FREDHOLM PROPERTIES OF RIEMANNIAN EXPONENTIAL
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ABSTRACT. We prove that exponential maps of right-invariant Sobolev H” metrics on
a variety of diffeomorphism groups of compact manifolds are nonlinear Fredholm maps
of index zero as long as r is sufficiently large. This generalizes the result of [EMP]
for the L? metric on the group of volume-preserving diffeomorphisms important in
hydrodynamics. In particular, our results apply to many other equations of interest in
mathematical physics. We also prove an infinite-dimensional Morse Index Theorem,
settling a question raised by Arnold and Khesin [AK] on stable perturbations of flows
in hydrodynamics. Finally, we include some applications to the global geometry of
diffeomorphism groups.
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1. INTRODUCTION

Several well-known nonlinear partial differential equations of mathematical physics
arise as geodesic equations on various infinite-dimensional Lie groups. The first and
perhaps the most fundamental example are the Euler equations of ideal hydrodynamics.
In his celebrated paper [Arl] Arnold showed that fluid motions correspond to geodesics
in the group of volume-preserving diffeomorphisms (volumorphisms) equipped with a
right-invariant metric defined by the kinetic energy of the fluid, a result which can
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be used formally to describe curvature and hence stability of fluid motions. Subse-
quently, Ebin and Marsden [EM] showed that the volumorphism group can be given
the structure of a Hilbert manifold and proved that the corresponding geodesic equa-
tion is actually a smooth ordinary differential equation, hence rigorously justifying the
infinite-dimensional geometric constructions.

Since then, much research has focused on finding such geometric formulations for
other conservative systems of continuum mechanics, showing that the corresponding
PDE admit smooth solutions that are critical points of some energy functional on an
infinite-dimensional Lie group with a right-invariant metric. Once this is known, it is
then tempting to use geometric intuition in order to better understand the qualitative
behavior of solutions; for example, showing that the curvature is negative or positive
can hopefully demonstrate existence of unstable or stable perturbations of the motion,
respectively. However, this method is most powerful when, as in hydrodynamics, the
equation is transformed from a partial differential equation on the manifold into a
genuine ordinary differential equation on the diffeomorphism group, so that unique
solutions can be constructed by standard techniques of ODE theory (rather than the
use of ad hoc PDE estimates). One can then proceed to deduce rigorous results about
the solutions from the study of the attendant geometric objects such as the exponential
map, sectional curvature, the index form, conjugate points, etc.

After finding that the curvature of the hydrodynamical volumorphism group was of-
ten negative but sometimes positive, Arnold [Arl] (see also [Ar2] and [AK]) asked about
the existence and nature of conjugate points on the volumorphism group, particularly
whether conjugate point locations could accumulate along geodesics. Such phenom-
ena can happen in infinite-dimensional geometry generally, but if the exponential map
happens to be a nonlinear Fredholm map, this possibility is precluded.

The first result on Fredholmness of a Riemannian exponential map was proved in
[Mi2] under the assumption that the curvature operator along geodesics is compact.
This holds for example on the free loop space, but it seems too restrictive for many
other examples of interest. In a recent paper [EMP] we showed that the exponential
map is Fredholm for the L? metric on the volumorphism group in two dimensions but
not in three dimensions, using the algebraic structure rather than the curvature.

One of the goals of the present work is to extend the main result of [EMP] to
exponential maps on diffeomorphism groups induced by other right-invariant metrics
of interest in mathematical physics. Another goal is to provide a general framework
within which one can study the associated nonlinear PDE using methods of infinite-
dimensional Riemannian geometry.

Our main examples will be obtained in the following way. Given a compact Rie-
mannian manifold M of dimension n, let D*(M) be the group of diffeomorphisms with
the Sobolev H*® topology, where s > n/2+ 1. It is well known that D*(M) is a smooth
Hilbert manifold as well as a topological group. We will be mainly interested in D*(M)
and the volumorphism group DZ(M ), as well as central extensions of the diffeomor-
phism group. All such objects will be denoted by G®. For each index r < s we will
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consider a Riemannian metric on D*(M) defined at the identity by a Sobolev H" inner
product. We then right-translate this inner product to other tangent spaces to obtain
a right-invariant metric on the group.

If r = s we get a strong Riemannian metric (i.e., one whose distance function gener-
ates the underlying topology of the manifold), while if r < s we get a weak Riemannian
metric. Strong metrics have nice global geometric properties, while weak metrics tend
to arise naturally in applications. The metric on a central extension is given by a direct
product, which again is the case arising in applications.

This construction is sufficiently general to include many of the well-known PDE of
mathematical physics, such as: the Euler equations of ideal hydrodynamics (G* =
D; (M) with r = 0); the Lagrangian-averaged Euler equation (G* = D; (M) with
r = 1); Burgers’ equation (G* = D*(S!) with r = 0); the Camassa-Holm equation
(G* = D3(SY) with r = 1); the EPDiff equation (G* = D*(M) with » = 1); and
the KdV equation (G* = Vir(S?'), the Bott-Virasoro group, with r = 0). Of course
there are many other groups whose right-invariant metrics lead to interesting PDEs; for
examples of such equations see e.g., Arnold and Khesin [AK], Marsden and Ratiu [MR],
Schmid [Sch], Taylor [T2], Vizman [V3] or the recent book by Khesin and Wendt [KW]|
and their references.

Our main results deal with existence of Fredholm exponential maps of the right-
invariant H"-metrics on G* and their properties. Specifically, after reviewing necessary
background material in Section 2, we derive explicit formulas for the (Lie group and
Lie algebra) coadjoint operators of the H" metrics and write down the corresponding
Euler equations in Section 3. Next, we show that if r is a sufficiently large integer,
then the geodesic equation of the H" right-invariant metric is locally well-posed for any
of the groups G*, with solutions depending differentiably on the initial data for any
sufficiently large s (depending on 7). In particular, we obtain a smooth exponential
map exp, defined on some neighborhood of zero in T.G* (Section 4) and thus can study
its singularities as conjugate points. This is done in Section 5 where we also present
examples showing that in infinite dimensions distribution of conjugate points can be
very complicated.

Sections 6 and 7 contain the main constructions of this paper. We show that for each
G*, there is a critical index r, such that if r is an integer with r» > r,, the differential of
the H" exponential map dexp,(v): T.G* — Tixp ()G* is a Fredholm operator of index
zero, i.e., a bounded linear map with closed range, such that the kernel and cokernel
have finite and equal dimensions. Thus, exp, is a smooth Fredholm map of index zero
in the sense of Smale [Sma] and, as a result, all conjugate points of the H" metric
that appear when r > r, must be necessarily of finite order and isolated along finite
geodesic segments. The values of 7, required are

o If G* = D*(M), then r, = 3.
o If G* = D(M), then r, = —3 if dim(M) = 2 and r, = 0 otherwise.

o If G* = Vir*(S'), then r, = 3.
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In particular, this includes the result of [EMP] for the L? metric in 2D hydrodynamics
and implies that the H' metrics which generate the Camassa-Holm equation and the
Lagrangian-averaged Euler equation (in 2D as well as 3D) all have Fredholm exponen-
tial maps. Furthermore, it shows that failure of Fredholmness is a borderline case in
3D hydrodynamics, while it is not borderline for Burgers’ equation or the Korteweg-de
Vries equation.

We point out that the exponential map in an infinite-dimensional Riemannian man-
ifold will typically not be Fredholm. Grossman [Gr] gave the first examples of this:
on a sphere in a Hilbert space, the exponential map differential may have infinite-
dimensional kernel (corresponding to an infinite-dimensional family of geodesics joining
two antipodal points); in addition on an infinite-dimensional ellipsoid, the exponential
map differential may fail to be surjective even if it is injective (which arises from a
convergent sequence of conjugate point locations along a geodesic segment). For more
explicit details on the pathological nature of conjugate points in infinite-dimensional
manifolds we refer the reader to the recent papers of Biliotti, Exel, Piccione and Tausk
[BEPT] for strong metrics, [P3] for a weak metric on the volumorphism group of a
three-dimensional manifold, or Kappeler, Loubet and Topalov [KLT] for another weak
metric on the full diffeomorphism group of the flat two-torus. We emphasize again that
such phenomena cannot appear when the exponential map is Fredholm.

As mentioned above, Fredholmness comes in an essential way from the group struc-
ture and in particular the decomposition of the Jacobi equation into decoupled first-
order equations, rather than from convenient properties of the curvature as on the free
loop space [Mi2]. In Section 6 we will also show that for the H* metric on D*(S') and
for the L? metric on DZ(M 2), the curvature operator is not compact; in fact in both
situations there is an infinite-dimensional subspace on which the curvature operator is
positive and bounded away from zero. However in both examples the exponential map
is Fredholm.

In the last two sections of the paper we describe two applications of our Fredholmness
results. First, in Section 8, we prove the Morse Index theorem for geodesics of the L?
metric on Dj,(M?) thus settling a question raised by Arnold and Khesin (see [AK],
Chapter 4, p. 225). Finally, in Section 9, we describe surjectivity properties of the
exponential map in two cases of particular interest: that of a strong Riemannian metric
on G* and the L* metric on Dj,(M?). The latter can be viewed as a step toward
answering a conjecture of Shnirelman [Shn3|.

2. BACKGROUND

To deal with diffeomorphism groups as manifolds, one must specify a function space
topology. At one extreme, it can be convenient to work with only C'*° diffeomorphisms,
although this requires a Fréchet topology in which important results like the implicit
function theorem are not valid. At the other extreme, one can work in the topology
generated by the kinetic energy of a physical system, although the diffeomorphisms
may not form a smooth or even a C° manifold in such a topology. In either case one
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must often prove individual results using methods unique to a particular equation,
rather than using general techniques of infinite-dimensional manifolds. Hence it has
been common to work with intermediate Sobolev topologies, which are useful in a wide
array of situations; we will use this approach, following Ebin and Marsden [EM].

For an n-dimensional manifold M, the class H*(M, M) is defined as the set of maps
n: M — M which are of Sobolev class H® in every coordinate chart. If s > n/2+1, then
every n € H*(M, M) is also C' by the Sobolev embedding theorem, and we can define
D*(M) as the open subset of H*(M, M) such that ! exists and is also in H*(M, M).
Then D*(M) is a topological group, where right translation R, : { — £ onis C* and
left translation L,: £ — no & is continuous (but not even Lipschitz continuous) in the
H? topology.

Given any Riemannian metric on M, we can define an H® Riemannian metric on
D*(M) using the powers A® of the Laplace-de Rham operator on M. However, for
the most part, the geometry of this metric is not interesting from a physical point of
view; in applications, the interesting metrics are weak, in that they do not generate
the topology of the underlying space. Weak metrics give rise to many of the partial
differential equations of physics, but the diffeomorphism group is often not a manifold
in the topology generated by the weak metric. This is the source of many of the
complications arising in infinite-dimensional geometry. We will have to deal with some
of them in later sections.

We proceed to recall some basic facts about the structure of the various diffeomor-
phism groups and central extensions that will be studied here. In particular, we will
need formulas for the group as well as the Lie algebra adjoint representations. For
concreteness, we consider three situations: the full diffeomorphism group D*(M), the
volumorphism group Dj (M), and the Bott-Virasoro group Vir®(S").

