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THE GEOMETRY OF A VORTICITY MODEL EQUATION

JOACHIM ESCHER, BORIS KOLEV, AND MARCUS WUNSCH

ABSTRACT. We provide rigorous evidence of the fact that the modified
Constantin-Lax-Majda equation modeling vortex and quasi-geostrophic
dynamics [22] describes the geodesic flow on the subgroup Diff{°(S) of
orientation-preserving diffeomorphisms ¢ € Diff*(S) such that ¢(1) =
1 with respect to right-invariant metric induced by the homogeneous
Sobolev space H1/2(S) and show the local existence of the geodesics in
the extended group of diffeomorphisms of Sobolev class H* with k > 2.

1. INTRODUCTION

Despite their derivation by Leonhard Euler as early as in 1757 [14], the
eponymous equations governing inviscid fluid flow still pose highly challeng-
ing mathematical problems. For example, our knowledge about the prop-
agation of regularity of solutions to the three-dimensional Euler equations
remains fragmentary. One way of attacking this and related question is to
resort to simpler, lower-dimensional, differential equations whose solutions
share features with those observed for (ideal) fluids. This approach was
chosen by Constantin, Lax, and Majda [4] in their derivation of a model
equation for the three-dimensional vorticity equation (the Euler equation
for the vorticity w = curl u of the velocity vector u):

(1) Ow=Hww, t>0,zeR,
the original equation being
dw+(u-V)w=9Ww) w, t>0,zcR>

This reduction occurs if the convective derivative 0;+u-V is replaced by the
temporal derivative, and it can be justified by the identical properties, in one
or three space dimensions, respectively, of the singular integral operators 2,
given by the Biot-Savart law, and H, the Hilbert transform [23].

A tremendous drawback of the vorticity model (1), however — despite
its having solutions exhibiting finite-time blow-up — is the paradox that its
viscous extension, first explored by Schochet [26], has solutions which can
break down earlier than in the inviscid regime.! In an attempt to circum-
vent this anomaly, De Gregorio [7] proposed another model for the vorticity
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1Other viscous extensions of (1) involving fractional Laplacians were proposed in [29]
and in [25, 24]. While these models have some physically reasonable properties, they fail to
capture fundamental features of the corresponding 3D Navier-Stokes equations (cf. [25]).
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2 JOACHIM ESCHER, BORIS KOLEV, AND MARCUS WUNSCH

equation:
(2) Ow+uw, = How, wu,=Hw, t>0, zcR.

In this convective perturbation of the CLM equation, he chose the ”veloc-
ity” u to be the antiderivative of the Hilbert transform of the “vorticity”
w. Numerical studies [22] lead to the conjecture that De Gregorio’s model
equation has global solutions — a fact that has yet to be verified mathemat-
ically. Also in [22], a more general model equation of hydrodynamic type
was presented:

(3) Ow+ auw, = Ho w, u, = Hw;

« being an arbitrary real parameter. Three cases of which have been studied
before:

e o = —1 corresponds to the model for the quasi-geostrophic equations
of [5, 6};

e o = 0 reduces the model equation to the CLM equation;

e o = 1 becomes the equation proposed by De Gregorio.

Recently, it has been shown that for any « lying in the negative half-
line, there are solutions which blow up in finite time [1]. However, the
description of the asymptotic behavior in the case o > 0 remains open to
further scrutiny.

Note that the time scaling ¢ — t/« transforms (3) into the following
equation

(4) Ow + uwy +a uzw =0, w= Huy,

with a := —1/a. This equation is known as the modified CLM equation, cf.
[22] for a recent study of (4). It was observed by Wunsch [30] that in the
case a = 2 equation (4) admits a geometric interpretation as the descrip-
tion of the geodesic flow of the homogeneous H'/ 2(S) right-invariant metric
on the homogeneous space Diff (S)/Rot(S) of orientation-preserving diffeo-
morphisms of the circle modulo the subgroup of rotations Rot(S), putting
it “midway” between the Burgers equation (giving the geodesic flow of the
L?(S) metric) and the Hunter-Saxton equation (describing the geodesic flow
of the homogeneous H' metric).

In this work, we will show that the periodic modified CLM can be re-
alized as the geodesic flow of a symmetric linear connection on the sub-
group Diff$°(S) of orientation-preserving diffeomorphisms ¢ € Diff>*(S) such
that ¢(1) = 1, which is canonically diffeomorphic to the coset manifold
Diff**(S)/Rot(S). For the value a = 2 this connection is compatible with a
Riemannian metric. In fact in this case, the metric is induced by the inertia
operator A := HD (with respect to the L? inner product on the tangent
bundle).

Moreover, we present a thorough study of the regularity properties of the
geodesic flow on a suitable Banach approximation of the Fréchet manifold
Diff°(S). Introducing furthermore Lagrangian coordinates, these regularity
results allow us to prove the well-posedness of the modified CLM equa-
tion on large phase spaces. An immediate application of our main results
Theorem 4.2 and Corollary 4.4, in combination with Lemma A.2 gives the
following conclusion:
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Theorem 1.1. Let a € R and k > 2 be given. Then there exist 6 > 0 and
Ty, > 0 such for each wy € HF=Y(S) with spatial mean zero and ||wo| gr—1 <
O there exists a unique solution

w € C((=T, Tip), H*(8)) N CH((=T, Th), H**(S))
to the modified CLM equation (4) with initial condition w(0) = wy.

Let us briefly outline the plan of our paper. In Section 2 we recall the
construction of Euler-Poincaré equations on Lie groups and provide basic
facts on Fourier multipliers on S, which is the class of inertia operators we
are interested in. In Section 3 we realize the modified CLM equation as an
Euler equation on the Fréchet Lie group Diff{°(S). Introducing Lagrangian
coordinates it is possible to re-formulate the geodesic flow on Diff{°(S) as
a system a first order ordinary differential equations on the tangent bundle
of the Banach manifold D¥(S), consisting in all orientation-preserving dif-
feomorphisms ¢ of Sobolev class H* with & > 2 such that (1) = 1. In
Section 4 we study the regularity of the vector field induced by the above
mentioned dynamical system. This section contains also our main results.
The proof of several continuity properties of the composition mapping and
some technical estimates for operators on Sobolev spaces are postponed to
the Appendix.

