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A short introduction to convenient
calculus in infinite dimensions.

Traditional differential calculus works well for finite dimensional
vector spaces and for Banach spaces.

Beyond Banach spaces, the main difficulty is that composition of
linear mappings stops to be jointly continuous at the level of
Banach spaces, for any compatible topology.

For more general locally convex spaces we sketch here the
convenient approach as explained in [Frolicher-Kriegl 1988] and
[Kriegl-Michor 1997].



The c*>-topology

Let E be a locally convex vector space. A curve c: R — E is
called smooth or C if all derivatives exist and are continuous. Let
C*(R, E) be the space of smooth functions. It can be shown that
the set C*°(RR, E) does not depend on the locally convex topology
of E, only on its associated bornology (system of bounded sets).
The final topologies with respect to the following sets of mappings
into E coincide:

1. C*(R,E).
2. The set of all Lipschitz curves (so that
{M 1t #s,|t],|s| < C}is bounded in E, for each C).

t—s
3. The set of injections Eg — E where B runs through all
bounded absolutely convex subsets in E, and where Ejg is the
linear span of B equipped with the Minkowski functional
|x|lg :=inf{\A > 0:x € AB}.
4. The set of all Mackey-convergent sequences x, — x (there
exists a sequence 0 < A, /* 0o with A,(x, — x) bounded).



The c™>-topology. Il

This topology is called the c*°-topology on E and we write c*E
for the resulting topological space.

In general (on the space D of test functions for example) it is finer
than the given locally convex topology, it is not a vector space
topology, since scalar multiplication is no longer jointly continuous.
The finest among all locally convex topologies on E which are
coarser than c*E is the bornologification of the given locally
convex topology. If E is a Fréchet space, then ¢ E = E.



Convenient vector spaces

A locally convex vector space E is said to be a convenient vector
space if one of the following holds (called c®>°-completeness):

1. For any ¢ € C*®(R, E) the (Riemann-) integral fol c(t)dt
exists in E.

2. Any Lipschitz curve in E is locally Riemann integrable.

3. Acurve c: R — E is C*° if and only if Ao cis C* for all
A € E*, where E* is the dual of all cont. lin. funct. on E.

» Equiv., for all A € E’, the dual of all bounded lin. functionals.
» Equiv., for all A € V, where V is a subset of E’ which
recognizes bounded subsets in E.

We call this scalarwise C*°.

4. Any Mackey-Cauchy-sequence (i. e. tpm(xn — xm) — 0 for
some tpm — o0 in R) converges in E. This is visibly a mild
completeness requirement.



Convenient vector spaces. |l

5. If B is bounded closed absolutely convex, then Eg is a Banach
space.

6. If f: R — E is scalarwise Lip¥, then f is LipX, for k > 1.

7. If f:R — E is scalarwise C* then f is differentiable at 0.

Here a mapping f : R — E is called Lip” if all derivatives up to
order k exist and are Lipschitz, locally on R. That f is scalarwise
C*> means Ao f is C* for all continuous (equiv., bounded) linear
functionals on E.



Smooth mappings

Let E, and F be convenient vector spaces, and let U C E be
c™®-open. A mapping f : U — F is called smooth or C*°, if
foce C®(R,F) for all c € C*(R, V).

If E is a Fréchet space, then this notion coincides with all other
reasonable notions of C°°-mappings. Beyond Fréchet mappings, as
a rule, there are more smooth mappings in the convenient setting
than in other settings, e.g., C°.



Main properties of smooth calculus

1.

For maps on Fréchet spaces this coincides with all other
reasonable definitions. On R? this is non-trivial [Boman,1967].

2. Multilinear mappings are smooth iff they are bounded.

3.fEDU —£—> F is smooth then the derivative

df : U x E — F is smooth, and also df : U — L(E,F) is
smooth where L(E, F) denotes the space of all bounded linear
mappings with the topology of uniform convergence on
bounded subsets.

The chain rule holds.