Definition 2.1. The volumorphism group D, (M) is defined in terms of a Riemannian
volume form g on a compact n-dimensional Riemannian manifold M without boundary.
It consists of those diffeomorphisms 7 such that n*u = p. If s > n/2+1 then the group
of volumorphisms of Sobolev class H® of M,

D;(M) = {neD*(M)|n"n=p},

is a smooth submanifold of the Hilbert manifold D*(M). Its tangent space at the
identity diffeomorphism consists of H® divergence-free vector fields

1.D3(M) = {u € T.D*(M)| divu = 0}.

Definition 2.2. We define the exact volumorphism group D? . (M) in the following

,ex
way. We recall the musical isomorphisms # and b: if « is a 1-form, then of is the
vector field such that a(v) = (af,v) for every vector field v; b is its inverse. We have
the operator d which takes k-forms of class H® to (k + 1)-forms of class H*!, and its
formal dual § which takes (k + 1)-forms of class H® to k-forms of class H*™!, defined
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so that for any k-form « and any (n — k — 1)-form 3, we have

[ = [ (.o n

M

See for example [EM]. We also have the Hodge star operator * which maps k-forms
to (n — k)-forms and is defined by («, ) = a A %03, for any k-forms o and . The
relationship between the two on k-forms is

§ = (1) ydx.

We rewrite the divergence as an operator on 1-forms, divu = —déu’, and use the
Hodge decomposition [EM] to say that any H*® divergence-free vector field u may be
written as v’ = 63 + h, where [ is an H**' 2-form and h is a C°* harmonic 1-form
(i.e., one satisfying 0h = 0 and dh = 0). The ezact volumorphism Lie algebra is the
set of those u such that h = 0, and the exact volumorphism group is the image of
these under the Lie exponential map. (That it is actually a Lie algebra will follow from
Remark 2.6.) Of course if the first homology H'(M) = 0, the exact volumorphism
group coincides with the volumorphism group.

In two dimensions, a 2-form (§ may be identified with a function f = x(, and we
write u = sgrad f = (6xf)%, so that on the flat torus sgrad f = f, 9, — f. 9,. In three
dimensions, a 2-form ( may be identified with a 1-form o = %3 and thus with a vector
field w = of, and we write u = curlw = (éxw”)".

Definition 2.3. Given any diffeomorphism group, we define a central extension in the
following way: we find a 2-cocycle B: D*(M) x D*(M) — R™ satisfying the property

(2.1) B(n,§) + B(no& x) = B(&§ x) + B(n,§ o x) for all n, &, x € D*(M).

(The existence of a nontrivial 2-cocycle depends on the cohomology of the diffeomor-
phism group.) The central extension of the diffeomorphism group is then defined as
Ds(M) x R™ with group law

(2:2) (m,p) - (§,0) = (no& p+ o+ Bng)),
and equation (2.1) ensures that this group operation is associative.
The best known example of a central extension is the Bott-Virasoro group Vir(S?1).

Definition 2.4. The Bott-Virasoro group Vir®(S') is the universal central extension
of the group of orientation preserving H® diffeomorphisms of the circle. Here B is the
Bott cocycle

2.3 B = 5 [ logduno ) dlogaus.

The Bott-Virasoro group is known to be the configuration space of the Korteweg-de
Vries [OK] and the Camassa-Holm equations [Mi3], both of which arise as water-wave
equations.
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For any group G* we have two adjoint operators defined on the Lie algebra g° = T.G*:
the group adjoint Ad,: g° — g° defined by

(2.4) Ad,v =dL,dR, v,

and the Lie algebra adjoint ad, v: g° — g° defined by
d

2. ——| A

(2.5) ad, v i dy v,

where 7(t) is any curve in G* with 7(0) = u. The following proposition gives the
formulas for these objects on the groups we have been considering.

Proposition 2.5. Suppose G° is the diffeomorphism group, the exact volumorphism
group, or the Bott-Virasoro group. Then the Lie group adjoint (2.4) and Lie algebra
adjoint (2.5) are given by the following formulas:

o If G® is the diffeomorphism group D*(M) with Lie algebra g° of vector fields,
then the group adjoint Ad,: g° — g° is given by

(2.6) Ad,v=mnw = (Dnv)on!,
while the Lie algebra adjoint ad,: g° — g° is given by
(2.7) ad, v = —u,v],

the negative of the standard Lie bracket of vector fields.

o [f G*® is the exact volumorphism group as in Definition 2.2 with Lie algebra g°
of vector fields of the form v = (63)%, then the adjoints above can be written in
the simplified form

Ad, sgrad g = sgrad(gon™)  if dim(M) =2,
(2.8) Ad, curlw = curl ((77_1)*wb))ti if dim(M) = 3,
Ad,(68)* = (6 [*(nfl)**ﬁ})ﬁ in general.

The Lie algebra adjoint can be written in the form

ad, v = sgrad(u x v) if dim(M) = 2,
(2.9) ad, v = curl(u x v)  if dim(M) = 3,
ad, v = (6(v”> A°))*  in general.

o IfG* is Vir*(SY), then the group adjoint action is given by
2.10) Adg(v.a) = (o + [ 5,000)as).
5'1

where

(2.11) 5, =1 §<”—)2
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is the Schwarzian derivative of n. The Lie algebra adjoint action is given by
(2.12) ad(yp) (v, q) = (—[u,v],/ u"'(0)v(6) d@) .
S1

Proof. These computations are standard; see for example [AK] or [KW]. The reason

for the minus sign in (2.7) is the fact that the standard Lie derivative comes from
Ad,-:

d _ d
Lov=[uv] = 2| w0 =2 Adyeav = —ad,v.

We will focus on the exact volumorphism group, where the computations are less
known. So let a be a 1-form, 3 be a 2-form, and 1 be a volumorphism. If v = (§3)*,
then

a(nw) on =1'a(v) = (1"a, ") = (n*a, 65).
Therefore since n is volume-preserving,

| atrvydn= [ arondu= [ ora.ssydu= [ t@ra.s)
:/ n*da/\*ﬁ:/ da A (n71) %3
M M
= [ danesto s = [ Gasdstrty ) die
M M

Since this is true for every 1-form a, we obtain the general case of (2.8). The special
case when n = 2 follows from the fact that if f is a function, then n*f = fon. The
formula for the Lie algebra adjoint follows from the general formula

[u, 0] = —6(w’ A°) + (divo)u’ — (divu)o’.
U

Remark 2.6. Observe from formula (2.9) that on the volumorphism group, ad,v is
always an element of the exact volumorphism Lie algebra from Definition 2.2. Hence
in particular the exact volumorphism Lie algebra is a Lie subalgebra.

On the diffeomorphism group D*(M) of a compact manifold without boundary, we
put a right-invariant H" metric defined at the identity by

(2.13) <u,v>Hr:/M<u,Arv> du

for any u,v € T,D*(M), where A" € OPS% is an elliptic invertible operator of order
2r. (For this to be usable, we may need to require s to be larger; for example, s > n/2+
1 + 27 will be enough so that if v € T,D*, then A™v is C'.) Typical examples include
A" = (id + A") or A" = (id + A)", where Av = (dév” + 6dv’)* is the positive-definite
Hodge Laplacian. Alternatively, if r is a positive integer, we can use A" = >, _, AF

again using the positive-definite Laplacian. In case M is the circle S!, this becomes
AT =30 o (=1)F9%* (as in [CKKT)).
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Remark 2.7. In general we need not assume that r is an integer. Generally, any self-
adjoint first order elliptic operator A on a compact manifold gives rise to a pseudo-
differential operator A* in OPSf” 8(2) for any complex number z € C by the spectral
theorem. However, all known examples which lead to physical differential equations
involve r = 0 or 7 = 1, and the proof of local existence in Section 4 simplifies greatly
if r is an integer. Hence we will assume that r is an integer as needed.

If A" commutes with the operators d and §, as we will always assume, then the
right-invariant H” metric (2.13) restricts to an H" metric on the exact volumorphism
group. At the identity it is given on 2-forms « and [ by

(2.14) ((6c)F, (68)F) e = (A" Aav, B) 12,

where A = dd+dé. Hence in terms of the “potentials” a and 3, we get an H"+! metric;
however, we will continue to refer to it as the H" metric on the actual vector fields.

The right-invariant metric on the Bott-Virasoro group is simply the Cartesian prod-
uct:

(2'15) ((u,p), (U, Q)> = <U7U>HT + Dq.

There are a number of other situations amenable to the type of analysis we consider
here, although to keep the formulas relatively simple, we are avoiding this full generality.
One can consider other subgroups of the diffeomorphism group, such as those preserving
a symplectic form or a contact form; the geometry of the L? metric on these groups
was considered by Smolentsev [Smo2]. One can also consider a semidirect product
of a diffeomorphism group with a space of functions, forms, or vector fields. See
Vizman [V3] for a review of equations arising through L? geometry on such groups.
Several other examples are collected in the recent book [KW].

3. COADJOINT REPRESENTATION AND EULER EQUATIONS

The Lie group adjoint and Lie algebra adjoint formulas appearing in Proposition
(2.5) depend only on the group structure, not on the Riemannian metric. Thus the
geometry is in some sense completely encoded in the coadjoint operators: the group
coadjoint Ad;: g° — g° defined so that

(3.1) (Ad;, v, w) = (v, Ad, w) for all w € g°,
and the Lie algebra coadjoint ad} : g° — g° defined so that
(3.2) (ad’ v, w) = (v,ad, w) for all w € g°.

In this section we will review how the coadjoint operators appear in the geodesic
equation and the Jacobi equation, as well as computing them explicitly in the three
cases of Proposition (2.5).

Remark 3.1. Note that our use of “coadjoint” for these operators is nonstandard;
typically the coadjoint is defined on the dual of the Lie algebra g by the formulas
above; our version is the result on g under the usual isomorphism between g and its



10 GERARD MISIOLEK AND STEPHEN C. PRESTON

dual under the weak Riemannian metric. Our reason for doing this is to avoid the
unfortunate accident of terminology in which several completely unrelated objects are
all referred to as “adjoint”: the alternative would be to refer to Ad; as the metric
adjoint of the group adjoint, which is eventually rather awkward.

In [Arl] Arnold developed a general framework to study geodesic equations of left-
as well as right-invariant metrics on arbitrary (possibly infinite dimensional) Lie groups
as Euler equations on the associated Lie algebras. The next theorem is well known
and easy to derive formally; we provide a short proof to keep the paper relatively
self-contained.!

Theorem 3.2. If G is a Lie group equipped with a (possibly weak) right-invariant
metric (-,-) then a curve n(t) is a geodesic if and only if the curve u(t) in T.G, given
by the flow equation

(3.3) n(t) = dR,uyu(t),
satisfies the Fuler equation
(3.4) u(t) = —adyq u(t).

Proof. In order to derive the equation on 7T.G we write the energy of a one-parameter
family of curves (—e¢,€) © 0 — n(o,t) with fixed endpoints at ¢ = a and t = b in the
form
I I
E(0> = 5 / ||77t<07 t) ||2 dt = 5 / <an(o,t)*”7t(O-7 t)u an(o,t)*lnt(O-7 t)> dt

using right-invariance of the metric. Letting y(t) = dR, ) (8077(0, t)) |p—0 denote the
right translation to T.G of the associated variation field along the curve 7 (correspond-
ing to o = 0) we find that

a0’|o—=0 (an(mt)‘latn(Ua t)) = Oy — ad, y.

Differentiating the energy functional E with respect to the parameter o, then integrat-
ing by parts and using the fact that y(a) = y(b) = 0, we obtain

b b
E'(0) = / (u, Oy — ad, y) dt = _/ (O + ady, u, y) di.