2. SETTINGS

A right-invariant Riemannian metric on a Lie group G is defined by its
value at the unit element, that is by an inner product on the Lie algebra g of
the group. If this inner product is represented by an invertible operator A :
g — g, for historical reasons, going back to the work of Euler on the motion
of the rigid body, this inner product is called the inertia operator. The Levi-
Civita connection of such a Riemannian metric is itself right-invariant and
given by

(5) vﬁu §U = %[&ufv] + B(§u7gv)7

where &, is the right-invariant vector field on G generated by v € g and B
is the right-invariant tensor field on G, generated by the bilinear operator

1 * *
(6) B(u,v) = 5| (ady)*(v) + (ady)* ()
where u,v € g and (ad,)* is the adjoint (relatively to the inertia operator
A) of the natural action of the Lie algebra on itself given by

ady : v — [u,v].

Given a smooth path ¢(t) in G, we define its Fulerian velocity, which lies
in the Lie algebra g, by

u(t) = Rg-149(t)
where R, stands for the right translation in G. It can then be shown (see
[11] for instance) that g(t) is a geodesic if and only if its Eulerian velocity u
satisfies the first order equation

(7) up = —B(u,u).

known as the Euler equation induced by A.



4 JOACHIM ESCHER, BORIS KOLEV, AND MARCUS WUNSCH

It was noticed in [11] that the concept of Euler equation does not neces-
sarily require the linear connection V to be Riemannian — there may not
exist a Riemannian metric which is preserved by this connection. We have
therefore called such an equation a non-metric Euler equation. With this
extended definition, every quadratic evolution equation on g

Ut = Q(u)a
corresponds to the reduced geodesic equation (Euler equation) of a right-
invariant symmetric linear connection on G.

The theory of Euler equations on a homogeneous space G/K has been
developed in [18] in the metric case and more generally for Hamiltonian
systems. It corresponds to a special case of the Hamiltonian reduction with
respect to the subgroup K action. Let A : g — g*, be the inertia operator of
a degenerate symmetric bilinear form < -,- > on g, such that ker A = ¢, the
Lie algebra of K. If moreover, the inner product < -,- > is Adg-invariant,
that is

< Adgu, Adgy >=< u,v >,
for all Kk € K and all u,v € g, then A induces a right G-invariant pseudo-
Riemannian metric on the space G/K of right cosets (Kg, g € G). In
that case, the Euler equation, which corresponds to the inertia operator A
and describes the geodesic flow on the homogeneous space G/K, has the
following Hamiltonian form (see [18]): it is the quotient with respect to the
K-action of the restriction to L = Im A C g* of the following Hamiltonian
equation on g*
my = —ad’y_1,,m

for m € L.

However, it appears difficult to work easily with a contravariant formula-
tion of this equation similar to equation (7) in this more general situation.
Indeed, in that case, the Eulerian velocity is only defined up to a path in K
(see [28] for a recent survey on the subject). Moreover, it is not clear how
this formalism can be generalized to non-metric Euler equations.

Fortunately, in the case we consider in this paper, these difficulties can be
avoided because of a prolific structure. More precisely, in the situation we
consider, there exists a closed subgroup H of G, such that the restriction to
H of the canonical right action of G on G/K is transitive and without fixed
points. In that case,

g=taoh,
where t is the Lie algebra of K and § is the Lie algebra of H and the study of
a degenerate, Adg-invariant inner product on g with kernel € can be reduced
to an Euler equation on the Lie group H, where h* has be identified with

£ = {m e g*; m(u) =0, Vu € £}.

Ezample. Let E(3) be the Lie group of direct euclidean motions in 3-space.
The homogeneous space E(3)/SO(3) ~ R3 satisfies the hypothesis of our
framework: the subgroup of translations T'(3) ~ R3 acts transitively and
without fixed points on the quotient space. Notice however, that in this
particular example, the subgroup 7'(3) is a normal subgroup of E(3), some-
thing we do not assume explicitly in our more general framework.
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Remark 2.1. We emphasize, that contrary to what one might expect at first
glance, the system of free motions of a rod (degenerate rigid body) does
not enter into this framework. Indeed, the configuration space of a rigid
rod can be realized as the homogenous space SO(3)/SO(2) ~ S? which is
not diffeomorphic to any Lie group, otherwise, its tangent bundle would
be trivial, which is not the case. Nevertheless, the geometric framework
of Diff**(S)/Rot(S) suits perfectly well for the study of the Hunter-Saxton
equation (see [21] for instance) and other hydrodynamical models we shall
consider in this article.

Let Diff*°(S) be the Fréchet Lie group of smooth and orientation preserv-
ing diffeomorphisms of the unit circle S ~ R/Z and Diff*(S)/Rot(S) be the
homogeneous space of right cosets

[¢] := Rot(S) ¢,
where Rot(S) is the subgroup of Euclidean rotations z — x + s (mod Z),
s € R. The canonical right action of the group Diff*(S) on itself commutes
with the left action of Rot(S) on Diff*(S) and induces a right action of
Diff*°(S) on the quotient space Diff*°(S)/Rot(S).

The restriction of this action to the subgroup Diff{°(S) of diffeomorphisms
¢ € Diff**(S) such that ¢(1) = 1 is transitive and simple (without fixed
point). Therefore, the restriction of the projection map ¢ +— [p] to Diff§°(S)
defines a bijection between Diff{°(S) and Dift*°(S)/Rot(S). The inverse map
is given by

[e] = @ (1) 7"
Notice however that the restriction to Diff{°(S) of the projection map is
not a group morphism. Otherwise Rot(S) would be a normal subgroup of
Diff*°(S), which is not the case: Diff*(S) is simple, it has no (non trivial)
normal subgroup [16].

The Fréchet manifold structure on Diff°(S) is obtained by the existence
of the global chart

(8) U:={id+u; ue C®(S); uy >—1,u(0) =0},
which is an open set in the closed hyperplane id + CJ(S), where C{°(S) is
the closed linear subspace
Coo(S) :={u e COO(S)‘U(O) =0}.

The Lie bracket on the tangent space at the unit element, identified with

Cgo(S), is given by
[u, v] = uzv — uv,
and we have
C=(S) = G5 (S) @R,

where R is the Lie algebra of Rot(S).