The space C*°(U, F) is again a convenient vector space where
the structure is given by the obvious injection

c(U, F) <D, TT €®®,R), fs (Cofoc)s,
ceC®(R,V),LeF*

where C*°(RR, R) carries the topology of compact convergence
in each derivative separately.



Main properties of smooth calculus, Il

6. The exponential law holds: For c*-open V C F,
C®(U,C*™(V,G)) = C™(U x V,G)

is a linear diffeomorphism of convenient vector spaces.
Note that this is the main assumption of variational calculus.
Here it is a theorem.

7. A linear mapping f : E — C*°(V, G) is smooth (by (2)
equivalent to bounded) if and only if
E- C>®(V,G) —=— G is smooth for each v € V.

(Smooth uniform boundedness theorem,
see [KM97], theorem 5.26).



Main properties of smooth calculus, IlI

8. The following canonical mappings are smooth.

ev: CP(E,F)x E— F, ev(f,x)="f(x)
ins: E— C®(F,E xF), ins(x)(y)=(x,y)
( )":C®(E,C®(F,G))— C>®(E x F,G)
()Y :C®(ExF,G)— C®(E,C>®(F,G))
comp : C*°(F,G) x C*(E,F) — C*(E, G)
C*( , ):C>®(F,F)xC>®(E,E)—
— C®(C*(E,F), C™(E1, F1))
(f,g)—~ (h—fohog)

I1:TI¢ceE.F)— c=(]E.I]F)



This ends our review of the standard results of convenient calculus.
Convenient calculus (having properties 6 and 7) exists also for:
» Real analytic mappings [Kriegl,M,1990]
» Holomorphic mappings [Kriegl,Nel,1985] (notion of
[Fantappié, 1930-33])
» Many classes of Denjoy Carleman ultradifferentible functions,
both of Beurling type and of Roumieu-type
[Kriegl,M,Rainer, 2009, 2011, 2013]
» With some adaptations, Lip* [Frolicher-Kriegl, 1988].
» With more adaptations, even CX® (k-th derivative
Holder-contin. with index «) [Faure,Frolicher 1989], [Faure,
These Geneve, 1991]



Manifolds of mappings (with compact source) and
diffeomorphism groups as convenient manifolds.

Let M be a compact (for simplicity’s sake) fin. dim. manifold and
N a manifold. We use an auxiliary Riemann metric g on N. Then

zero section 0/\/ N diagonal

TN YN TP ynxve 'y oy

open =~ open

C>®(M, N), the space of smooth mappings M — N, has the
following manifold structure. Chart, centered at f € C*®°(M, N), is:

C®(M,N) D Ur = {g: (f,g)(M) c VNNV 2, e c T(F*TN)

ur(g) = (mn, expf) Mo (f,8),  ur(g)(x) = (expf,y) ' (g(x))
(ur)7H(s) = expfos,  (ur)7H(s)(x) = expf(s(x))



Manifolds of mappings Il

Lemma: C®(R,[(M;f*TN)) =T(R x M;pry* f*TN)

By Cartesian Closedness (after trivializing the bundle f* TN).
Lemma: Chart changes are smooth (C) )

Us, 55— (mn, exp8) o s = (mn, expB) Lo (f, expf os)

since they map smooth curves to smooth curves.

Lemma: C®(R, C*(M, N)) = C>*(R x M, N).

By the first lemma.

Lemma: Composition C*°(P, M) x C>®(M,N) — C*=(P, N),
(f,g) — gof,is smooth, since it maps smooth curves to smooth
curves

Corollary (of the chart structure):

TC®(M, N) = C(M, TN) M) coo gy,



Regular Lie groups

We consider a smooth Lie group G with Lie algebra g = T.G
modelled on convenient vector spaces. The notion of a regular Lie
group is originally due to Omori et al. for Fréchet Lie groups, was
weakened and made more transparent by Milnor, and then carried
over to convenient Lie groups; see [KM97], 38.4.

A Lie group G is called regular if the following holds:

» For each smooth curve X € C*°(R, g) there exists a curve
g € C>®(R, G) whose right logarithmic derivative is X, i.e.,

{g(O) =e
Oeg(t) = Te(uEW)X(t) = X(t).5(t)

The curve g is uniquely determined by its initial value g(0), if
it exists.