Since the variation field y in T.G is arbitrary, applying Hamilton’s principle yields the
Euler equation in (3.4). O

Remark 3.3. If G is any one of the groups of Sobolev diffeomorphisms G* described in
the previous section then various complications arise. The most serious is the fact that
the decomposition into (3.3) and (3.4) tends to lose derivatives. More precisely, since
elements of T,G* are vector fields on M of class H® and (for a typical right-invariant
metric) the coadjoint representation involves differentiation, the result ad;, v will often

IThe result can be justified for groups of smooth diffeomorphisms using Fréchet space techniques,
see e.g., [0], [CKKT], [KLT].
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not be a vector field of class H* even if u is. Thus, in order to establish rigorous results
of the type of Theorem 3.2 we will later impose certain smoothness conditions on the
metrics as well as the topology of the underlying space.

The fact that the geodesic equation on a Lie group decouples into (3.3) and (3.4)
allows us to reduce it from a second-order equation to a first-order equation, using the
group coadjoint.

Corollary 3.4. Ift +— n(t) is a curve in G with velocity field t — u(t) € g satisfying
equations (3.3) and (3.4) with initial conditions n(0) = e and u(0) = u,, then we have
the conservation lau®

(35) Ad;‘;(t) U(t) = Up-
As a result, we can rewrite the flow equation (3.3) as
(36) 77('[5) = an(t) Ad;(t)71 Uy = dL:](t)fﬂuo.
Proof. The definitions (2.4) and (2.5) imply the formula
d

%(Adn) = adan_1(7'7) Ad777

which immediately yields

d * * *

With the help of this formula we can write the initial value problem for the Euler
equation (3.4) on T.G* in the form

d oy

E(Adn(t)u(t)) =0, u(0) = .
Formula (3.5) immediately follows. See for example [AK] for discussion of the applica-
tions of this formula. O

Remark 3.5. Equation (3.6) gives the “particle equation” in Lagrangian form. In most
cases, the operator (Ad,-1)* is a nonlocal operator (for example, for volumorphisms
this equation is an integrodifferential equation, which was studied extensively in Majda-
Bertozzi [MB]). This form of the equation is equivalent to the second-order geodesic
equation (3.3) and (3.4). It is sometimes convenient to work with (3.6) directly to prove
existence and uniqueness results; this was the basis of Kato’s original proof of global
existence for D, (M?) [K]. However this technique works better in specially constructed
topologies and relies on a fairly concrete representation of the operator A™". Hence
for the proof of local existence and uniqueness in Section 4, we will work with the full
second-order equation. On the other hand the form (3.6) leads quite naturally to the
Fredholmness result, as we shall see in Section 6.

Now let us compute the coadjoint formulas explicitly.

2For the group of volumorphisms, this is the conservation of vorticity; for the group G = SO(3)
describing rigid body motion, this is conservation of angular momentum.
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Proposition 3.6. Suppose G° is the diffeomorphism group, the exact volumorphism
group, or the Bott-Virasoro group. Then the Lie group coadjoint (3.1) and Lie algebra
coadjoint (3.2) are given by the following formulas:

o If G° = D*(M) with H" metric given by (2.13), then the group coadjoint is
given by
(3.7) Adyv=A""[J(n)Dn'(A™)],

where J(n) = det(Dn) and (Dn)' is the pointwise adjoint of Dn, while the Lie
algebra coadjoint is given by

(3.8) adjv = A" [V,A"v + (divu)(A™0) + (Vu) (A™0)] .

Here (Vu)' is the pointwise adjoint of the operator v — V,u, defined so that
(Vu)T(v),w) = (v, V,u) for all vectors v and w in TM.

o [f G® is the exact volumorphism group D;, ., (M) with right-invariant H" metric
defined by an operator A", then the group coadjoint is given by

Ad; sgrad g = sgrad A7 A™! ((A"Ag)on™) if dim(M) = 2,
(3.9) Ad; curlw = curl A" A~ (AT Aw) if dim(M) = 3,
AL (68)F = (AT A~ (ATAR))° in general.
The Lie algebra coadjoint is given by
sgrad A7"A™H(u, V curl(A™0))  if dim(M) = 2,

(3.10) ad;, v = ¢ curl A7"A™u, curl(A™v)] if dim(M) = 3,
(A" A", dA™v)! in general.
e [If G*® is the Bott-Virasoro group with right-invariant H™ metric given by (2.15),
then
(3.11) Ad?n,p) (v,q) = (A’T (77’2 [A"v]on + an),O) ,
where S, is the Schwarzian derivative (2.11). The Lie algebra coadjoint is
(3.12) ady, ) (v,q) = (A7 (uA™ + 2u'A™v 4 qu™),0).

Proof. To compute these, we simply use the definitions (3.1) and (3.2) along with
Proposition 2.5.

e First, for the group coadjoint on T,D*(M), we have
(Ady v, w)gr = (v, Adyw) gr = (v, Dn(w)on_1>HT = / (A™v, Dn(w)on™) du
M

- /M ([A7v]on, Dn(w))J(n) du = (Drf ([Av]on), w)z.

Since this is true for every w € g, formula (3.7) follows.
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The computation for the Lie algebra coadjoint on T,D*(M) is similar. We
have

(ad’ v, w)gr = (v,ad, W) yr = (v, —[u, w])yr = /M<ATU, —[u, w]) dp

= —/ (A", V,w) du—{—/ (A", Vyu) du
M

M

= —/ divu(A"v, w) du+/ (V,A"v, w) du
M M

—|—/M<(VU)T(ATU),1U> dj.

Formula (3.8) then follows by the same reasoning as above.
e Now suppose G* is the group of exact volumorphisms defined in Definition 2.2,
so g° is the set of vector fields v expressible as v = (63)* for some 2-form f3.

The general computation for the group coadjoint is straightforward from
(2.8): if w = (67)* then

(A 0, w) g = (v, Ady w) e = / (AT, 6x(n1) ) dps
M
:/ (A" (1) %) du:/ Adv” A k(™) ey
M M

= / A"dv’ A (7Y %y = / 0 ATdV A xy
M M

= / (i AV’ ) dp = (AT AT AT ) e
M

so that formula (3.9) follows from (2.14).
The unusual special case when n = 3 comes from the following: if w = curl £,
then

(Ady v, w)pgr = (A"v, Ady curl§) 2 = / (ATv, curl((n™)* &)%) du
M

:/M<cur1Arv,((77_l)*fb)ﬁ>du:/ (1) € (curl A™v) dp

M

— [ gt eut Ao dn= [ (€t eur ao) dp
M M
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For the Lie algebra coadjoint, the easiest thing is to work directly, supposing
that w = (07)*:

(ad} v, w)gr = — (A", [u, w]) 2

= [ da ) = (470 )) + (A0,

~ [t 5y du= [ (@ndareq) de
M

M
and the general case of formula (3.10) follows using (2.14). The special case
when dim(M) = 2 comes from the fact that then

diy A" = d(curl(A™v)xu”) = * div (curl(A"v)u) = *(u, V curl(A™v))

since divu = 0. The case when dim(M) = 3 comes from the fact that
(L, dA™V*)F = —u x curl A", as well as the fact that curl(u x w) = —[u,w]
for divergence-free vector fields v and w.

e The computations for the Bott-Virasoro group are straightforward, using the
same technique as on the full diffeomorphism group, and we omit them.

O

Corollary 3.7. For the diffeomorphism group, volumorphism group, or Bott-Virasoro
group, the Euler equation (3.4) takes the following forms:

o If G*® is the full diffeomorphism group D*(M) with H" right-invariant metric,
then the Fuler equation is given by
{Arut + 2ugA"u + uA"ug = 0 if dim(M) =1

3.13
(3:13) ATy + Vo A™u + (V)T (A™u) + (divu)A™u = 0 in general.

e IfG* is the exact volumorphism group D, ,.(M) with H" metric given by (2.14),
then the Euler equation is given by
AA"fi +{f,AA"f} =0 if dim(M) = 2,
(3.14) curl A"uy + [u,curl A™u] =0 if dim(M) = 3,
A"ABy + di, ATAL =0 in general.
e If G® is the Bott-Virasoro group with H" metric given by (2.15), then the Euler
equation is given by
(3.15) O[A"u] 4+ 20" A"u + uA™u + pu” =0,

Proof. These formulas all follow from the Lie algebra coadjoint formulas (3.8), (3.10),
and (3.12), after some minor simplifications. O

Remark 3.8. In special cases, the equations in Corollary 3.7 reduce to some well-known
partial differential equations:



EXPONENTIAL MAPS ON DIFFEOMORPHISM GROUPS 15

o If G* =D%(S') and A° = id, then equation (3.13) reduces to Burgers’ equation

(3.16) up + 3uug = 0.
If G* =D*(M), (3.13) is called the template matching equation,
(3.17) uy + Vou + (V) (u) + (divu)u = 0,

which is used in image recognition; see [HMA]. If G* = D*(S') and A' = id—03,
then (3.13) becomes the Camassa-Holm equation ([CH] and [FF])

(3.18) U — Upgy + Uy — 2UgUgg — UlUgge = 0.

In higher dimensions, it is known as “EPDiff,” or the averaged template-
matching equation [HMA].

e On the exact volumorphism group D;, . (M), if A° = id we get the usual Euler
equation for ideal incompressible fluids:

(3.19) we+u(w) =0 if dim(M) = 2,
' w + [u,w] =0 if dim(M) = 3,
where the vorticity is w = curl u.

If A' = id+ a? curl® for some constant «, we obtain the Lagrangian-averaged
Euler-a equation studied by Shkoller [Shk] and others: the equations are the
same as (3.19), with the vorticity modified to w = curl(u + o curl® u).

e On the Bott-Virasoro group, if A = id, equation (3.15) becomes the Korteweg-
de Vries (KdV) equation

(3.20) U + Juug + puggg = 0

for some constant p; the fact that the KdV equation arises from a geodesic
equation was first discovered by Ovsienko and Khesin [OK]. In the case where
A' = id — 9%, equation (3.15) becomes a variant of the Camassa-Holm equation

(321) Ut — Utpo + 3UU49 — UUgpy — 2u9u99 + PUgpy = 0.

4. EXPONENTIAL MAP AND ITS GEODESICS

One major advantage in using Lie group methods in analysis of nonlinear evolution
PDE of the type we consider here lies in an important technical gain. While the Euler
equation (3.4) is generally a nonlinear PDE involving unbounded operators, which
requires ad hoc techniques to prove existence and uniqueness of solutions, it can be
written in terms of the flow 7 using (3.3). The resulting (geodesic) equation is second-
order in time and much more nonlinear than (3.4) (due to the presence of compositions),
but in many important cases its right hand side is bounded provided that we pick the
correct function space topology. The geodesic equation becomes then an ODE defined
on an infinite-dimensional manifold, so that the corresponding Cauchy problem can
be solved using Banach contractions and the solutions depend smoothly on the initial
data. In our case this results in a differentiable exponential map.
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Theorem 4.1. Suppose G* = D*(M) is the H*® diffeomorphism group with right-
invariant H™ metric given by (2.13). If r is an integer with r > 1 and s > 2r +n/2,
then the metric and connection are both C*°. Therefore the Riemannian exponential
map is C*°, and in particular gives a local diffeomorphism at the identity.

Sketch of proof. The basic technique was developed by Ebin and Marsden [EM] in their
study of the Cauchy problem for the Euler equations of hydrodynamics, which grew
out of the original work of Gunter [Gu], Lichtenstein [Li], and Wolibner [W]. It has
since been used to prove local well-posedness of many other evolution PDE3. Therefore
we will only give an outline of the argument?.