Remark 2.2. To summarize, there is a prolific structure in the special frame-
work we consider in this paper and which simplifies our work. This structure
is essentially due to the fact that there exists a smooth section (not a group
morphism however)

Diff*(S)/Rot(S) — Diff°(S)
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of the canonical projection map
Diff*°(S) — Diff*°(S)/Rot(S).

In particular the Fréchet Lie group Diff>*(S) is diffeomorphic to the product
manifold Rot(S) x Diff{°(S). Notice that the particular choice of the fixed
point in the definition of Diff{°(S) does not affect the general structure.

Consider now a non-negative bilinear form on C*°(S) which can be written
as

(u,v)y = /Au-vd:c,
S

where A : C®(S) — C*(S) is a linear, continuous, L2-symmetric operator.

Proposition 2.3. Suppose that A satisfies the following three conditions

(1) ker A =R,
(2) ImA = {m € C=(S); [ym(z)dz =0},
(3) ARs = R A, for all rotations Rs.

Then, A induces a weak Riemannian metric on the homogeneous space

Diff>°(S)/Rot(S), identified with Diff{°(S). The operator
B(u,v) = %A_l [214(’0)’[11 + A(v)u + 24A(u)v, + A(u)xv]

is well-defined on C3°(S) and the associated symmetric, right-invariant, lin-
ear connection on Diff7°(S) is compatible with the metric. The corresponding
Euler equation on CF(S) is given by

9) uy = —B(u,u) = —A7? [2A(u)u$ + A(u)ggu]

Remark 2.4. Notice that condition (3) is equivalent to the property for the
degenerate inner product on C>(S) defined by A to be Ad g (s)-invariant.

Remark 2.5. Observe that the topology induced by the pre-Hilbertian struc-
ture on each tangent space of the Fréchet manifold Diff>(S)/Rot(S) is
weaker than the usual Fréchet topology. For this reason such a structure
is called a weak Riemannian metric. On a Fréchet manifold, only covariant
derivatives along curves are meaningful. As expounded in [11], the gen-
eral expression of a right-invariant, covariant derivative of a vector field
E(t) = (p(t),w(t)) € DIffT(S) x CF(S) along the curve ¢(t) € Diff{°(S) is
given by
2o = (o + 3l + Bluw)).

where u = ¢; 0 ¢! and B is a symmetric bilinear operator on C°(S).

However, and contrary to the finite dimensional case, the existence of a
symmetric, linear connection on a Fréchet manifold, compatible with a weak
Riemannian metric, that is

d D¢ Dn

%(5777%0 - <Ft777>90 + <§7 Ft>907

is far from being granted.
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Proof of proposition 2.3. If conditions (1) and (3) of proposition 2.3 are ful-
filled, A induces a pre-Hilbertian structure on each tangent space of the
homogeneous space Diff*(S)/Rot(S), identified with Diff{°(S). This inner
product is given by

(10) M€y =MoL Eop™ )= /77 Ayl - g d,
S

where 7, € T,Diff{°(S) and A, = R, o Ao R 1. This family of pre-
Hilbertian structures, indexed by ¢ € Diff{°(S), is smooth because composi-
tion and inversion are smooth on the Fréchet Lie group Diff{°(S). This way
we obtain a right-invariant, weak Riemannian metric on Diff{°(S).

Formula (6) cannot be used directly to define a connection compatible
with the metric because the adjoint operators ad’, (relatively to the pre-
Hilbertian structure) are not well-defined. Indeed, given u,v,w € CF(S),
we have

< v,ad,w >= / <2A(v)um + A(v)mu)wdaz

S
so that ad!, is well-defined if and only if 24 (v)u, + A(v),u belongs to Im A,
the space of smooth functions of mean value zero. One can check that this
not the case in general. However, the expression

(24(v)ug + A(v)ou) + (2A(w)vy + A(u)gv)

has mean value zero, and belongs to Im A (condition (2)), provided A com-
mutes with D. This is true by virtue of lemma 2.6, if A commutes with all
rotations (condition (3)). Therefore, one can define

B(u,v) = %Ail [214(’0)’[11 + A(v)u + 24 (u)v, + A(u)xv]

and check that the associated right-invariant, symmetric linear connection
on Diff{°(S) is compatible with the metric. O

More generally, for each a € R, the equation
(11) ug = —B(u,u) = —A | aA(u)u, + A(u)gcu}

is the (non-metric) Euler equation of a well-defined symmetric, right-invariant,
linear connection on Diff{°(S).

The special case where A is a differential operator with constant coeffi-
cients has been extensively studied (see, e.g., [2, 3, 11]). In this paper, we
will need to extend the theory when A is a Fourier multiplier. For later
reference, let us first give a useful characterization of Fourier multipliers.
Here and in the following we use the notation e, (z) = exp(2winx), n € Z,
x €S.

Lemma 2.6. Let P a continuous linear operator on the Fréchet space
C>(S). Then the following three conditions are equivalent:

(1) P commutes with all rotations Rs.
(2) [P,D] =0, where D = d/dz.
(3) For each n € N, there is a p(n) € C such that Pe, = p(n)ey.

In that case, we say that P is a Fourier multiplier.
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Since every smooth function on the unit circle S can be represented by
its Fourier series, we get that

(12) (Pu)(x) = p(k)a(k)ex (),
kez

for every Fourier multiplier P and every u € C*>(S), where

k) = /S w(@)e_(z) dz,

stands for the k-th Fourier coefficients of u. The sequence p : Z — C is
called the symbol of P.

Proof. Given s € R and u € C>(S), let us(x) := u(x + s). If P commutes
with translations we have

(Pu)s(z) = (Pus)(z).

Taking the derivative of both sides of this equation with respect to s at 0 and
using the continuity of P, we get D Pu = PDu which proves the implication
(1) = (2).

If [P, D] = 0, then both Pe,, and e,, are solutions of the linear differential
equation

u = (=2min)u

and are therefore equal up to a multiplicative constant p(n). This proves
that (2) = (3).

If Pe, = p(n)e,, for each n € N and P is continuous, then we have
representation (12). Therefore

(Pu)s(z) = Zp(k:)ﬁ(k)ek(x + )

kEZ

which proves that (3) = (1). O

Remark 2.7. Notice that the space of Fourier multipliers is a commutative
subalgebra of the algebra of linear operators on C*°(S) which contains all
linear differential operators with constant coefficients.

