,

/|wum| dx < Cp sup |w|
x
Sl

(5.4.26)
<y [ [jul + ] da.
Sl

the first estimate by (5.4.18), with u in place of v. Next,

(5.4.27) /|vxwx| dx < C/ |wg| dz,
St S1
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since ||vg||Le < C. Finally,

‘/(sgnwm)vwm dm’ = ‘/v@x\wxlda:’
Sl Sl
(5.4.28) = ‘/”z wafdwl
Sl

§C/|wm|d:ﬁ.
S1

These estimates and their counterparts for the first term on the right side
of (5.4.19) yield

d
(5.4.20) [ Tl + ] e < c/[|wy + wal] de.
St St
It follows from Gronwall’s inequality that
(5.4.30) () = (Ol sty < e u(0) = 0(0)][ (s,
for t > 0, with a similar estimate for ¢ < 0. Here
(5.4.31) C = Co([l(1 = 32)u(0)[lrv + (1 = 2)v(0)[|Tv).

So far we have (5.4.30)—(5.4.31) when «(0) and v(0) are smooth. Now we
take general u(0) and v(0) satisfying the conditions of Proposition 5.4.2, and
approximate by smooth gk, vo, as in (5.4.8)-(5.4.9). Then as in (5.4.30)
we get

(5.4.32) () = v () || 1151y < €M uo k. — vk
and the analogue of (5.4.31) holds, so C' can be taken independent of & in

(5.4.32). Passing to the limit k& — oo, we obtain (5.4.30) for the general
solutions produced by Proposition 5.4.2. This proves uniqueness. U

HL1(St),

REMARK 4. A stronger uniqueness result is proven in [11]. Namely, solu-
tions to (5.4.1) satisfying (5.4.7) and (5.4.18) are unique. The proof involves
estimating
d
dt
S’l
where p. is a mollifier. The techniques are parallel to but more elaborate
than those used above.

(5.4.33) [|pe * w|? + |pe * wy|*] da,



5.5. Breakdown of smooth solutions 117

5.5. Breakdown of smooth solutions

In §5.4 we had some global existence results for solutions to (5.1.1) with
positive momentum density, including global existence of smooth solutions,
given smooth initial data. It turns out that the solutions can develop singu-
larities in cases where this hypothesis fails. One simple family of examples
arises as follows.

Proposition 5.5.1. Assumevg € C®(S1), vo(—z) = —vo(x), and ,v(0) <
0. Then there exists T € (0,00) such that Ozv(t,0) — —oco ast S T.

Proof. Let us rewrite (5.1.1) as

4 (Lo ~1f,2 12 _
(5.5.1) v = ax(Qv +A (v + 2%)), (0, 2) = vo(z),
where as usual A =1 — 92, Then we have

Or(vy) = —0? (%UZ + A1 (1)2 + %vi))

1 1
= —ivg + 02—y, — AL <v2 + §Ug)
The hypothesis that vg(z) is odd and that (5.5.1) holds on I x S! implies
that v(t,z) is odd in x for all ¢t € I. In particular v(¢,0) = 0. Hence
s(t) = vg(t,0) satisfies

(5.5.2)

(5.5.3) y@)s—%dﬂ?

since A~1(v? +92/2) > 0. Now clearly (5.5.3) plus s(0) < 0 forces s(t) —
—oo for finite ¢ > 0. O

In [6] a more general mechanism for breakdown is discussed, which in-
volves an inflection point in vg(z) to the right of its maximum. (Here z € R.)

The paper [10] discusses some other conditions that guarantee break-
down of smooth solutions to (5.5.1). Such breakdown is demonstrated under
the hypothesis that vy # 0 and

(5.5.4) /vo(a:) dx = 0.

Sl
Also breakdown is demonstrated when vy # 0 and
(5.5.5) / (0 + 0 ()2 dz = 0,
S1

In §5.6 we discuss some progress in treating weak solutions in cases where
such breakdown is possible.
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5.6. Remarks on weak solutions

The fact that [(v2+v2) dz is conserved for solutions to (5.1.1) makes it natu-
ral to think that this equation has a global weak solution in L>(R, H!(S1)),
given initial data vy € H'(S'). One attempt to get this might involve the
following variant of the method used in Appendix 5.A. We start with the
approximating equation

(5:61) O = —Jo((Jeve) (Jeve)s) — Je0, A~ ((Jeve)? + %(8;5J5v5)2).