» Put evoli(X) = g(1) where g is the unique solution required
above. Then evol; : C°(R, g) — G is required to be C*
also. We have EvolYX := g(t) = evolg(tX).



Diffeomorphism group of compact M

Theorem: For each compact manifold M, the diffeomorphism
group is a regular Lie group.
open

Proof: Diff(M) —— C°°(M, M). Composition is smooth by
restriction. Inversion is smooth: If t — f(t, ) is a smooth curve
in Diff(M), then f(t, )1 satisfies the implicit equation
f(t,f(t, ) !(x)) = x, so by the finite dimensional implicit
function theorem, (t,x) — f(t, )7%(x) is smooth. So inversion
maps smooth curves to smooth curves, and is smooth.

Let X(t,x) be a time dependent vector field on M (in

C®(R, X(M))). Then FIZ*X(t,x) = (t + s, EvolX(t, x)) satisfies
the ODE 0 Evol(t, x) = X(t,Evol(t, x)). If

X(s, t,x) € C*°(R?,X(M)) is a smooth curve of smooth curves in
X(M), then obviously the solution of the ODE depends smoothly
also on the further variable s, thus evol maps smooth curves of

time dependant vector fields to smooth curves of diffeomorphism.
QED.



The principal bundle of embeddings

For finite dimensional manifolds M, N with M compact,

Emb(M, N), the space of embeddings of M into N, is open in
C>®(M, N), so it is a smooth manifold. Diff(M) acts freely and
smoothly from the right on Emb(M, N).

Theorem: Emb(M, N) — Emb(M, N)/Diff(M) is a principal fiber
bundle with structure group Diff(M).

Proof: Auxiliary Riem. metric g on N. Given f € Emb(M, N),
view f(M) as submanifold of N. TN|¢py = Nor(f(M)) @ TF(M).

Nor(F(M)) :—E— Wi(nry —— F(M) tubular nbhd of f(M).

Ifg: M— Nis Cl—near to f, then
o(g)=rf1o pr(m) © g € Diff(M) and

g0 p(g)L € T(F* Wy(u) C I(F* Nor(F(M))).
This is the required local splitting. QED



The orbifold bundle of immersions

Imm(M, N), the space of immersions M — N, is open in

C*®°(M, N), and is thus a smooth manifold. The regular Lie group
Diff(M) acts smoothly from the right, but no longer freely.
Theorem: [Cervera,Mascaro,M,1991] For an immersion

f: M — N, the isotropy group

Diff(M)¢ = {p € Diff(M) : f o ¢ = f} is always a finite group,
acting freely on M; so M —2— M /Diff(M)¢ is a convering of

manifold and f factors to f = f o p.
Thus Imm(M, N) — Imm(M, N)/Diff (M) is a projection onto an
honest infinite dimensional orbifold.



A Zoo of diffeomorphism groups on R”

Theorem. The following groups of diffeomorphisms on R" are
regular Lie groups:
» Diffg(IR"), the group of all diffeomorphisms which differ from
the identity by a function which is bounded together with all
derivatives separately.

» Diff yoo (R"), the group of all diffeomorphisms which differ
from the identity by a function in the intersection H* of all
Sobolev spaces H* for k € Nxy.

» Diffs(R"), the group of all diffeomorphisms which fall rapidly
to the identity.

» Diff(R") of all diffeomorphisms which differ from the identity

only on a compact subset. (well known since 1980)

[M,Mumford,2013], partly [B.Walter,2012]; for Denjoy-Carleman ultradifferentiable diffeomorphisms [Kriegl, M,
Rainer 2014].

In particular, Diffjoo (R") is essential if one wants to prove that the geodesic equation of a right Riemannian
invariant metric is well-posed with the use of Sobolov space techniques.