A Fourier multiplier P with symbol p is said to be of order s € N if there
exists a constant C' > 0 such that

lp(m)| < C|m|*,

for every m # 0. In that case, for each k > s, the operator P extends to a
bounded linear operator from H¥(S) into H*~*(S). We express this fact by
the notation P € L(H*(S), H*=%(S)).

3. THE MODIFIED CLM EQUATION AS AN EULER EQUATION

The homogeneous H'/? norm defined on C(S) is introduced by means
of Fourier series. We let

lul2 = 3 [k]a(k)[2,

kEZ
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for u € C*(S). The corresponding inner product on C3°(S) can be written
as

(u,v)e = /uAv dx,
S
where u,v € C3°(S) and
A:=HoD:Cg(S)— C(S)"

is the inertia operator. In this formula, D = d/dx and H is the Hilbert
transform, defined either as a Cauchy principal value, cf. [23]

(Hu)(o) = (p0) [

u(z —y) cot(2) dy,
S 2

or, equivalently, as the Fourier multiplier with symbol h(k) = —isgn(k),

+oo
(13) (Hu)(z) = —i Y sgn(k)i(k)eg(x).
k=—o0
The convention sgn(0) = 0 permits to extend H on C*(S). Notice that
H?=-1Id

on CP(S)* and that H defines a complex structure on this space. Moreover,
H is an isometry for the L? inner product of function equivalence classes
having zero mean value.
Since [A, D] = 0 and the inertia operator A is an isomorphism from CJ°(S)
onto
CR(S)" := {u € C(S); a(0) = 0},
the space of smooth functions of mean value zero, the existence of a linear

connection compatible with the metric is granted and the Euler equation is
defined.

Theorem 3.1. Given a € R, the modified CLM equation
(14) wr +uwe +au, w=0, w=Au,

describes the geodesic flow of a right-invariant symmetric linear connection
on the Fréchet Lie group Diff°(S). If a = 2, the geodesic flow is metric and
corresponds to the right-invariant homogeneous HY?(S') metric.

Proof. 1t suffices to replace A by the expression A = H o D in formula (11)
and to use the definition w = Au, to get the general assertion. O

Remark 3.2. (a) Note that (14) is equivalent to the Euler equation
(15) up = —A" [u (Au), + al(u) ug) .

To the best of our knowledge, theorem 3.1 is the first time the model equation
for the 2D quasi-geostrophic and the Birkhoff-Rott equations studied in [5, 6]
has been identified as a non-metric Euler equation on Diff{°(S).

(b) We recall that the connection is Riemannian if a = 2. Moreover, it
follows from [13] that for

5 5 51
aé {—§7 —17—?75}
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there is no inertia operator of Fourier multiplier type such that (14) can
be realized as the geodesic flow with respect to the corresponding metric.
These results extend similar statements for the b-equation [19, 12].

(c) It is also possible to consider evolution equations on Diff{°(S), related
to the inertia operator A2 = —D?. Given a € R, one may study the family

m; +um — au,m = 0.
The most prominent equations in this family are the Hunter-Saxton equation
(16) my +um + 2uym = 0,
and the Proudman-Johnson equation
(17) my + um — uym = 0,

respectively. The Hunter-Saxton equation is closely related to the Camassa-
Holm Equation and the geometric picture of (16) is in fact fairly good un-
derstood, cf. [20]. In particular, (16) is the geodesic flow on Diff{°(S) with
respect to the inertia operator —D?, i.e. with respect to the homogeneous
H'-metric on C&°(S). In contrast, (17) is a non-metric Euler equation, cf.
[13].

4. THE GEODESIC FLOW ON Df(S)

In this section, we will study the regularity of the geodesic flow on suitable
Banach approzimations of the Fréchet manifold Diff{°(S). More precisely,
let D¥(S) be the Banach manifold of orientation-preserving diffeomorphisms
¢ of Sobolev class H* (defined for some integer k& > 2). This Banach man-
ifold is a topological group with respect to composition of diffeomorphisms
but it is not a Lie group. Indeed, on D¥(S), right translation Ry 1oy
is linear, hence smooth; whereas left translation L, : ¢ + ¢ o1 is only
continuous but not differentiable (see [10, 17]).

Remark 4.1. The space of homeomorphisms of the circle of Sobolev class
H' (as well as their inverse) is not a group. Indeed, let 1/2 < a < 1//2.
Then F' : x +— 2% is an increasing homeomorphism of [0, 1] which induces
an homeomorphism of the circle. One can check that F as well as F~! are
of class H' but that F o F' is not, since (F o F) ¢ L?.

Analogous to Diff{°(S), the codimension one Banach submanifold D¥(S)
of diffeomorphisms ¢ € D¥(S) such that ¢(1) = 1 is covered by the global
chart

(18) Uy, = {z’d—i— w; u € HRS), up > —1,u(0) = 0} ,
which is an open set in the closed hyperplane id + HE(S), where HE(S) is
the closed linear subspace

HE(S) := {u € H*(S); u(0) = 0}.

Since the manifold le(S) is described by a global chart which is an open set
of the vector space Hé‘“(S), its fiber bundle is trivial and all tangent spaces
T,D¥(S) can be identified canonically with HE(S), using this chart.
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As a Fourier multiplier of order 1, the inertia operator A = H o D extends
to a bounded linear isomorphism

A: H%S) — HFLY(S).

Notice that the restriction of D to HE(S) is a bounded isomorphism onto

HE(S) = {m e H*(S); /mdx = O} .
S
Its inverse is given by
D7t im o u; u(x) :/ m(t)dt, xz€S.
0

Since the Hilbert transform H, which is an isometry for the L? product for
zero-mean periodic functions, commutes with D, its restrictions to flg(S) is
an isometry of H¥(S) (for the H* inner product).

The Euler equation (15) is not an ODE on HE(S) because the second-
order term Au, = Hug, is not regularized by the inverse of the first order
Fourier multiplier A. By introducing Lagrangian coordinates, however, one

can get around this impediment and it is possible to re-formulate (15) as a
well defined vector field on the Banach manifold D¥(S) x HE(S).