First we need to establish smoothness of the metric. If A” = >, _, D; D, for some
kh-order differential operators Dy, then we can write the right-invariant metric on
vectors u,v € T,G* as

(wohir =3 [ (Dutwon™). Dufwon ) dn

=> /M (dR,DydRy,1u, dR,DydR,1v)J (1) dp.
k=0

Now if D is a first-order differential operator on vector fields, then En = dR,DdR,
is continuous as a map from vector fields of class H™ to those of class H™ !, as long
as 7 is a diffeomorphism of class s > n/2 + 1 and 0 < m < s; see Ebin [Eb] for
the original proof of this, or [EM] or [Shk] for additional details. Furthermore, in the
natural coordinate chart on D*(M), we can write explicitly

Enu = (Du o 77_1 -Dno 77_1) on=Du- (Dn)_l,

where the dots represent summations over indices. Although the map n — n~! is not
smooth, the map n — Dn is smooth, as is the operation of matrix inversion, since 7 is a
diffeomorphism, while multiplication of functions is smooth jointly in both variables as
long as it is continuous. If s > r+n/2, we can iterate this process to obtain smoothness
for dR,DydR,-1. In addition, the Jacobian J(n) is continuous if s > n/2 + 1, so that
the multiplication appearing in the integrand is smooth as well.

Showing that the corresponding geodesic equation is an ODE involves the same

techniques. We use the formula u = 1, o™ and (u; + V,u)on = %% to write the
equation (3.13) in the form

Dd ) _ _ , _
(4.1) %d—iz = —A‘T([dlvm ot 4+ (Vo™ )T] A™(n, 0 1)) o1

- A_T<(vnton*1Ar(77t © 77_1) - AT(Vrztonfl(nt © 77_1))) o 1.

3See for example [Ma], [Shk], [Mi4], [CK] or [DKT] and references in these papers.
4For full details on the smoothness properties we will use refer to [Eb] and to [CK], who work out
the same proof in detail for the special case M = S!.
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Observe that the terms in square brackets involve first-order differential operators,
conjugated by R,, and hence are smooth by the above reasoning. The operator A" (7, o
n~!) oy is smooth as a map into vector fields of class H*~%". Furthermore the terms
divu and (Vu)' are in H*!, and the product of terms in H*™! and H* % is again
in A% since s — 1 > n/2. (This fails if » = 0, and that is why the theorem is not
true in this case: the right side of the geodesic equation is not even continuous in 7.)
Smoothness follows since all the terms involve multiplication and the application of
dR,A"*"dR,-1 maps smoothly back into H* by general principles of bundle maps.

The second line of (4.1) is somewhat more complicated, but uses the same techniques
as above. One computes the commutator explicitly and sees that all terms involve
multiplications of certain n-conjugated derivatives of 7;, which are bounded in the
Sobolev topology by the assumption that s > 2r + n/2.

Once we have established smoothness of the right hand side of (4.1) the result follows
from the fundamental theorem of ODE’s on Banach manifolds, see e.g., Lang [La]. O

Remark 4.2. In the above argument, notice that smoothness of the metric is both easier
and requires less of s. In particular, if s > n/2+ 1 and r = s, one can show with a bit
more work that the right-invariant H® Sobolev metric is smooth on 7'G®. Since this
metric actually generates the topology on T,G® for each 7, it is strong Riemannian.
Hence smoothness of the connection and existence of an exponential map follows from
general principles. See [La] for the details of infinite-dimensional Riemannian geometry
in strong metrics.

The assumption that s > 2r 4+ n/2 is thus too restrictive. In fact, we expect that
the two conditions s > n/2 + 1 and s > r are together sufficient. The alternative
Lagrangian formulation of (3.13)

AL (divy () + Vi () A = 0,

where En = dR,oDodR,-: for an operator D, suggests that one may be able to avoid
commutators as long as one can make sense of vector fields in H*™?" spaces (since
s — 2r may be negative, this may involve duals to Sobolev spaces). We will leave this
for future work, however.

Theorem 4.3. Suppose G* =D, (M) is the group of H® exact volumorphisms as in
Definition 2.2, with right-invariant H™ metric given by (2.14). If r > 0 is an integer
and s > 2r + 1+ n/2, then the metric and connection are both C*°. Therefore the
Riemannian exponential map is C*°, and in particular gives a local diffeomorphism at

the identity.

Sketch of proof. Since the right-invariant H" metric on D;,(M) is obtained by restriction
of the H" metric on D*(M ), smoothness of the metric follows from Theorem 4.1.

For the existence argument, we use a different form of the geodesic equation (3.14).
Generally in Riemannian geometry [La] the geodesic equation on a submanifold is the
projection of the geodesic equation in the ambient manifold. Hence we can simply
orthogonally project equation (3.13) onto the space of vector fields of the form v =
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(63)%. By the Hodge decomposition [EM], the H"-projection of any vector onto the
image of J is

Pyr(w) = P(w) = (5(d6 + 6d) " dw’)".

This gives the following alternate form of the geodesic equation

(4.2) A"uy 4 P(V A™u 4 (Vu) (A™u)) = 0,

using the fact that divu = 0, which in turn leads to the Lagrangian form
D d —r . — — r —

(4.3) @d—iz =P, [A ([dlvm on~t+ (Vnron )T on (A(non™) On)

— A7 (Typr A" 0 7) = A" (T (o)) 1),

Smoothness of the right hand side for » > 1 follows now again as in Theorem 4.1 and
from smoothness of the projection operator P, = dR, o P o dR,-1, which was first
established in [EM].

For r = 0, there is an additional cancelation in (4.2) coming from the formula

(Va)! () = 5V u),

which, as a gradient, vanishes after orthogonal projection onto the space of divergence-
free vector fields. Hence there is no derivative loss.® [

Theorem 4.4. Suppose G* = Vir*(S') is the H® Bott-Virasoro group with right-
invariant H"™ metric given by (2.15). If r is an integer with r > 2 and s > 2r, then
the metric and connection are both C*°. Therefore the Riemannian exponential map is
C, and in particular gives a local diffeomorphism.

This theorem was proved by Constantin et al. [CKKT].

Remark 4.5. 1t should be noted that even if » < 1 in Theorem 4.1 or r < 2 in Theorem
4.4, we may still have existence and uniqueness of solutions. For example, when r = 0
on D*(S1), one can construct the solutions of Burgers’ equation implicitly, and when
r = 1 on Vir®(S'), one can prove directly that solutions of the KdV equation exist.
However, in these cases the exponential map is continuous but not even C!, see e.g.,
[CKKT]. The existence of a smooth exponential map allows us to use the techniques
of finite-dimensional Riemannian geometry and study conjugate points in terms of the
Jacobi equation. We turn to this in the next section.

Finally, let us record for later purposes the following obvious fact.

Corollary 4.6. Let G* be either D*(M), D5, (M), or Vir*(S'), and suppose r and s
satisfy the hypotheses of Theorems 4.1, 4.3, or 4.4 respectively. For any u, € T,G® the
map

dexp,(tuo): Tr,T.G* ~ T.G® — Toxp(tu,) G°

SFor more details of these computations when r = 0, see [EM]; when 7 = 1, see [Shk].
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is a bounded linear operator satisfying dexp,(0) = I. Consequently, the exponential
map s a local diffeomorphism in a neighborhood of the identity in G°.

As in finite dimensions exp, maps rays from the origin in 7,G*® to geodesics in G*
preserving their initial velocities. Its derivative at origin is therefore the identity map
and the result follows at once from the inverse function theorem for Banach manifolds,
see e.g., Lang [La].

5. CONJUGATE POINTS AND THE JACOBI EQUATION

We proceed to study the singularities of the exponential map, i.e., the conjugate
points. The structure and distribution of these points in an abstract Hilbert manifold
can be very complicated. First of all, unlike in finite-dimensional geometry, there are
two possible mechanisms for the failure of the derivative of the exponential map to be
an isomorphism between tangent spaces. We say that a point ¢ is monoconjugate to p
along a geodesic joining them if the kernel of dexp, (considered as a linear operator
from the tangent space at p to that at ¢) is nonempty. ¢ is called epiconjugate to p if the
range of this operator is a proper (not necessarily closed) subspace of the tangent space
at ¢. Roughly speaking, the former are responsible for the minimizing properties of
geodesics while the latter are related to the covering properties of the exponential map.
Furthermore, again in contrast with finite dimensions, it is possible to find examples
of conjugate points with conjugacies of infinite order and which have accumulation
points along finite geodesic segments, as well as points which are epiconjugate but not
monoconjugate.

Example 5.1. Any point on the unit sphere in the space ¢? of square-summable
sequences equipped with the induced metric is monoconjugate of infinite order to its
antipodal point along any great circle joining them.

Example 5.2 (Grossman [Gr]). Consider the ellipsoid in ¢ defined by
82{{xn}€€2:2an:pi:1where a; = as = 1 and 0<a3<-~-<an/1}
n=1

and let y(t) = (cost,sint,0,...) be the geodesic of the metric induced from 2. Then
there is a sequence ~y(7//a,) of monoconjugate points whose limit point v(x) is epi-
conjugate to v(0) but not monoconjugate.

Example 5.3. Similar phenomena arise on diffeomorphism groups. On any volumor-
phism group, a one-parameter subgroup of isometries v is always a geodesic, and one
can compute all conjugate points along such a geodesic explicitly. On DZ(D2 x S,
[EMP] found a sequence of monoconjugate points along a geodesic of rigid rotation
which approach an epiconjugate point. [P2] showed that on DZ(S’?’), the point v(qm)
is monoconjugate to e for every rational ¢ > 1 of infinite order, and that for every
real t > m, v(t) is epiconjugate to e. [P3] showed that such phenomena are typical for
geodesics in D5, (M?).
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For a deeper study of conjugate points in G°, we turn to the Jacobi equation, whose
solutions give us precise information about the differential of the exponential map of
the right-invariant H” metric (2.13). Consider a geodesic n(t) = exp,(tu,) starting from
the identity in the direction u, € T.G®. Then the Jacobi field J(t) along 7 satisfying
J(0) = 0 and J(0) = w, is defined by

J(t) = dexp, (tu,)tw,, for any w, € T.G".

In the remainder of this section we will use formal arguments to derive the Jacobi
equation along 7 directly on the tangent space at the identity as a linearization of the
corresponding geodesic equation (cf. Theorem 3.2). This will produce a convenient
formula for the solution operator of the Jacobi equation (Theorem 5.6 below). We will
justify these constructions in Section 6 and Section 7.

Proposition 5.4. Suppose G is any Lie group with a (possibly weak) right-invariant
metric. Let n(t) be a smooth geodesic with n(0) = e and n(0) = u,. Then every Jacobi
field J(t) along n satisfies the following system of equations on T,G':

dy

dz
5.1 YW oadyy =z Z
(5-1) ar Y=z dt

where J(t) = dRyy(t) and 1n(t) = dR,uyu(t) as in (3.3).

+ady z+ad;u =0,

Proof. Let n,(t) = exp, t(u, + ocw,) be a smooth variation of 7(t) through geodesics in
the group. Set y(t) = dR, ) (&,\U:om(t)) and z(t) = Oy|g=0dR,, 1)-104m+(t). Then
differentiating equations (3.3) and (3.4) with respect to the parameter o and evaluating
at 0 = 0 we obtain (5.1). O

If G = G* then in general the operators appearing in the equations (5.1) may not be
bounded in the Sobolev norms, since applying the Lie algebra adjoint ad, as well as
its coadjoint ad;, will typically involve derivative loss as explained in Remark 3.3. On
the other hand, when the exponential map is C* then its derivative is a bounded linear
map in the H*® topology (Corollary 4.6) and the Jacobi equation will be well-posed (see
also Section 8 below).