A Zoo of diffeomorphism groups on R”

We need more on convenient calculus.
[FK88], theorem 4.1.19.
Theorem. Let c : R — E be a curve in a convenient vector space
E. LetV C E' be a subset of bounded linear functionals such that
the bornology of E has a basis of o(E,V)-closed sets. Then the
following are equivalent:

1. ¢ is smooth

2. There exist locally bounded curves c* : R — E such that £ o ¢
is smooth R — R with (£ o ¢)K) = ¢ o ck, for each £ € V.

If E is reflexive, then for any point separating subset V C E’ the

bornology of E has a basis of o(E,V)-closed subsets, by [FK88],
4.1.23.



A Zoo of diffeomorphism groups on R”

Faa di Bruno formula.

Let g € C®(R",R¥) and let f € C>°(R,R/). Then the p-th
deivative of f o g looks as follows where sym,, denotes
symmetrization of a p-linear mapping:

dP(F o g)(x) _
p!
& dF(g(x) (dug(x)  dugx)
zsymp(. Z J'g; ( ozglr! Y aé;' ))
Jj=1 anNJ>O
ai+---+aj=p

The one dimensional version is due to [Fad di Bruno 1855], the
only beatified mathematician.



Groups of smooth diffeomorphisms in the zoo

If we consider the group of all orientation preserving
diffeomorphisms Diff(R") of R”, it is not an open subset of
C>*(R",R") with the compact C*-topology. So it is not a smooth
manifold in the usual sense, but we may consider it as a Lie group
in the cartesian closed category of Frolicher spaces, see [KM97],
section 23, with the structure induced by the injection

f s (f,f71) € C*(R",R") x C*(R",R).

We shall now describe regular Lie groups in Diff(R") which are
given by diffeomorphisms of the form f = Idg +g where g is in
some specific convenient vector spaces of bounded functions in
C>®(R",R"™). Now we discuss these spaces on R", we describe the
smooth curves in them, and we describe the corresponding groups.



The group Diffz(R") in the zoo

The space B(R") (called Dy (R") by [L.Schwartz 1966]) consists
of all smooth functions which have all derivatives (separately)
bounded. It is a Fréchet space. By [Vogt 1983], the space B(R")
is linearly isomorphic to /*°& s for any completed tensor-product
between the projective one and the injective one, where s is the
nuclear Fréchet space of rapidly decreasing real sequences. Thus
B(R") is not reflexive, not nuclear, not smoothly paracompact.
The space C*(R, B(R")) of smooth curves in B(R") consists of
all functions ¢ € C>®(R"™1 R) satisfying the following property:

e Forall k € N>g, « € N and each t € R the expression
d%9%c(t, x) is uniformly bounded in x € R", locally in t.
To see this use thm FK for the set {ev, : x € R} of point
evaluations in B(R"). Here 0% = g‘a and c*(t) = okf(t, ).
Diff5(R") = {f =Id+g : g € B(R")",det(L, + dg) > ¢ >0}
denotes the corresponding group, see below.




The group Diffy~(R") in the zoo

The space H®(R") = (>, H*(R") is the intersection of all
Sobolev spaces which is a reflexive Fréchet space. It is called
D;2(R™) in [L.Schwartz 1966]. By [Vogt 1983], the space H>*°(R")
is linearly isomorphic to °&s. Thus it is not nuclear, not
Schwartz, not Montel, but still smoothly paracompact.

The space C*(RR, H>*(R")) of smooth curves in H*(R") consists
of all functions ¢ € C*(R"*1,R) satisfying the following property:

e For all k € N>g, o € N2, the expression ||0K02f(t, ) 2(rn)
is locally bounded near each t € R.
The proof is literally the same as for B(R"), noting that the point
evaluations are continuous on each Sobolev space H* with k > 5.
Diff ;e (R) = {f = Id +g : g € H*(R), det(I, + dg) > 0} denotes
the correpond/ng group.