Theorem 4.2. Let a € R and k € N with k > 2 be given. The time-
dependent vector field u € HE(S) is a solution to the modified CLM equation
if and only if (p,v) is a solution to

Oy p=w
(19) { Oy v = S,(v),

where S,(v) := (R, 080 Ry,-1)(v), and
S(u) = A {[A, uluy — a(Au)ug} .
Moreover, the second order vector field
® : DY(S) x Hg(S) — Hg(S) x Hg(S)
giwen by (¢, w) = (w, Sy(w)) is of class C>.
Remark 4.3. The second order vector field ® is called the spray (of the

metric or the linear connection) in the literature.

The first part of the theorem results from the following observation. Let
u be a time-dependent vector field on J x S, where J is an open interval
in R, and let ¢ be its flow, i.e. p = uwo . Setting v = u o ¢, we get
vy = (ug + uuy) o ¢ by the chain rule. Hence u is a solution to (15) if and
only if

up +uny, = —A7 [u(Au)y — Auuy) + a(Au)u,]
A A, uluy — a(Au)uy} .

The proof of the second part of the theorem, i.e. the smoothness of the

spray ® consists of several reductions, some of them being true for general

Fourier multipliers. We outline these reductions in the remainder of this
section. Some technicalities will be postponed to Appendix B.
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Before entering into the details of the proof, let us state that the above
result allows us to apply the Picard-Lindel6f theorem, which immediately
yields:

Corollary 4.4. Let a € R and k > 2 be given. Then there exist 6 > 0 and
Ty > 0 such for each ug € HE(S) with |jug||gr < i there exists a unique
solution

(¢ v) € CF((=Ti, i), DY(S) x Hg(S))
to (19) such that ¢(0) = id and v(0) = uy.

Let us start with the first reduction. If we assume that the conjugation
A, of the inertia operator A is of class C"™ then the spray @ is of class cm-1

Proposition 4.5. Let m > 1, a € R, s > 1 and k > s+ 1. Let A be a
Fourier multiplier of order s. Suppose that

(p,v) = Ay(v) = Ry0 Ao Ry, (v).
is of class C™ from DF(S) x H*(S) to H*5(S) and that A induces an iso-
morphism from HE(S) onto HY™(S). Then
(,0) 1 5,(0) = Ry o S0 Ryes (v)
where
S(u) = A7 H{[A, ulu, — a(Au)u,},
is of class C™~ from DF(S) x HE(S) to HE(S).
Proof. Let P(u) := (Au)u, and Q(u) := [A, u|u,. We have

Sep(v) = A;1 {Qp(v) —aPy(v)},
where the subscript ¢ indicates the conjugacy by the right translation R,
in DF(S). Although P and @ are smooth operators, these results do not
carry over when conjugated with translation in D¥(S) since for k > 2 these
sets only form topological groups: neither composition nor inversion are
differentiable.
Given an operator K, we introduce the following notation

K(p,v) := (p, Kg(v)),
where K, (v) = Ry, 0 K o R,-1(v).
1) We have P,(v) = (Ay(v))(Dy(v)). But
(p,0) = Dy (v)
is smooth since Dy, (v) = v /¢, and H¥(S) is a Banach algebra for k > 1.
Also H¥=5(S) is a Banach algebra because k — s > 1. Hence the fact that
P,(v) € H*=5(S) and our assumption ensure that
P :DM(S) x H¥(S) — D*(S) x H" (),

is of class C™.
2) Since

~ id 0
d(%v)A(&p,(sv) = < % Ago >
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is a bounded, linear, invertible operator from H}(S) x HE(S) to HE(S) x
flg ~%(S), we conclude, using the inverse mapping theorem on Banach spaces,
that
A7V DE(S) x Hy5(S) — DE(S) x HE(S)
is of class C".
3) Taking P = A and dp; = v = u o ¢ in Proposition 4.6 when ¢, v are
smooth, we get

9pAp(p,v,0) = {[u, A] 0 D}y (u 0 ) = =Qyp(v).

Now since smooth maps are dense in Sobolev spaces, this relation is still
valid for ¢ € D§(S) and v € HE(S) and therefore

Q : DY(S) x Hy (S) = Di(S) x Hy*(S),
is of class C™~ L. The assertion now follows from the chain rule. O

Next we show that the conjugation of an inertia operator of Fourier mul-
tiplier type is in fact smooth. In order to do so we first consider operators
in the smooth category and extend them in s second step to Sobolev spaces.

Let (¢,v) = P,(v) be a smooth map on the Fréchet manifold Diff>(S) x
C>(S), where P is linear in v. The partial Gateaux derivative of P in the
first variable ¢ and in the direction dp; € C*(S) is a smooth map which is
linear both in v and dp; and that we will denote by

(20) O0p Py (v, 0¢1).

Therefore, the partial Gateaux derivative of P in the variable ¢ is a map of
three independent variables : ¢, v, dp1. The second partial derivative of P
is directions dp1,dpa € C°(S) is the partial Gateaux derivative of (20) in
the variable ¢ and in the direction dp2. We will denoted it by

OZPLP(U, 0p1,002).

It can be checked that this expression is symmetric in dpi, dpa (see [17]).
Inductively, we define this way the n-th partial derivative of P in directions
dp1,...,0p, and we write it as

O Py (0,001, ..., 0¢pp).

The space of linear operators on a Fréchet space is a locally convex topolog-
ical vector space, but in general is not a Fréchet space (see [17]). For this
reason, we will avoid taking limits and derivatives of linear operators. In
the sequel, if such equalities appear for notational simplicity, it just means
equality of operators.

Proposition 4.6. Let P be a continuous, linear operator on C*(S) and let
~1
P, =R,PR,",
where ¢ € Diff*°(S). Then, given n € N, we have

(21) (9$Pg,(v, 0p15. ., 0¢pn) = RoPy(u1, . .. ,un)R;l(v),
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1

where u; = dp; o~ and P, is the multilinear operator defined inductively

by Py =P and
(22) Pn+1(u1, e ,un+1) = [un+1D, Pn(ul, e ,un)]

n
— g Pp(ut, ..., UigUnit, ..., Up).
i=1

Remark 4.7. For a Fourier multiplier, that is, if [P, D] = 0, we have
Py (uy) = [u1, P]D,
and
Py(uy,us) = [u1, [ug, P]|D? + [u1, P)[us, D]D + [us, P][u, D]D.