We proceed next to rewrite the Jacobi equation in terms of the coadjoint represen-
tations, as we did for the geodesic equation.

Proposition 5.5. Let G and n(t) be as in Proposition 5.4. Then every Jacobi field
J(t) along n satisfies the following system on TG

dw d . .
= = —(Ad; Ad,v) +adju, =0

(5.2) o
where J(t) = dL,pw(t).

6Precisely, we approximate n and hence u by C* geodesics to make sense of (5.1) for y and z in
H? then use a limiting procedure and Corollary 4.6 to show that the results are still valid if n and u
are only H®.
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Proof. We first rewrite equations (5.1) using the group adjoint operator as

d d * * *
% (Adn(t)fly(t)) = Adn(t)qz(t), % (Adn(t)z(t)) + Adn(t) adz(t) U(t) = 0

and then simplify the second of these equations with the help of the conservation law
(3.5) and the identity

(Ady ady u(t), v) = (u(t), adse) Ady v) = (u(t), Adye adaa, =) 0)
=(adyq o Adjg u(t), v) = (adyq | o o)

valid for any v in T,G. Setting w(t) = Ad, -1 y(t) and v(t) = Ad, -1 2(t) the system
(5.1) becomes (5.2). O

Therefore, the differential of the Riemannian exponential map at tu, € T.G applied
to the vector tw, € T,G may now be expressed in different ways as

(5.3) (dexp,)tu, (two) = J(t) = dRexp, (1) Y (t) = dLexp, (tur)w(t)
where y(t) solves the system (5.1) and w(t) solves (5.2) with
(5:4) y(0) =w(0) =0,  Gy(0) = Gw(0) = w,,

and where J(t) is the Jacobi field along 7 satisfying the same initial conditions.
Denoting the solution operator of the Cauchy problem (5.2) and (5.4) by

o(t): T.G — T.G, D(t)(w,) = w(t)
we now proceed as in [EMP] and derive (formally) an integral equation for ®(t).

Theorem 5.6. Let G and 1(t) be as in Proposition 5.4. Let A(t) and K., be the linear
operators on T.G defined by the formulas

(5:5) A1) (w) = Ad;, ) Adyy(w)

and

(5.6) K, (w) = ad} u,.

Then the solution operator ®(t) = tdL,y)-1(dexp,)w, satisfies the equation
¢

(5.7) D(t) = Qt) +/ A(T) T K, ®(7) dr
0

where
¢

(5.8) Qt) = / AL dr
0

Proof. In terms of A(t) and K, equation (5.2) becomes

d d
E(A(lt)v(t)) + E(Kuow(t)) =0

which integrates to
A(t)v(t) = w, — Ky, w(t)



22 GERARD MISIOLEK AND STEPHEN C. PRESTON

since v(0) = w, and w(0) = 0. Solving this equation for v(¢) and integrating once
again in time we obtain

w(t) = /0 A7) w, dr —{—/0 A7) K, w(T) dT,
which implies (5.7) since w(t) = ®(t)(w,). O

6. FREDHOLMNESS IN THE WEAK H" TOPOLOGY

Our main result in this section imposes conditions on the Sobolev indices r and
s which guarantee that the differential of the exponential map of the H" metric on
the various diffeomorphism groups G* is weakly Fredholm. In this section we do not
assume that r is an integer.

Recall that a bounded linear operator between Banach spaces T: X — Y is weakly
Fredholm” if

(6.1) dimker 7" < oo and dimY /ranT" < oo.

Clearly, every Fredholm operator is weakly Fredholm. On the other hand it is not
difficult to check that the bounded linear map T'({z,}52,) = {@,/n}5>, on the space
of square-summable sequences ¢* satisfies both conditions in (6.1) yet its range is not
closed in /2. A more pertinent example is the following.

Example 6.1. Consider the ellipsoid from Example 5.2. Explicit calculations with
Jacobi fields along ~y(¢) show that v(m) is epiconjugate but not monoconjugate to (0),
while the range of dexp, ) (7¥(0)) is a dense subspace of T (€. It follows that both
numbers in (6.1) are zero and hence the differential of the exponential map at p is
weakly Fredholm.

To proceed we need to justify the constructions of the previous section. In what
follows T,G" = T.G*™" will denote the completion of the space T.G*® in the H™-norm.
We begin by showing that the operators introduced formally in Theorem 5.6 are well-
defined continuous maps on T,G" enjoying certain additional properties.

Lemma 6.2. Let G* be either the full diffeomorphism group D*(M), the group of exact
volumorphisms D, (M), or the Bott-Virasoro group Vir®(SY), equipped with a right-
invariant H™ metric given by (2.13), (2.14), or (2.15). Assume thatr > r, (see Lemma
6.3 below), s > n/2 4 |r| + 1 for D*(M) or D5(M), and s > 5/2 for Vir*(S*). Then,
for any n € G° the maps Ad,, Ad;; and A are bounded invertible operators on T,G".

Proof. Recall from (2.6) that the adjoint representation of the full diffeomorphism
group G° = D*(M) is given by the formula Ad,(v) = n.v. To show that Ad, is
bounded it is sufficient to estimate the (right-invariant) H” norm of the expression
Dnon~tvon!in every coordinate chart U on M, using smooth partitions of unity.

"We refer to Gonzalez and Harte [GH] for a detailed discussion of weakly Fredholm operators and
their “index” defined as the difference of the two numbers in (6.1).
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Since Zygmund functions® of class C7 are (pointwise) multipliers of any Sobolev space
H?(U) whenever ¢ > max (p, —p), choosing 0 = s —n/2 — 1 we obtain

[ Ady vl = [[Dnoll,. S 1Dn

ol S Il ol

where the last inequality is a consequence of the Sobolev embedding theorem for Holder-
Zygmund spaces, see e.g., [T1], Appendix A.

It follows that Ad, has a unique extension to a bounded linear operator on the
Hilbert space T.G". Furthermore, it is invertible with Ad,’ e Ad,-1. Consequently its
adjoint (with respect to the H"-inner product on 7,G") is also invertible and satisfies
(Ad;)~' = Ad; 1. In addition, their product A = Ad; Ad,, is self-adjoint on T.G" and
we have equality of operator norms

Ayl iy = [[AG]

L(HT) —

cg HS

= [IAd} Ady |72 = (1AL

L(HT) L(HT) L(HT)'

The result follows for D*(M), and the result for D;,(M) is an obvious consequence.
It remains to consider the case when G* is the Bott-Virasoro group. However, recall
from (2.10) the formula

Adyp) (v, q) = (77*7), q+ 1 Sy (0)v(0) d@)
S
and note that we can rewrite the integral above using (2.11) as

77//U/ 77”2U
_/51( 7 +27}/2 do.

If n € H® then n” is in H*"2 so that ”? is in L? as long as s —2 > 1/2, i.e., s > 5/2.
In this case we also have ' € C!, so that # is in C'! since 7 is a diffeomorphism. Thus

the integral is bounded as long as v € H' (a condition satisfied whenever r > r,, see
Lemma 6.3 below). O

Lemma 6.3. For each group G* considered, there is a critical value v, such that when
r > 1, and s is sufficiently large, then for each u inT.G* the operator K,,: T.G" — T.G"
defined in (5.6) is compact.

The critical values r, and the values of s needed are given as follows:

When G = D*(M), ro =% and s > [r — 1| + 2r + 14 n/2.
o When G* = D5(M?), 1, = —3 and s > 3|r| + 3.

e When G* =D;,(M") forn>3,7,=0and s > 3r +1+n/2.
[ J

When G* = Vir*(SY), r, = 2 and s > 3r + 1/2.

2

Proof. First, consider the case when G* = D*(M) is the full diffeomorphism group. By
formula (3.8) we have

Ky (v) = A7 (V,(A"u) 4 (divo)A"u + (Vo) (Aw)) .

8For details on Holder-Zygmund spaces and their basic properties see for example Triebel [Tr] or
Taylor [T1].
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To prove that K, is compact it is enough to show that in any coordinate chart U as
above the map v +— V,(A™u) + (divo)A™u + (Vv)T(A™u) is bounded as an operator on
the spaces of R"-valued functions from H"(U) to H"~}(U). It will then follow that K,
is bounded from H"(U) into H* ~!(U) and hence compact into H"(U) by the Rellich
Lemma, since r > 1/2 = ry by assumption.

Fixing a coordinate chart and using multiplier estimates in Sobolev spaces as in the
previous proof we can bound each of the three terms above separately. First, observe
that V,(A"u) is tensorial in v and therefore for any € > 0 we have

(6.2) Vo (A" |1 S (A0 || grrrir+
and, similarly, we obtain

1(div v + (Vo)) A" g1 < || A ul| ot

fUHHrfl 5 ||u||c|r—1|+2r+l+e U||H7‘71

diVUHHr—l 5 ||7,LHC\T71\+2T+E UHHr,

(see e.g., [Tr]). Hence all three terms are bounded by

S lullgrrerarelvllar S luflms (vl

provided that s > n/2+ |r — 1| + 2r 4+ 1 and € is chosen suitably small.
Next, we use the same technique for the subgroup of exact volumorphisms G* =
D5 (M?). In this case we have from (3.10) that

,ex
ad’ u = sgrad A”"A™ (v, V curl(A™u))
and therefore

(v, V curl(A™uw)) || r < ||V curl A"ul|grse

UHHT 5 ||uHC3r+2+e UHHT,

so that
H ad:uHHer 5 HuH03r+2+e”UHH7~.

Hence as long as r > r, = —3 and s > 3|r| +2+4n/2 = 3|r| + 3, the operator K, maps
H" into H3 %! and is hence compact by the Rellich Lemma.
In dimension three or higher, the same technique using the formula

adiu = (AT AT d(1,(dA™W)))F

yields
oo (A e < oo

'UHHr,
so that
| ady, ul|gar S ||ullgsrsrse||v]|mr,

and we get compactness for s > 3r +1+n/2 and r > r, = 0.
For the Bott-Virasoro group, we use formula (3.12)

ad?v,Q)(u7p> = (A—T’(UATU’ + 20 A™u +pUW), 0)
so that from above we have

||A_r (UATU/ + 2U,Aru>||H3r71 SJ ||u||C\r—1\+2r+1+e

UHH'F
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and thus we only need to worry about the term arising from the central extension.
However, if p # 0, we clearly have

A" (o™ [ 35 S vl

and so we conclude that K, is compact on H" as long as r > 7, = 2 and s > |r — 1| +
2r+3=3r+3. 0

One can obtain stronger statements for higher Sobolev metrics, for example that K,
is Hilbert-Schmidt or trace class for sufficiently large . We will not make any use of
these observations in this paper however.

Remark 6.4. While the linear operators K,, may make sense for r small or even negative,
the well-posedness results Theorems 4.1-4.4 require more, and Fredholmness will only
make sense when there is a C' exponential map. Hence the conditions under which
the well-posedness results are valid in addition to Lemma 6.2 and Lemma 6.3 are that
r and s are integers, and in addition:

o for the full diffeomorphism group G° = D*(M), we need r > 1 and s > 3r+n/2.

e for the two-dimensional exact volumorphism group G* = D; . (M %), we need
r>0and s> 3r-+3.

e for the higher-dimensional exact volumorphism group G* = D;, . (M"), we need
r>1ands>3r+n/2+1.

e for the Bott-Virasoro group G* = Vir*(S'), we need r > 2 and s > 3r + 1/2.