The group Diffs(R") in the zoo

The algebra S(R") of rapidly decreasing functions is a reflexive
nuclear Fréchet space.
The space C*(R, S(R")) of smooth curves in S(R") consists of
all functions ¢ € C(R"T1 R) satisfying the following property:
e Forall k,m € N>g and o € N, the expression
(1+ [x|?)m0k0%c(t, x) is uniformly bounded in x € R",
locally uniformly bounded in t € R.
Diff$(R") = {f = Id+g : g € S(R")", det(I, + dg) > 0} is the
correpondmg group.



The group Diff(R") in the zoo

The algebra C2°(R") of all smooth functions with compact
support is a nuclear (LF)-space.

The space C*(R, C2°(R"™)) of smooth curves in C2°(R") consists
of all functions f € C®(R"*1,R) satisfying the following property:

e For each compact interval [a, b] in R there exists a compact
subset K C R" such that f(t,x) =0 for
(t x)e [a, b] x (R"\ K).
Diff ((R") = {f = ld+g : g € C°(R")", det(l, + dg) > O} is the
correpondlng group.



|deal properties of function spaces in the zoo

The function spaces are boundedly mapped into each other as
follows:

CO(R") — S(R") — H*(R") — B(R")

and each space is a bounded locally convex algebra and a bounded
B(R")-module. Thus each space is an ideal in each larger space.



Main theorem in the Zoo

Theorem. The sets of diffeomorphisms Diff .(R"), Diffs(R"),
Diff = (R"), and Diffg(R") are all smooth regular Lie groups. We
have the following smooth injective group homomorphisms

Diff(R") — Diffg(IR") — Diff 1y (R") —= Diff5(R") .

Each group is a normal subgroup in any other in which it is
contained, in particular in Diffg(R").

Corollary. Diffz(R") acts on I, T's and I'yeo of any tensorbundle
over R" by pullback. The infinitesimal action of the Lie algebra
XB(R") on these spaces by the Lie derivative thus maps each of
these spaces into itself. A fortiori, Diff oo (R") acts on ['s of any
tensor bundle by pullback.



Proof of the main zoo theorem

Let A denote any of B, H>, S, or ¢, and let A(R") denote the
corresponding function space. Let f(x) = x + g(x) for g € A(R")"
with det(I, + dg) > 0 and for x € R".

Each such f is a diffeomorphism. By the inverse function theorem
f is a locally a diffeomorphism everywhere. Thus the image of f is
open in R”. We claim that it is also closed. So let x; € R" with
f(xi) = xi + g(xi) = yo in R". Then f(x;) is a bounded sequence.
Since g € A(R") C B(R"), the x; also form a bounded sequence,
thus contain a convergent subsequence. Without loss let x; — xp
in R". Then f(x;) = f(x0) = yo. Thus f is surjective. This also
shows that f is a proper mapping (i.e., compact sets have compact
inverse images under f). A proper surjective submersion is the
projection of a smooth fiber bundle. In our case here f has discrete
fibers, so f is a covering mapping and a diffeomorphism since R” is
simply connected.



Diff 4(R") is closed under composition.

((Id+£) o (Id +8))(x) = x + g(x) + f(x + g(x))

We have to check that x — f(x + g(x)) is in A(R") if
f,g € A(R")". For A = B this follows by the Faa di Bruno
formula. For A = S or 81 we need furthermore:

% is globally bounded.

For A = H*® we also need that

[ 10+ g o = 3)

since

o |(aaf)()/)|2 \det(]l,,+dg)(c?lld T2 1)) < C(g) o ‘(8af)()/)|2dy?
this holds since the denominator is globally bounded away from 0
since g and dg vanish at co by the lemma of Riemann-Lebesque.
The case A(R") = C2°(R") or C29(R") is easy and well known.



Multiplication is smooth on Diff 4(R").

Suppose that the curves t +— Id+f(t, )and t+— Id+g(t, ) are
in C*°(R, Diff 4(R")) which means that the functions

f,g € C®°(R™1 R") satisfy condition A.

We have to check that f(t, x + g(t, x)) also satisfies condition .A.

For this we reread the proof that composition preserves Diff 4(R")

and pay attention to the further parameter t.



The inverse (Id +g)~! is again an element in Diff 4(R")

For g € A(R™)" we write (Id+g)~ ! = Id +f.
We have to check that f € A(R")".