Proof. Formula (21) is trivially true for n = 0. Now suppose it is true for
some n € N, that is

BZP¢(U,5<p1, oy 00p) = RyPp(uy, . .. ,un)Rgl(v),
where u; = §p; 0 o~ for 1 <i < n. Notice that, for fixed §p1,...,0p,
Py(ut, ... un) = Po(§p1 007", 8pp 007"

is a family of linear operator on C*°(S) indexed by ¢ and which depend on
¢ only through the u;. Let ¢(s) be a smooth path in Diff*(S) such that

e(0) =9, s 0(s)|,_y = 00nt1
and let uy,4+1 = dpp41 © <p*1. We compute first
Rap = 65 R‘P(S)‘S:O == RipunJ’»lD,
so that

R;lRSO = ’l,Ln+1D,

and
i := Oy (&Pz o (p(s)_l) |s:0 = —Uj zUn+1,
for 1 < i <n. We have then

n
P, =05 Py(uq,. .. ,un){szo = —ZPn(ul,...,ui,xunJrl, cey Up).
1=1

Finally, we have (simplifying the notation P, for P,(uq,...,uy))
Oy RyPuR;| g = RoPuR, + RoPuR, — RoPy (RRGR)
= Ry (B, fepPo — PR, Ry ) RS+ Ry PR
~ R, <[un+1D,Pn] n Pn> R,
which gives the recurrence relation (22), since

6$+1Pg,(v, 601, 0pnt1) = 05 (RpPy(ug,. .. ,un)Rszl(v)) {5—0’

the proof, the proof is complete. O



THE GEOMETRY OF A VORTICITY MODEL EQUATION 15

Proposition 4.6 is the core of the following result, which ensures smooth-
ness of the inertia operator A, (v) in both variables with respect to suitable
Sobolev norms. To avoid too much technicalities here, we postpone its proof
to Appendix B.

Proposition 4.8. (Smoothness of the conjugate of the inertia operator) Let
k>2and A=HoD. Then

(p,v) = Ap(v) = Ry o Ao Ry (v).
is of class C> from DF(S) x H¥(S) to HFL(S).

In contrast to finite dimensional Riemannian geometry the topology of
the fibre of the tangent bundle is fundamental importance in the infinite
dimensional case. It is clear that in the smooth category the pre-Hilbertian
structure defined by (10) will not induce the Fréchet topology of the tangent
space C5°(S). The very same is true if we complete the tangent space with
respect to a general Banach norm. Therefore we call the metric induced by
(10) a weak Riemannian metric.

Corollary 4.9. (Smoothness of the metric and the spray) For each k > 2,
the right-invariant, weak Riemannian metric defined by formula (10) on
Diff{°(S) with A = A extends to a smooth weak Riemannian metric on the
Banach manifold D¥(S) with a smooth geodesic spray.

Remark 4.10. To conclude this section, it could be worth to bring together
the present work with the right-invariant metric defined by the inertia op-
erator

A:=HD(D?-1)

defined on the diffeomorphism group of the circle which fixes the three points
—1,0,1. This metric has been related with the Weil-Petersson metric on the
universal Teichmiiller space T'(1) in [27]. The corresponding geodesic flow
has been extensively studied in [15]. Recall first that D*(S), the space of
homeomorphisms of class H® as well as their inverse is a topological group
only for s > 3/2 and that 3/2 is therefore a critical exponent. One of the
main results in [15] is that, the inertia operator A defines on a suitable
replacement for the “H3/2 diffeomorphism group”, a right-invariant strong
Riemannian structure which is moreover complete (geodesics are defined
globally).

Our point of view in this paper is completely different in the sense that we
work on a well defined topological group D*(S) for s > 3/2 equipped with a
Banach manifold structure?. The price to pay for this nice structure is the
fact that the metric only defines a weak Riemannian structure. Nevertheless,
we have been able to show local existence of the geodesics, also in this
context.

2We deliberately decided to restrict to s € N for simplicity but choosing s € R does
not invalidate our results.
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APPENDIX A. CONTINUITY LEMMAS

In this section we provide some continuity properties of the composition
mapping in Sobolev spaces. Given Fréchet spaces X and Y, let £(X,Y)
denote the space of all continuous linear operators from X into Y.

Lemma A.1. Let X, Y be Fréchet spaces and let G be a metric space.
Given F' : G x X =Y, assume that

F(g,-) € L(X,Y) forall ge€Q@q,
F(-,z) e C(G,)Y) forall xeX.

Then F € C(G x X,Y).

(23)

Proof. Fix (go, o) € G x X and pick a sequence (g, z,) in G x X such that
limy, (gn, zn) = (90, 70). Let further V' denote a neighbourhood of F(go,xo)
inY. We set

B, = F(gn,") € L(X,Y), neN.
Then, given x € X, we have

lim B, (z) = lim F'(gpn, z) = F(go, ).

n n
Hence {B,(z); n € N} is bounded in Y. Invoking the uniform boundedness
principle in Fréchet spaces (see [9, Theorem II.11]), we deduce that the fam-
ily {B,,; n € N} is equicontinuous. In particular there is a neighbourhood

U of xy in X such that B,(U) C V for all n € N. But lim,, ,, = x9. Hence
there is a ng € N such that z,, € U for all n > ng. This implies that

B (x) = F(gn,xn) €V forall n>ng.
Thus F is continuous in (go, zo). O
Lemma A.2. The mapping
(24) F : D*S) x H'(S) = H'(S), F(p,v) :=vop

is continuous. Moreover, given k, s € N with s > 1 and k —s > 1, the
restriction of F satisfies

F e C(D*(S) x H%(S), H¥(S)) N C(D¥(S) x HE=3(S), H*5(S)).

Proof. (a) By Sobolev’s embedding theorem we know that D?(S) — C(S).
Hence the chain rule ensures that F is well-defined, i.e. F(p,v) € H(S) for
all (p,v) € D?(S) x H(S). Moreover, fixing ¢ € D?(S), we have

F(p,-) € L(H'(S), H'(S)).
(b) Let now v € H(S) be fixed. We are going to show that
F(-,v) € C(D*(S), H'(S)).

For this pick ¢o € D?(S) and ¢ > 0. By Sobolev’s embedding theorem, the
function v is uniformly continuous. Thus there is a § > 0 such that

lv(z) —v(y)| <e forall |z—y| <.