We are now ready to state the main result of this section.

Theorem 6.5. Let G° be D*(M), D;,(M), or Vir®(S'). Assume that r and s satisfy
the conditions of Remark 6.4. For any u, € T.G (i.e., C™ smooth) let n(t) = exp,(tu,)
be the geodesic of the H" metric (2.13) defined on [0,T) for some T > 0. Then
the differential dexp,(tu,): T.G® — T,u)G® is a weakly Fredholm operator for every
tel0,7).

Proof. We already know that d exp, (tu,) is continuous in the H*® topology (see Corollary
4.6) and therefore we only need to establish the two conditions in (6.1). Furthermore,
since u, is smooth, Theorems 4.1-4.4 imply that 7(¢) is also smooth and hence the
differential of the left translation dL,) is bounded and has a bounded inverse on T'G*.
Thus, showing that dexp,(tu,) has finite dimensional kernel in 7.G* is equivalent to
showing that the same is true for the solution operator ®(t) = tdL, -1 o dexp,(tu,)
(cf. Theorem 5.6) considered as a bounded linear map on 7.G".

We proceed indirectly and first consider the unique bounded extension of the solution
operator (which we continue to denote by ®4(t)) to the completion T,G" = T,G5"".
By Lemma 6.2 the first term on the right hand side of (5.7) is a well-defined bounded
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operator on T,G". Furthermore, for any w in 7,G" we have

t t
(w, Qt)w),,, = /0 (w, A\(1) " w) ,,, dT = /0 (Ady -1 w, Ady ) w>HT dr

¢ dr 9
/OHAd* ) el

() 1 gr

(6.3)

which implies that Q(t) is bounded below (and self-adjoint) and hence invertible on
T.G" for each 0 <t < T.

Regarding the second term in (5.7), observe that since K, is compact on T,G" by
Lemma 6.3, boundedness of the operators ®(7) and A(7)~! implies compactness of the
composition A(T)"' K, ®(7) for every 0 < 7 < t. Consequently, since the integral

(6.4) I(t) = /OtA(T)_lKuoCI)(T) dr, 0<t<T

is a limit of Riemann sums, and each sum is a compact operator, I'() is also compact
as a linear map on 7T,G".

Therefore ®(t) = tdL, ) -1d exp,(tu,): T.G" — T.G" is a sum of an invertible opera-
tor and a compact operator, and hence Fredholm. In particular, since ker d exp, (tu,) =
ker ®(¢) we conclude that the kernel of dexp,(tu,) is a finite-dimensional subspace of
T.G° C T,G".

Next, in order to show that dexp,(tu,) satisfies the second condition in (6.1) we
will compute the H* adjoint of the operator W(t) = tdR,)-1d exp,(tu,): T.G* — T.G*
and show that its kernel is also finite-dimensional. The proof (valid for any Hilbert
manifold with a weak Riemannian metric) of the following identity can be found for
example in [Gr].

Lemma 6.6. If n(t) = exp,(tu,), then for any w € T.G* and v € T,,;)G* we have
<d eXpe(tu(J)w? U>H7' - <w> deXpn(t)(—tﬁ(t))?}>H7. :

Since U(t) is bounded on T,.G* it suffices to carry out the calculation assuming that
wi,wy € T.G are C* smooth. Using Lemma 6.6 we have’

(wy, U(t)(wa)) e = (A Twy, V(1) (w2)) e = <As’7"w1,thn(t)—1deXpe(tuo)w2>Hr
= <tdexpn(t)(—tﬁ(t))an(t)AS”’wl,w2>HT = (U(t)"A* "wy, wa) .
= (AU () A w0, ws)
The (densely defined) operator defined by the above identity
AT ()T AT = tAT T d exp, ) (—1)(1) ) d Ry A

9As in the previous sections we reserve the notation L* for the adjoint of L computed with respect
to the H" inner product.
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extends to the unique H* adjoint of ¥(¢) on T.G*. Using right invariance of the H"
metric (and hence its exponential map) we can rewrite this formula further as

tATTT AR,y d exp, (—u(t)) A"

since 7)(t) = dRyu(t). This formula'® shows that the kernel of the H*-adjoint of W(t)
is a finite dimensional subspace of T.G®. Consequently, the kernel of the H*-adjoint of
d exp,(tu,) must also be finite dimensional. The theorem follows since

(6.5) Ty G* = ker dexp, (tu,) ®,,. rand exp, (tu,)" .

O

It is worth stating separately another result established in the course of the above
proof because of its independent interest.

Corollary 6.7. The (unique) bounded extension of dexp,(tu,) to a linear map between
T.G" and T, G" 1s a Fredholm operator.

In particular, ran(d exp,(tu,)) is a closed subspace of T} ;)G".

Remark 6.8. Corollary 6.7 was proved in [EMP] in the case when r = 0 and G* =
D (M %) is the group of volume-preserving diffeomorphisms of a compact surface with
or without boundary (which corresponds to 2D hydrodynamics). The argument used
in the proof of Theorem 6.5 shows that in this case the associated L? exponential map
is weakly Fredholm. However, it is still unknown whether this map is in fact Fredholm
when M? has boundary. The major complication arises due to the derivatives normal
to the boundary used in defining the H® topology; in particular, it is not true that if
u is divergence-free and tangent to the boundary, Oyu is as well.

Remark 6.9. The relationship between weakly and strongly Fredholm maps is still not
entirely clear, but some things are known. If ® denotes dexp in the H?® topology and
® denotes the extension to the H” topology, one can define weakly monoconjugate
points as the points in the kernel of ® and strongly monoconjugate points as those in
the kernel of ®; similarly for weakly and strongly epiconjugate points. It is easy to see
that any strongly monoconjugate point must be weakly monoconjugate, and that every
strongly epiconjugate point must be weakly epiconjugate. Along smooth geodesics, we
can further say that any weakly epiconjugate point is also strongly epiconjugate; see
[P3]. However, other implications are unknown and possibly nontrivial.

Remark 6.10. The techniques used to prove Theorem 6.5 can easily be applied to
any geodesic equation arising from a right-invariant metric on an infinite-dimensional
group. In the more general setting of weak Riemannian metrics on manifolds of maps
without any group structure, other techniques are required. Perhaps the simplest one
is to use directly the Jacobi equation D*J/dt*+ R(J,n)n = 0. If the curvature operator
J +— R(J,v)v is compact in some weaker norm for any fixed v, then Fredholmness

107y fact, it establishes a 1-1 correspondence between the kernel of U(t) and that of its H*-adjoint.
As a result, every monoconjugate point is necessarily epiconjugate.
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follows as in [Mi2], using parallel translation and Egorov’s theorem on conjugation by
Fourier integral operators. If the curvature operator is not compact, one may still
hope to separate it into positive and negative operators; only positive curvature yields
conjugate points, so one might hope the positive part is a compact operator. In the
following examples we show that this generally does not happen for the spaces we are
considering, so that the group structure is essential for Fredholmness.

Example 6.11. Let D*(S') be the group of H*® diffeomorphisms of the circle with
s > 3/2 equipped with the right-invariant H' metric (take 7 = 1 in (2.13) above).
Fix a non-zero integer k and let u(z) = coskz. Then the sectional curvature at the
identity is positive and bounded below on an infinite-dimensional subspace containing
the vector u. In fact, for |I| > |k| we have

m(1+ K22+ .0) k>
_)
2(1+ k%) (1 +1?) 8(1 + k2?)

K(coslx,coskzr) =

as |l| — oo (cf. [Mid], Theorem 6.4). Therefore, there are infinitely many positive
eigenvalues of the curvature operator w — R(w,n)n which are bounded away from
zero and hence even the positive part of the operator cannot be compact. On the other

hand, according to our main result in Section 7 (Theorem 7.1) the H' exponential map
on D*(S') is Fredholm.

Example 6.12. Let D5, . (T?) be the group of exact volumorphisms on the 2-torus

with s > 2 and right-invariant L? metric (r = 0 in (2.14)). By [Mil] we can write the
curvature operator as

R(u,v)v = P(V,Vp —V,Vq),

where p and ¢ are functions such that Ap = —div (V,v) and Ag = — div (V,v).

Let V be an open set which is not all of T2, and suppose v = sgrad g with supp(g) C V
and g an approximate delta function. Then it is easy to compute that Ap = 2(g449y, —
giy), so that Ap = 0 outside V. However p will not be constant outside V', and so there
is some open set U disjoint from V' where either p,, or p,, is strictly positive. Suppose
without loss of generality that p,, > 0 > 0 on U and that |p,,| < M and [p,,| < M for
some M. Letting h be a C* function on R vanishing outside [—1, 1], we can define f
in a small coordinate patch inside U by the formula f = h(z?/e* +y?/e?), zero outside
the ellipse 2%/e* +4?/e2 < 1. Set u = sgrad f.

Since the supports of v and v are disjoint, we know ¢ = 0. Furthermore inside the
ellipsoid u looks like u = R'(x?/e* + y?/e?)(% 0, — % 9,). It is then easy to see that
for ¢ sufficiently small, we have (R(u,v)v,u)rz > g|u|%2 Furthermore, since there are
infinitely many disjoint such ellipsoids inside U, we have an infinite dimensional space
on which the curvature operator is positive and bounded away from zero.

Hence Fredholmness of the exponential map for a right-invariant metric comes fun-
damentally from the group structure, rather than from convenient curvature properties.
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7. FREDHOLMNESS IN THE STRONG H*® TOPOLOGY

We have already observed that the decomposition (5.7) does not work in H*® because
of the loss of derivatives involved in calculating the differential of left composition with
an H? diffeomorphism and hence also in computing the group adjoint operator Ad, etc.
Therefore, to show Fredholmness of the exponential map in the (strong) H*® topology
we will use a simple perturbation argument.

We prove that dexp,(tu,): T.G* — T, G* is Fredholm whenever u, is C*° smooth,
using commutator estimates. Then, for any u, € G*, we approximate d exp,(tu,) by a
Fredholm operator with a smooth parameter and use the fact that Fredholm operators
form an open subset of the space of all bounded maps from T.G* to T;,)G*.

Theorem 7.1. Let G* be either the group of diffeomorphisms D*(M), the exact volu-
morphism group D5, (M), or the Bott-Virasoro group Vir*(S*), with a right-invariant
H" metric. Assume that s and r are as in Remark 6.4, so that the weak Riemannian
exponential map is C* and its differential is weakly Fredholm.

Then for any u, € T.G*® the exponential map of the H" metric (2.13) is a nonlinear
Fredholm map; i.e., its differential dexp,(tu,): T,G* — T,yG* is a Fredholm operator

in the H® topology for all t in the maximal interval of existence of n(t) = exp,(tu,).

Proof. Suppose first that u, € T.G, i.e., that u, is C*°. Then the geodesic n(t) is
in H® for all sufficiently large s and hence is C'*° smooth as long as it exists, say on
some interval [0,7"). From Theorem 6.5 we already know that dexp,(tu,) is weakly
Fredholm. Therefore our only task will be to show that randexp,(tu,) is a closed
subspace of T}, G*.