We estimate the H! norm:

(5.6.2)
1d

5%(141)67’06) = (Aatvsyvs)
= —((Jove) (Jve) g, Adve) + ((ngg)2 + %(aIJ5U5)2, Dz Jeve)
=0.
Thus {v. : 0 < € < 1} is uniformly bounded in L>(R, H(S')). We then
have ;v bounded in L*(R,L?(S')). Hence there is a sequence &, — 0
with v, converging to
(5.6.3) ve L®(R, HY(SY)) N Lip(R, L3(SY)),

in the weak® topology. The left side of (5.6.1) converges to d,v weakly. We
also have no problem with convergence of two of the three terms on the
right side of (5.6.1), to —vv, and —d, A~!(v?), respectively. Furthermore,
we have convergence

(5.6.4) (02 e, ve,)? — w € LR, MT(Sh)),

where M*(S') denotes the space of positive measures on S'. However, it
is not clear that w = v2.

Another approach is taken in [66], using
1
(5.6.5) v = —vv, — A0, (112 + 51}%) + EVgs.

Using the theory of Young measures, the authors establish existence of weak
solutions to CH, with initial data in H'(S'), as a limit of solutions to (5.6.5).
The issue of uniqueness is still open.

We also mention [37], which “integrates” the CH equation in terms of the
flows generated by ng, with Aj(w) as in §5.3. This paper has a discussion
of how singularities can arise in the solution to CH.
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5.7. Peakons and multi-peakons

The CH equation (5.1.1) has a family of solutions on R x R,
(5.7.1) v(t,z) = ce 17t

called peakons. There are also peakon solutions on R x S', with St =
R/(LZ), such as

o0

(572) U(t,ﬂj‘): Z e_|5’7_t+k|’

k=—o00

in case L = 1. There are also “multi-peakon” solutions of (5.1.1) on R x R,
of the form

N
(5.7.3) v(t, ) = an(t) o~z (D]
j=1

Plugging (5.7.3) into (5.1.1) yields a system of ODE for (y,n) = (y1,.. -, YN, 71, - -

of Hamiltonian type:

(5.7.4) (1,m) = Hr(y,m),
with
1 N
(5.7.5) Fly.n) =5 Y nyme 70,
jk=1

This is precisely the equation for geodesic motion on R, equipped with the
metric tensor (g;x) whose inverse matrix (g/%) is given by

(5.7.6) gF(y) = e lvimvel,
This is an integrable system of ODE. See [6] and [1] for a study.

777]\7)
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5.A. Local existence of solutions to equations of CH-type

Here we establish local existence of solutions to the equation (5.1.1) with
initial data in H*(S'), k > 2. Tt is convenient to rewrite (5.1.1) as

1
(5.A.1) vy + v, + A0, (112 + §v§> =0, A=1-02

Compare (1.5.9) of Chapter I. We consider more generally the initial value
problem

(5.A.2) ve = g(vV)vg + KF(v,vg), ©v(0,2)=u(x),
given K = K(D) € OPS™1(S'). We will establish the following result.

Proposition 5.A.1. Given k > 2 and initial data u € H*(S1), the equation
(5.A.2) has a unique solution

(5.A.3) ve O, H*(SY) ncHI, H1(sY)),

for some interval I about t = 0. The solution persists as long as ||[v(t)| o
does not blow up.

The proof of this result is similar to that presented in Appendix 4.A of
Chapter IV for the class of PDE considered there (related to KdV). Since
there are some significant differences, we go over the proof in this case.

As in Chapter IV, we let {J. : 0 < € < 1} be a Friedrichs mollifier. Now
we consider the evolution equations

(5.A4)  Ow. = Jog(ve)JeOpve + J- K J.F(ve, 03v), v:(0,2) = Jou(x).

For each ¢ > 0, this is a Banach space ODE, whose local solvability is
standard. In order to show that solutions v, exist on an interval independent
of € and that there is a limit v solving (5.A.2), we need estimates. To start,
we have

d
%(aﬁve, kv 2
(BAD)  — 2(0kdy., )

= 2(859(05)393,]5115, 8];,]51)5) + 2(0§KJ€F(UE, 02V ), 8’;J€U€).