(Id+f)o(ld+g) =1d = x+g(x)+ f(x+g(x)) = x
— x> f(x+g(x)) = —g(x) is in A(R")".

First the case A = B. We know already that Id +g is a
diffeomorphism. By definition, we have det(I, 4+ dg(x)) > ¢ >0
for some . This implies that

I(T, + dg(x))_1|\L(Rn7Rn) is globally bounded,

n—1
using that |A7Y]| < |”£!(A)| for any linear A: R” — R". Moreover,

(Ip+df (x+g(x)))In+dg(x)) =1, = det(I,+df (x+g(x))) =
= det(I, + dg(x)) ™! > ||II, + dg(x)||~" > n > 0 for all x.



For higher derivatives we write the Faa di Bruno formula as:

fo(ld
dP( (p!+g) — sym, (Z Z

erN"
ai+-- +aJ

df(x + g(x)) (dal(ld +g)(x) daf(ld +g)(x)>>
J! aq! Y ;!

_ dpf(x:!g(x)) (1d-+dg(x),...,1d +dg(x)) (top extra)

+sym,. 1(2 S Srlcgbd) (dhnl) | dhel)y)

Jj! o) a;j!

= aENj
o+ +aj
(hal,...,haj)
where hy,(x) is g(x) for aj > 1 (there is always such an i), and

where hy,(x) = x or g(x) if a; = 1.



Now we argue as follows:

The left hand side is globally bounded. We already know that

Id +dg(x) : R" — R" is invertible with ||(I, + dg(x))’1\|L(Rn7Rn)
globally bounded.

Thus we can conclude by induction on p that dPf(x + g(x)) is
bounded uniformly in x, thus also uniformy in y = x + g(x) € R.
For general A we note that the left hand side is in A. Since we
already know that f € 3, and since A is a B-module, the last term
is in A. Thus also the first term is in A, and any summand there
containing just one dg(x) is in A, so the unique summand
dPf(x,g(x)) is also in A. Thus inversion maps Diff 4(R) into itself.



Inversion is smooth on Diff 4(R").

We retrace the proof that inversion preserves Diff 4 assuming that
g(t, x) satisfies condition A.

We see again that f(t,x + g(t, x)) = —g(t, x) satisfies condition

A as a function of t,x, and we claim that f then does the same.

We reread the proof paying attention to the parameter t and see

that condition A is satisfied.



Diff 4(R") is a regular Lie group

So let t — X(t, ) be a smooth curve in the Lie algebra

X A(R") = A(R™)", i.e., X satisfies condition A.

The evolution of this time dependent vector field is the function
given by the ODE

Evol(X)(t,x) = x + f(t,x),

Ot(x + f(t,x)) = fi(t,x) = X(t,x + f(t,x)), )
f(0,x) = 0.
We have to show
first that f(t, )< A(R")" for each t € R,
second that it is smooth in t with values in A(R")", and
third that X — f is also smooth.



For 0 < t < C we consider

|f(t,x)|§/0 m(s,x)yds:/o IX(s,x + (s, x))| ds.  (8)

Since A C B, the vector field X(t,y) is uniformly bounded in
y € R", locally in t. So the same is true for f(t, x) by (7).



Next consider

O f(t, x) = dx ( (. x¢ (, x))) (9)
LX)t x + (£, %)) + (dX)(t, x + F(t, x)).dxf (£, x)

| (£, )] </ (e X)(s, x + £(s, x)) | ds
#1065+ ) def (5. s
= a(t,x)—i—/otﬁ(s,x).\dxf(s,x)Hds
By the Bellman-Gronwall inequality,
lldxf(t,x)]| < a(t,x)+ /Ot a(s,x).ﬁ(s,x).efstﬁ("’x) o ds,

which is globally bounded in x, locally in t.