Consider the operator Q(t) defined in (5.8). For any w in T,G*®, we have

(w, Q(t)w) . :/o <w,AS_TA(T)_1w>HT dr

s—r

t ¢
:/ (A w,A(T)_lASETw> dT+/ <A%w, [ASET,A(T)_l]w> dr
0 H 0

HT

n(7)

t
:/HAd* S AT |, dr
0

—/0 <’LU,A_%A(7‘)_1[ASET,A(T)}A(T)_lw>HS dr

since Ad; is the adjoint operator of Ad, with respect to the H" inner product (2.13).
For the first term on the right side above, we have

1 sS—T
> o 1A
HAdn(T)”2

L(HT)

o
A 17

n(r L(HT)

s—r

(7.1) | AdS 1 A3

n(7)

w7, ]

wHi{T = 12115'
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Using the fact that A(7) = A*(7) is self-adjoint, we bound the second term by duality
(suppressing the dependence on 7 for notational simplicity)

(w, ATFATAT AJA ) = (Asw, AN AT AJA )

(7.2) Sl AT AT AJA

Ady [ [I[A7 AJA 0|

2

HS HT

< |lwl

HS

and then exploit the presence of the commutator as follows. First, a straightforward
computation gives an explicit formula (again suppressing the dependence on )

A= PGA?TMJ(??)DWTA_ZMDW

where as before

Ap(w) = (A"(won™")) o,
and M is the multiplication operator by an n x n matrix C, whose transpose is
denoted by CT. (We use Pg to denote the L? projection onto T,G*, if G* is the exact
volumorphism group.)

Since A" is an elliptic pseudodifferential operator in OPS% and 7 is a smooth dif-
feomorphism of M, the operator A_;; is also in OPS%’&). Moreover, for the volumorphism
subgroup the corresponding projection Pg belongs to OPS?’O. It now follows from
general composition properties for such operators that A(7) is a pseudodifferential op-
erator of class OPS?,O on T.G*® whose principal symbol, in any coordinate chart on M,
is given by a matrix of symbols of order zero. See Taylor [T1] for proofs of these and
following statements.

Consequently, since AG~7)/2 ¢ OPS{ " has scalar principal symbol ¢ y¢—rn/2(2,§) =
(1+1]¢]*7")1, the commutator [A®~)/2 Al is of class OPSj"~". Using boundedness in
Sobolev norms of the operators in OPST| (for any m € R), we can therefore further
estimate the right hand side of (7.2) by

lwll e | Adyry=2 13 ) IA(T) " 20

L(HT)

e S D lwll o llwll s

where the constant ¢(7) depends on 7(7). Combining this with estimates in (7.1) and
(7.2) for any ¢ in [0,7") we obtain

(7.3) [wll e < el QB)w]] e + cof|wl]
where ¢; = ngAd:‘)(T)H_Q dr and ¢y = fot c(T)dr.

L(HT)
To finish the argument in the case when u, is C'* it suffices now to recall the formula

for the solution operator in (5.7)

Hs—1

t
O(t)w = Qt)w + / A7) 'K, ®(T)wdr
0
which together with (7.3) yields (up to a constant depending on 1) the estimate

(7.4) [wlle S NI@@wl s + llwll s + [T @)w]

HS ~

gs—1 HS
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where T'(t) = fot A7) K, ®(7)dr is a compact operator on T,G* (see (6.4) in the
proof of Theorem 6.5). This estimate implies that ®(¢) has closed range in 7.G*. It

follows that d exp,(tu,) has closed range in T}, G*® and thus in light of Theorem 6.5 is
Fredholm for any ¢t € [0, 7).

Assume now that u, (and hence n) is H*. Approximate u, by a smooth vector field @,
so that [|u,—u,||,, < €, where ¢ will be determined momentarily. Since the exponential
map is C™ in the H*® topology, its derivative u, — dexp,(tu,) depends smoothly on
U, (from Theorems 4.1-4.4). In particular, it is locally Lipschitz and therefore satisfies
||d exp, (tu,) — dexp,(tt,)|| |ty — Up|,,« uniformly on any time interval [0, 7”]
with 77 < T.

Shrinking the time interval a bit, if necessary, from the estimate in (7.4) we now
immediately obtain for any w in T,G*

we SN@Owl] e + ],y + D (E)w]
5 ||dexpe(tu0)w| HS + ||deXpe(tﬂO)w - dexpe(tuo)w|

L(HS) 5 | HS

[] ot o

+F(t)wl

us 1 llw]
+IT@wll s

HgHs—1 HS

S lld exp(tuo)wll s + ellwll e + [lw]

Hs—1

where ®(t) = tdLexp, (—ti,)d exp,(til,) and T(t) = [} A7)~ K4, ®(7) dr are the opera-
tors corresponding to @, € T.G. Choosing € > 0 small enough we deduce from this
inequality that d exp,(tu,) has closed range in H*® and therefore is a Fredholm operator
from TcG® into T, ;) G*.

The result follows from invariance of the index under compact perturbations and the
fact that ind Q(¢) = 0 for any ¢ in [0, 7). O

Remark 7.2. Above we have been assuming that s is substantially larger than r. If
r = s, so that we have a strong metric on G°, then a similar proof works to prove that if
u, and hence n are C'*°, then the differential of the exponential map along 7 is Fredholm
in the H® topology (the analog of the weak Fredholmness from the last section). A
similar approximation procedure gives strong Fredholmness for this situation.

In the next two sections we discuss some applications of Theorem 7.

8. THE MORSE INDEX THEOREM IN HYDRODYNAMICS

In [AK] (Remark 6.5, p. 225) the authors asked whether the index of a finite geodesic
segment in the volumorphism group with the right-invariant L? metric (corresponding
to an ideal fluid flow) is finite. The main theorem of this section provides an affirmative
answer to this question for any two-dimensional fluid flow. The theorem itself is more
general and can be viewed as a hydrodynamical analogue of the Morse index theorem
in finite-dimensional geometry.

The same question can be asked about geodesics of any of the diffeomorphism groups
G* equipped with the weak H" metric (2.13). Our proof of Theorem 8.2, which follows
an abstract approach of [Uh] and relies on the Fredholm result of Theorem 7.1, would
differ in the general case only in minor technical details.
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Using different techniques, a result of this type has been recently obtained by Biliotti,
Exel, Piccione and Tausk [BEPT] for strong Riemannian Hilbert manifolds.
Our objective is to show that the index of the Hessian of the L? energy functional

B) =3 [ I,

at a critical point 7 in D5 (M?) (a 2D fluid flow) joining the identity 7(0) = e with 7(1)
can be computed by counting the number of conjugate points (with their multiplicities)
along the geodesic.

For any 0 < ¢t < 1 we let 7: T.D5(M?) — T,)D;,(M?) denote the L? parallel
transport operator. 7; is an isomorphism of the tangent spaces along 7 preserving the
L*-metric (see e.g., [Mil]), and we use it to identify the space of smooth vector fields
on 7 that are zero at e and n(t) with the space of T, D;-valued functions that vanish
at the endpoints. We complete the latter in the norm defined by the inner product

(5.1 (vswhgag = [ (GO,

and denote' it by H, = Hg([0,t],7.D%). We will consider any function in H; to be
also an element of H;, by extending it by zero to the interval ¢ < ¢’ < ¢;. The Hessian
of F can now be identified with the bounded symmetric bilinear form on H; x H;

(8.2) fxv,w)==j€ (0, 0 (t') ., = (Ry(v(t), w(t)),, ) dt’

where R, (v) = Tt71R<7't/’U, 7'7)17 is the L? curvature tensor of D;, along 7. The symmetry
of I; is immediate from the symmetry properties of R. Moreover, we have

Lemma 8.1. For any v,w € T.D;,(M") we have the following estimate

|1B(w, v)ol e < Cllo|

wl, (0<o<s)

2
HS
where the constant C' depends on s > n/2 + 1.

One immediate corollary of this lemma (and the right-invariance of the curvature
tensor R) is the continuity of the bilinear form

1w, w)] S X+ [lnenI.,,)

LSO HS

[0ll 2 el
HlLZ H}LZ

(by Cauchy-Schwarz and the fact that 7(¢) is an L? isometry), and hence existence of
an associated bounded operator'? v — L;(v) = v + 9; ?R,(v) on H, computed directly
from (8.2) using (8.1) and integration by parts. Another direct consequence of Lemma
8.1 is the global well-posedness of the Jacobi equation along 7.

1 Ag before we use the notation T.D) = TeDfLLQ.

2For any v € H; we set 9; v(t') = fot/ Jo F(')dr'dr — %fot fo f(r')dr'dr.
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Proof. For the estimate in the case when o = s we refer to [Mil]. Let ¢ = 0. Since
Dj, is a smooth submanifold of the full diffeomorphism group D* we can express its
sectional curvature using the Gauss-Codazzi equations as

<R<w7 U)U7u>L2 = <R(w7v)v7 u>L2 + <QL2ku7 QLQ VUU>L2 - <QL2 va’ QLZ VUU>L2
where V is the covariant derivative on M, R is the L? curvature tensor of D° and

Q,, = I — P, is the Hodge projection onto the gradients.!® Using Cauchy-Schwarz

and the Soboﬁev lemma, we have

(B(w,v)v,u) , = @(R(w(x),v(x))v(iv),utc)> dp < Cfjv]
With the help of the formulas
Q,, = VA~ div and divV,w = tr (Dv - Dw) + Ric(v, w)
where Ric(v,w) is the Ricci curvature of M, we similarly get
1Q,.Vowll , = 1Q,, Vol , < Cllv]
and, for any positive «, a bound in Holder norms
1Q,. Vol ara < Callvll i lvll 1

Choosing o < s —n/2 — 1 and integrating by parts, we obtain
<QL2 kuv QLz VUU>L2 = _<u7 VWQLz VUU> < C!IHU’

L2 —

L

HS wHLza

wll 2 flull

?{s 2 ’ 27
which gives the result for ¢ = 0. The full estimate follows by interpolating between

the L? and the H® estimates. O

Recall that the index i(t) of the form I; is the dimension of the largest subspace of
H; on which it is negative definite. Let j(¢) be the dimension of the largest subspace
on which I; is non-positive and set n(t) = j(¢t) — i(t). Our main result here is

Theorem 8.2. Let n(t), 0 < t < 1, be a geodesic from the identity e to n(1) in the
group of volumorphisms DZ(M2) of a surface without boundary. The index of the form
I, is finite and equal to the number of conjugate points to e along n each counted with
multiplicity according to the formula ind(l,) = i(1) = >, n(t).

Theorem 8.2 will be obtained directly from the following abstract result.

Theorem 8.3 (Uhlenbeck [Uh]). Let H;,0 <t < 1, be an increasing family of Hilbert
spaces satisfying \J, ., Hy = Hy = (), Hy. Let B be a bilinear form such that

(1) B is Fredholm of finite index,

(2) B satisfies the unique continuation property.

Then the function i(t) (resp. j(t))is l.s.c. (resp. w.s.c.), n(t) # 0 at only finitely many
points, and ind(By) — ind(By) = Y .,., n(t), where By is the restriction of B to H,.

I3Note that so far we have been using the projection onto the exact volumorphism group; the
projection onto the full volumorphism differs by an operator whose range is the finite-dimensional
space of harmonic fields. This does not affect any of the results.
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As usual, a bilinear form on a Hilbert space is called Fredholm if the associated
linear operator is Fredholm. It is said to have the unique continuation property if the
kernels of these associated operators are pairwise disjoint.

Proof of Theorem 8.2. The required properties of the family H; = H} ([0, t], TeDg) are
immediate from the definitions. Thus we only need to show that the index form I;
satisfies (1) and (2) above. Both conditions will follow from Fredholmness of the L2
exponential map and general linear ODE principles.