Next let j denote the embedding constant of H'(S) < C(S) for I = 1, 2 and
choose ¢ € D%(S) such that |¢o — ¢/ 2 < 6/j. Then

leo(z) — ()] < jllpo —@llgz <6 forall zeS.
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Thus we get
(25) lvopo—voop|7s = /S [v(¢o()) — v(p(a))|? do < &,

To estimate D(vopy—voyp) in L?, we first remark that it is no restriction
to assume that § € (0,1]. Writing now K := j||¢o|/ g2 + 1 and
By(6) := D*(S) N Bpz2(0, 9),
we have that
26) @]l S dllellge <dllgollye + 1=K forall ¢ € Bs(d).
Furthermore, letting m(p) := [|1/pz||;« for ¢ € D(S), we have
170 ¢llzz <m(e) [ /Il forall f e L2(S).
Note also that by shrinking > 0, we may assume that

(27) m(e) < 2m(pp) for all ¢ € Ba(9).
We now proceed as follows. First we have
(28) [|8(vowo —vop)|i
2 2

< v o w0 b —v oo @+ [V opo - —v oo |,

For the first term of the right-hand side of (28), we find
2 2 2
[ 090 ¢h =o' o0+ @72 = [ [V (@) hle) = ()] do

29 2 2
e Y G

< 5% w0 = Il m(wo) llvll 7 = 62 m(go) w7 -

To estimate the second term in (28), choose w € C2(S) such that

1 €
30 — <y — .
( ) HU wHHl = 3 m(SDO) K

Then we have
[o" 000 = v 0 || < [[v" 000 = 0 0|2 +
+ w00 —w' 0 7. + [0 00 — v 0 |7

< (m(go) +m()) ||V — |2 + /S [/ (¢0(x)) — ' (p(a)) | da

2 2
< 3m(oo) o' = o/}, + 0l [ len(o) — pta)da.
where we also employed the mean value theorem and (27) to derive the last
estimate. Invoking (26) and (30), we get
(31) Hv/ogpo-gpl—v'ogp-gleLQ Se—{—cSKHw"HLOO
for all ¢ € By(d). Combining (25), (28), (29), and (31), we arrive at the

following estimate

(32 vogo—vorly <2e+6(vimipo) foll + K o)
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for all ¢ € By(d). Shrinking 6 > 0, we get from (32) that
lvowo—vooplly <3¢

for all ¢ € By(5). Thus F(-,v) is continuous in ¢ € D?(S). Invoking
Lemma A.1, we find that F' € C(D%*(S) x HY(S), H'(S)).
(c) Let k > 2 be given. Then it follows from the considerations from [10,
page 108] that
Fle,) € L(HMS), HY(S)),
for all ¢ € D*(S) and that
F(v) € C(DA(S), HY(S))
for all v € H¥(S). Hence, again by lemma A.1, we conclude that
F e C(D¥(S) x H*(S), H*(S)).
The last assertion is now obvious. O
Remark A.3. (a) For simplicity we treated here the case s € N. Using an
intrinsic representation of the Sobolev norm for s € R with s > 1, it is
possible to extend the results of Lemma A.2 to non-integer values of s > 1.
(b) A similar result to (24) has recently been established in [8]. However,
on the one hand, Corollary 3 in [8] fits not precisely into our setting, and
on the other hand our scale of Sobolev spaces is simpler than the one in [8].
Therefore we decided to present a self-contained proof of (24).
(c) The higher the spatial regularity in the group D*(S) and the Lie
algebra H*(S), the better the regularity of the mapping F in lemma A.2, cf.

[10]. However, we are not aware of better regularity of F' than (24). Finally,
we remark that the continuity of F' is sufficient for our purposes.

APPENDIX B. PROOF OF PROPOSITION 4.8

In this section we provide the completion of the proof of the smoothness
of the inertia operator A, (v) with respect to suitable Sobolev norms.

Lemma B.1. Let P be a Fourier multiplier on C*(S), and let P, be the
multilinear operator defined in Proposition (4.6) for some n € N. Then we
have

(33) Po(emys---s€m,)eme = Pn(mo, M1, ..., Mp)€motmy-tmns

where the sequence py, is defined inductively by po = p (the symbol of P) and

(34) Pusi(mo,. - mas1) = (2m0) | (o + -+ + mp)pa(mo, .., )
n
_ijpn(mo,...,mj —|—mn+1,...,mn)],
Jj=0

and mj € Z\ {0}, j=1,...,n.
Remark B.2. For P:= A = H o D, we have
(35) po(mo) = |mol ,

and

(36) pr(mo,mr) = @mi)mo (Imo| — Imo +m| )
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and

(37)  pa(mo,m1,ma) = (27i)*mg ((mo +mi 4+ ma) [mo + mq + ma|
— (mo +ma) [mo +ma| = (mo +ms) |mo + ma| +momol ).

Proof. Invoking Lemma 2.6, the case n = 0 is clear. Suppose that equa-
tion (33) is true for some n > 0. Then, using recurrence relation (22), we
have

Poii(€mys-- s €mnii)€mo = €mui D(Po(€mys - em, )em)
n

—P(emy,--- ,emn)(emn+lDemO) —Z P, (emy,--- sDemem, s v €m., ),

j=1
which is equal to
(27”){(7”0 +eee mn)pn(m07 cee 7mn) - mOpn(mO + Mpt1, .- 7mn)
n
_ Z mj pn(Mo, ..., mj + My, ... ,mn)}em0+...+mn+l.
j=1

This shows that equation (33) is true for n + 1 with

Prt1(mo, -, Mpy1) = (270) {(mo + A my)pa(mo, - .., my)
n
_ ijpn(mo,...,mj + M1y e ey M)
7=0
and achieves the proof. O

Lemma B.3. Let P be a Fourier multiplier of order s € N and k > s+1. Let
P, be the (n+ 1)-multilinear operator defined by the recurrence relation (22)
with Py = P. Suppose that there exists a constant C,, > 0, such that

(38) [Pn(mo, . .., mn)| < Cr [mol” - - [ma|®
for all mj € Z\ {0}. Then P, extends to a bounded multilinear operator

n+1
P, : H¥(S) x --- x HE(S) — HF5(S).