Lemma 4.A.1 of Chapter IV applies to the first term in the last sum, bound-
ing its absolute value by

(5.A.6) Ol Jeve | Fellg(ve) o + Cllg(ve) | e | Jevell o | Jeve | e

and, as in (4.A.9) of Chapter IV, we have a Moser estimate
(5.A.7) lg(e)ll e < Cl[ollzoe) (14 [[vell 5)-
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As for the last term in (5.A.5), since K € OPS™(S!), we easily bound its
absolute value by

(5.A.8) CllF(ve, Opv) || 1| vzl e < Clllvellen) (1 + llvell o) [ Jevel [ e,

the last inequality by a Moser estimate parallel to (5.A.7).
From (5.A.5)—(5.A.8) we have

d
(5.A.9) %HU&H%M < C(”UsHCl) (1 + ”%H?{k)’
and hence
d
(5.A.10) a”vaH}Qm@ < ‘I’k(HUaH%{k)’

for solutions to (5.A.4), as long as k > 2. Then Gronwall’s inequality yields
an estimate

(5.A.11) el e < e (lullgn), [t < T =T(u),

for solutions to (5.A.4). These estimates are independent of €, and they
imply solvability of (5.A.4) on an interval independent of ¢, as well as such
estimates on this interval. Then we have

0¢vell gre-1 < C|g(ve) Oz Jeve || gr—1 + C||F (ve, Opve) || pre—2

(5.A.12)
< Clfvellen) (1 + JlvellFp),

assuming k > 2. Consequently, if the initial data u belongs to H*(S), we
deduce the existence of a subsequence v, converging to

(5.A.13) ve LI, H*(SY)) N Lip(I, H*1(S1)),

with convergence in the weak™ topology in these function spaces, and hence
in the strong topology in C(I, H*=%(S')). It follows that such a limit satisfies
(5.A.2). This gives the local existence result asserted in Proposition 5.A.1,
except for the additional regularity stated in (5.A.3), which we will address
below.

To establish uniqueness, we begin as in (4.A.15) of Chapter IV. If w
satisfies the conditions of (5.A.13) and also solves (5.A.2), then
(5.A.14)
Do — w3
= 2(vy — Wy, v — W) g2
= 2(g9(v)vy — g(W)wg,v —w) + 2(KF(v,vy) — KF(w,wg),v — w).
As in (4.A.16)—-(4.A.17) of Chapter IV, we bound the first term in the last

sum by

(5.A.15) [Cllvler + Cllwliz + llg(w)en] Il — w]Ze.
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However, the last term in (5.A.14) is more recalcitrant. We can bound it by
(5.A.16) C(llvllers llwllor) (o = wlfz + o = wl g2llve — wzllz2),
but the appearance of the quantity ||v; — w,|| 2 obliges us to do more work.

We therefore complement (5.A.14) with
d

%Hvx - wa:||%2 = 2(Vtg — Wiz, Vg — Wy)
(5.A.17) = 2(0u(g(v)ve) — Du(g(w)ws), v — we)
+ Q(BxKF(v, Vg) — O K F(w,wy), vy — wm).
To estimate the first term in the last sum, we write
(0:(9(0)V) = Du(g(w)W), V = W)
= (D (g()(V =W)),V = W) + (3:((9(v) — g(w))W),V = W).

An integration by parts applied to the first term on the right side of (5.A.18)
bounds its absolute value by

(5.A.18)

1
(5.A.19) Sllg @z lvleallV = WiEe.
Meanwhile the last term in (5.A.18) is bounded in absolute value by
(5.A.20)

(19=9(v) = Oug(W) L2llW [ Loe + llg(v) = g(w)ll oo |0 W | 2) [V = W] 2.
Setting V = v, and W = w,,, we bound the absolute value of the first term
on the right side of (5.A.17) by
(5.A.21) Clllwller, lwllm2) llv = w7

We turn to the last term in (5.A.17). Since d,K € OPS°(S!), it is
bounded in absolute value by
CllF (v, ve) = F(w, w2 [|ve — wa L2
(5.A.22) 9
< C(lloller, lwllen) [lo = wllz-
Putting together (5.A.14)—(5.A.22), we have

d
(5.A.23) pri Che wlin < Cllvller, lwllg2) llv = wlfFp,

which yields the uniqueness result of Proposition 5.A.1.

As for the persistence result stated in Proposition 5.A.1, and also the
result (5.A.3) on the regularity of the solution, which improves (5.A.13), the
proofs of these facts use the same sorts of estimates that appear in (4.A.19)—
(4.A.27) of Chapter IV. Similar arguments are also given on pp. 1084-1085
of [40].
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