Since (L:)* = L, is self-adjoint, in order to establish (1) it will be sufficient to show
that dimker L; < oo and ran L; C H; is closed. However, since v + 8{2R(U) = 0if
and only if ¥ + R(v) = 0, we see that ker L; coincides with the kernel (of the bounded
extension to T.D}) of dexp,(t7(0)) and so is finite dimensional by Corollary 6.7.

To show that the range of L, is a closed subspace of H; observe that, given any
w € Hy, finding v € H; which satisfies w = L;(v) is equivalent to solving the non-
homogeneous ODE system in T, D}, x T.D;,

53 (0= (% o) ()= (aly)  where u=v-w

subject to the conditions u(0) = u(t) = 0. Note that the right hand side of (8.3) is
bounded by Lemma 8.1. Using standard ODE theory in Banach spaces we first solve
the boundary value problem and then rewrite its (unique) solution u = w,, (depending
continuously on the parameter w) in terms of the resolvent U; of the corresponding
homogeneous Cauchy problem on T, D}, x T.D;, with initial data u,(0) = 0 and 1,/(0).
We therefore get a bounded linear map w — v from H; to itself

v(t") =w(t') + mUy ((u&o)) — /Ot/ U_g (R?w)> ds’> : 0<t'<t<1

where 7 denotes the projection onto the 1st factor in TeDg X TSDS, which implies that
the range of L; must be a closed subset of H; for each 0 <t < 1.

It remains to establish the unique continuation property for the index form I; in
condition (2). This however follows directly from the definition of the family H, =
HS([O,t],TeDg) and the properties of Jacobi fields. For suppose that ¢ < t and v €
ker Ly Nker L. Then v is zero on the interval [/, ¢] and therefore has zero initial data
at ¢/, which in turn implies by uniqueness of the solutions to the Jacobi equation that
it must be identically zero on the whole interval. 0

Recall that, as in finite dimensional geometry, a monoconjugate point along some
geodesic v can be thought of as the point where another geodesic, starting from the
same initial point, meets v infinitesimally. As an application of the Morse Index The-
orem 8.2 we find that this is actually true locally and thus obtain a nice geometric
interpretation of conjugate points in hydrodynamics.

Remark 8.4. In finite dimensional Riemannian geometry a classical theorem of Morse
and Littauer states that the exponential map is never injective in any neighborhood
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of a conjugate point. An infinite dimensional analogue of this result was proved in
[BEPT] as a corollary of their Morse Index Theorem for strong Riemannian Hilbert
manifolds. We expect that the same result will hold for the L? exponential map on
DZ(M %) as a direct application of Theorem 8.2 using the same argument as in the
strong Riemannian case.'*

9. COVERING PROPERTIES OF THE EXPONENTIAL MAP

Our second application of the Fredholmness result of Section 7 is to surjectivity
properties of H" exponential maps on diffeomorphism groups. We will focus on two
cases of particular interest: that of the strong Riemannian metric (r = s) on G* and
that of 2D hydrodynamics (r = 0).

If r = s then G*° is a complete Riemannian Hilbert manifold and it follows from
a result of Ekeland [Ek| that the set of diffeomorphisms which can be connected to
the identity e by a minimal H® geodesic in G* contains a dense Gj, i.e., a countable
intersection of open sets. (There are many explicit examples of points in complete
Riemannian Hilbert manifolds without minimizing geodesics, or even any geodesics,
joining them. See e.g., [At] and [Gr].) This result can be improved using Theorem 7.1.

In the case of the L? metric on D; (M %) our results are somewhat less satisfying. In
a pioneering paper [Shnl| Shnirelman showed that there exist configurations of a 3D
ideal fluid that cannot be connected by a minimizing L? geodesic (see also [Shn2] or
the exposition in [AK]). However, he also conjectured that this problem has a solution
in 2D, see [Shn3]. Our result in Theorem 9.2 is an attempt to shed some light on this
conjecture.

We will rely heavily on the constructions of Rabier [R1] adapted to our situation.
Given exp,: T.G® — G* we will consider the set of its generalized critical values

K ={ne G :3v, € T.G® such that hm exp,(v,) =n and hm v(dexp,(v,)) = 0}
where v(T') denotes the surjectivity modulus of a bounded linear operator 7" between
Banach spaces. We also introduce the sets

Ko ={ne€ G :n=exp,(v) for some v € T,G* and v(dexp,(v)) =0}
and
Ky = {77 € G° : v, € T.G* with no converging subsequence in 7,G* and such that

hm exp,(v,) =n and hm v(dexp,(v,)) =0}

consisting of critical values and asymptotic critical Values of exp,, respectively, as well
as the set

K = {n € G*: v, € T.G” such that exp,(v,) = n and hm v(dexp,(v,)) = 0}.

It is not difficult to see that K is a closed subset of G* with K = KU K, and that
Ky C K C K Nran(exp,). Furthermore, the fact that exp, is a Fredholm map by

14We thank Paolo Piccione for pointing out this result to us.
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Theorem 7.1 combined with the Smale-Sard theorem [Sma] implies that Ky must be
of first Baire category in G*.
Consider now the case when G* is a strong Riemannian Hilbert manifold.

Theorem 9.1. Any diffeomorphism in U = G*\ K can be connected to the identity e by
a minimizing H® geodesic. Furthermore, the set K, \ran(exp,) is of first Baire category
in G® and consists only of points whose H® distance to e is infinite. In particular, the
set of diffeomorphisms that can be joined to e contains an open and dense subset of G°.

Proof. First, observe that U is open and by the result of Ekeland (Theorem B, [Ek])
it is the only open connected component of the identity in G”.

Next, since the exponential map is Fredholm we can apply Theorem 6.1 of [R1] to
deduce that it defines over U a (locally trivial) C° fibre bundle. Thus, in particular,
exp, maps onto U. Furthermore, local trivialization ensures that the fibre exp_!(n) over
any 1 € U is homeomorphic to the fibre over the identity exp_'(e) = {0}US, a disjoint
union with S C T.G®. Since exp, is Fredholm of index zero, there is a natural bijection
between the kernel and the cokernel of its derivative. Moreover, by construction, the
surjectivity modulus v(dexp,) is strictly positive on exp,!(U), and thus restricted to
this set exp, is a local diffeomorphism, by the inverse function theorem. This in turn
implies that S Nexp_!(U) must be a discrete set without any limit points in exp;*(U).
Therefore, given any n € U we can always pick v € exp_!(n) with the smallest norm,
and setting (t) = exp, (tv/||v||g+), obtain a minimal geodesic connecting e to 7.

In order to prove the second statement we will first show that K. \ K is of first
category in G*. Consider the set ¥ = {v € T.G”* : v(dexp,.(v)) = 0} of all critical points
of exp,. We claim that this set has empty interior in 7,G*. In fact, no ray through the
origin in 7,G* intersects ¥ along a nonempty interval. Otherwise we would obtain a
whole segment of conjugate points on the corresponding geodesic in G*, contradicting
the fact that such points must be isolated along finite geodesic segments in G* by the
Morse Index Theorem of Section 8. The first part of the second statement follows now
from Lemma 3.2 of [R2] since K C ran(exp,).

Finally, given n € K let v, be a sequence in T,G® without converging subsequences
as in the definition of K., and let 1, = exp,(v,). Observe that we can assume that
|vn]| s grows without bound. Otherwise, v, would be confined to some H*® ball B in
T.G* of sufficiently large radius, and since Fredholm maps are locally proper (see Smale
[Sma)), exp, B”" would be a closed subset of G¥; thus 7, — 1 in G* would necessarily
imply that 7 € exp, B" . Next, assume that the H*® distance

d,.(e,n) = inf {L*(w) : w is a piecewise smooth curve in G* from e to n}

is finite (here L* is the length functional of the H*® metric). Given any € > 0 pick a
curve w, whose length satisfies L*(w,) < d,,,(e,n) + €. Since 1, — 1 in G* we can pick
an N > 0 sufficiently large such that d,,,(n,,n7) < min (¢, ¢;) whenever n > N, where
€; > 0 is chosen so that exp, : B(0,¢1) C T,G° — G* is a diffeomorphism onto some
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neighborhood of 7. Then we have

dyye (nym0) = |l expp () ls < €1

and hence

L¥(we) + d . (m,mn) < d,.(e,n) +2max (€, €1).
On the other hand, since d,, (e, n,) = ||vn|
large such that

gs /" 00 we can always find n sufficiently

A, (e.m) + 2max (€, 1) < v

However, this implies that the path
t — we(t) Uexp, (texp, " (na)/]| exp, ™ ()]
in G* from e to 7, is shorter than v, which contradicts minimality of ~,,. O

Hs-.

1)

For the volumorphism group DZ(M %) equipped with the L? metric we get a weaker
result. As before, we find that the L? exponential map induces a fibre bundle over
the connected component of the identity and that the set K., \ ran(exp,) is again of
first Baire category. However, in this case we cannot apply Ekeland’s theorem to rule
out the possibility that the corresponding set K of generalized critical values separates
DZ(M %) into disjoint open components. Nevertheless, we will show that the open
connected component U of e is in general a large subset of Dz(]\/[ 2). For simplicity we
assume M? = T2

Theorem 9.2. The open connected component U of the identity e in DZ(MZ) has
infinite L* diameter. Moreover, the L* exponential map exp,: exp, (U) — U is a
covering space map.

Proof. We only need to prove the first statement. To do this, we use the following
result of Eliashberg and Ratiu [ER].

If n is a symplectomorphism on M such that for some ball ) and a strictly smaller
ball Qo we have 7(Q) C @ and n|g\q, = id, then the L? distance between the identity
and 7 is bounded below by a constant times the Calabi invariant of the restriction to
Q:

ClCal(nlQ)| < dr2(e,n).

Fix such a ball @ in M? and choose polar coordinates such that r» = 0 is the center
of @, with r = b the outer radius of () and r = a the outer radius of )y. We can
assume that w = dz Ady = rdr ANdf. Let u = ¢(r) dy for some C* function ¢ which
is identically zero for r > a. Then u is a steady solution of the Euler equation (3.14),
and so the flow 7(t) of u is a geodesic in D,,(M?); clearly n(t) is the identity on M\Qo,
and 7(t)(Q) C Q-

We compute the Calabi invariant for a symplectomorphism preserving a ball ) and
fixing a neighborhood of its boundary as follows. Since () is simply connected, the
symplectic form w is closed, with w = dA for some 1-form A. Thus if n(¢) is a curve in
the group of symplectomorphisms, we have n*d\ = d\, and hence d(n(t)*A — X) = 0
for every ¢. Since (n(t)*A — A) is a closed 1-form which is exact when ¢ = 0, it must be
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exact for all ¢, and hence n(t)*\ — A = dh(t) for some time-dependent function h(t),
which vanishes on the boundary of (). The Calabi invariant of 7 restricted to () is then

Cal(n(1)]q) = /Q h(1) d.

In this case we have \ = %(a: dy — ydzx) = %7"2 df. With u = ¢(r) dy, we then have
n(t)* A = %qﬁ’(r) dr + %d@, so that h,(t,r) = t§¢/(r). Since ¢ is not constant, we
clearly obtain that |, o Il = At for some positive constant A, and hence the distance

from e to n(t) is at least some constant multiple of .

On the other hand, it is known that for a purely rotational flow on a flat space,
the curvature operator is nonpositive [P1]. Hence there are no conjugate points along
the geodesic 1, and so the entire image of 7(t) is contained in U. In particular, the
diameter of U is infinite. OJ
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