Proof. By virtue of Proposition B.1, we have

||Pn(u15 s ,un)u(]H?'{kfs =
2

Z Z tg(mo) - - U (Mp)pp (Mo, - . ., M) Heluqu—s’

lEZ \mo+-+mp=l
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for any smooth functions ug, u1, . .., uy,, since (€;);cz is an orthogonal system
for the H*~* inner product. Therefore, if relation (38) is satisfied, we get

| P (s - st Y || 3p—s <
2

Y Y Imol lao(mo)| - fmal® lan(ma)| | el -

leZ \mo+-—-+mn=l
Observe now that, given smooth functions vg, vy, ..., v,, we have
—_— A A
vy - op(l) = Z Oo(mg) -+ - Op(my,).
mo+--+mp =l

In addition H*=*(S) is a Banach algebra, since k — s > 1. Consequently
there exists a constant C! , _such that

2

S ST do(mo)dnlma)| el

lE€Z \mo+-+mp=I
2 2
< Ceos Nvoll zpe—s - - N1onll zpe—s
for every smooth functions vg, vy, ..., v,. Putting now o,(m,) = ‘m;ﬂp(mp){

in this last inequality and using the fact that the functions with Fourier
coefficient #(m) and |@(m)| have the same H¥~* norm, we obtain

2 2
2
1P (uty .y o] 2pnee < CuClp s [l s ‘ ||
2 2
< Cp s lluollge -~ llunllge
which achieves the proof. O

Corollary B.4. Let P be a Fourier multiplier of order s. Let r € N and
k > s+ 1. Suppose that the operators P,, defined in Proposition (4.6),
extend to bounded multilinear operators

n+1

P, : H*(S) x --- x H¥(S) — H*5(S).

for0<n <r. Then
(¢,v) = Py(v) = Ry 0 Po R, (v).
is of class C" from DF(S) x HX(S) to HE=5(S).

Proof. Notice first that if Py = P is bounded, then (¢, v) — P,(v) is contin-
uous from DF(S) x H¥(S) into H*~%(S), by virtue of lemma A.2. Suppose
now that the bilinear operator P, is bounded and let

P;(u,v) = (RyPL(u)Ry-1) (v).
Applying Lemma A.2, we deduce that the map
Dr(S) x HE(S) x H¥(S) — H*5(S), (p, u,v) — P;(u,v)
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is continuous. Using Proposition 4.6 and the mean value theorem in the
global chart U defined by (8), we get

1
(39) Porulv) = Pov) = [ Plia(uo)di

for smooth maps ¢, u,v. But, since both sides of (39) are continuous in all

the variables, we deduce, using a density argument, that this relation is still

true for p € D¥(S), u,v € H*(S). We conclude therefore that (¢, v) — P,(v)

is a C' map from D¥(S) x H*(S) into H*=*(S). An inductive argument

using the same reasoning for P, shows that (p,v) — P,(v) is a C™ map

from DF(S) x H¥(S) into H*~%(S), for each n < r. O
Finally, we need the following elementary lemma.

Lemma B.5. Let f : R — R be a function of class C"~ and such that
F=1) satisfies a Lipschitz condition with Lipschitz constant K. Then

Z(—l)p Z ft+ZmJ <KH|m]|

=0 Ic{1,...,n}, jel
[I|=p

for allt € R and all m; € R.
Proof. Let g be the sequence of functions defined inductively by
g1(t) = ft+m1) = f(t),  gr1(t) = gr(t +mi) — g(t).

Then, we have

ga(t) = (1" D (=1 > f(t+ > my)
p=0 Ic|{11|;;)n}, jer

On the other hand, the Lipschitz condition on the (n — 1) derivative of f
leads to

o VW < Klml,  veeRr.

Now, using inductively the mean value theorem, we get

g Mt

In particular, for £ = n, we have

SK\mﬂ]mk\, vVt € R.

n
@) <K [[Imyl.  vteR,
j=1
which achieves the proof. O
Proof of Proposition 4.8. For each n > 1, let f,,(t) = t"~!|t|. Then f, is
of class C"! on R and f,sn_l) satisfies a global Lipschitz condition with
Lipschitz constant (n — 1)!. We are going to show that

(40) pu(mo,mu,....mp) = 2mi)"mo Y _(=1)" > falmo+Y_my),
0 Ic{l,...n}, jeI
|1|=p
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for each n > 1. Then, by virtue of Corollary B.4 and Lemma B.5, this will
demonstrate that

(p,v) = Ap(v) = Ryo Ao Ry-1(v)
is smooth from D¥(S) x H*(S) to H*1(S).
For n =1, we have
pl(mo,ml) = (27Ti)m0( ]m0] — ‘mo + ml\ )

so equation (40) is true for n = 1. Now, suppose inductively that this
equation is valid for some n > 1. Using the recurrence relation (34), we get

n
Pt (mosmi, ... ymgen) = ey mg S (-1p Y {
p=0

Ic{lv"'vn}v
[l=p
(mo + - - _|_mn)fn(m0 + Zm]) — ka fn(mo + ij +0r(k) mn+1)
jeI k=1 jel

- (mO + mn—l—l)fn(mo + ij + mn—l—l)}a
jel

which can be rewritten as

(27T,L-)n+1m02(_1)p Z {(mo —{—ij)fn(m(] —|—ij)
p=0

Ic{1,...,n}, jel jel
lI|=p
_ (mo + Z m; + mn+1) fn(mo + Z m; + mn+1) }
jel jel

using the fact that f,,41(t) = tf,(t), we have therefore

n
P (moyma, o mpg) = 2ri)" ™ me Y (=12 Y {
p=0

Ic{lv"'vn}v
|I|=p

Fasa(mo+ Y my) = fayr(mo+ D> mj+ mn+1)},
jel jel
which is equal to

n

(2m)"+1m0{ SNEDE DT fara(mo+ Y my)

p=0 Ic{1,...n+1}, jer
|I|=p,n+1¢1
n
+Z(_1)p+1 Z fn+1(m0 +ij)}.
p=0 Ic{l,..,n+1}, jeI

[I|=p+1,n+1€l
But this last expression is exactly
n+1

@ri)"me > (1P Y fapa(mo+ Y my),
p=0

Ic{l,..n+1}, jer
|I|=p
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which achieves the proof. O
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