For higher derivatives in x (where p > 1) we use Faa di Bruno as

0:dPF(t,x) = dP(X(t.x + F(t,%))) = sym, (Z )

- al—feij% =p

(L X)(t, x + f(t,x)) (C/gl(x + f(t,x)) dy? (x + f(t, x))>>

j! 041! Y Og!
= (duX)(t,x + f(t,x))(dPf(t,x))+ (bottom extra)
p
+sym, <Z Z
=2 aeN,
a1+-toy=p

(L X)(t, x + f(t,x)) <dgl(x + (t,x)) dyi (x + f(t, x))))

j! ! a!



We can assume recursively that ¢} (t, x) is globally bounded in x,
locally in t, for j < p. Then we have reproduced the situation of
(9) (with values in the space of symmetric p-linear mappings
(R"P — R") and we can repeat the argument above involving the
Bellman-Gronwall inequality to conclude that dff(t, x) is globally
bounded in x, locally in t.

To conclude the same for O"dZ f(t, x) we just repeat the last
arguments for 9"f(t, x). So we have now proved that

f e C®(R, Xp(RM)).

To prove that C(R, Xz(R")) > X — Evol(X)(1, ) € Diffz(R")
is smooth, we consider a smooth curve X in C®(R, X5(R")); thus
X(t1, ta, x) is smooth on R? x R”, globally bounded in x in each
derivative separately, locally in t = (t1, t2) in each derivative. Or,
we assume that t is 2-dimensional in the argument above. But
then it suffices to show that (t1, &) — X(t1,t2, ) € Xp(R") is
smooth along smooth curves in R?, and we are again in the
situation we have just treated.

Thus Diffz(R") is a regular Lie group.



If A =S, we already know that f(s, x) is globally bounded in x,
locally in t. Thus may insert

X(s,x+f(s,x)) = O(m) = O(m) into (8) and
can conclude that f(t,x) = O(W) globally in x, locally in t,
for each k.

Using this argument, we can repeat the proof for the case A =B
from above.

Thus Diffs(R") is a regular Lie group.



If A= H> we first consider the differential of (8),
t
e (s, )] = | /0 A(X(s, ))0x+ Fls.x)) (I + df(s, )00) o

< /t ld(X(s. ))(x + F(s.x))|.C. ds (10)
0

since dyf(s,x) is globally bounded in x, locally in s, by the case
A = B. The same holds for f(s, x). Moreover, X(s, ) vanishes
near infinity by the lemma of Riemann-Lebesque, so that the same
holds for f(s, ) by (10).



Now we consider

[ leeneiec [

We apply Fad di Bruno in the form (top extra) to the integrand,
remember that we already know that each d%/(ld +f(s, ))(x) is
globally bounded, locally in s, thus the last term is

<[ (/Otj_f;u(dix><s,x+f(s,x»rr-cj ds) " dx

/Otd)’(’(X(s,IdJrf(s, )))(x)dstdx.

t P 2
j d)
:/R</o Z”(dix)(s’y)”‘cf“) det(Trarts. NG 10
Jj=1

which is finite since X(s, )€ H* and since the determinand in
the denominator is bounded away from zero — we just checked that
dyf(s, ) vanishes at infinity. We repeat this for 0/"d?f(t, x).
This shows that Evol(X)(t, ) € Diffy(R") for each t.
Choosing t two-dimensional (as in the case A = B) we can
conclude that Diff yoo (R") is a regular Lie group.



Diffs(R") is a normal subgroup of Diffz(R").

So let g € B(R™)" with det(I, + dg(x)) > e > 0 for all x, and
s € S(R™)" with det(I, 4+ ds(x)) > 0 for all x. We consider

(Id +g)‘1(x) =x+f(x) for f e BR")"
= f(x+g(x) = —g(x)
((Id+g) "o (Id+s) o (Id+g))(x) = ((Id +f) o (ld+s) o (Id+&)) (x) =
= x4+ g(x) + s(x + g(x)) + f(x + g(x) + s(x + g(x)))
= x+s(x+g(x)) — f(x+ g(x)) + f(x + g(x) + s(x + g(x))).

Since g(x) is globally bounded we get

s(x 4+ g(x)) = O((1 + |x + g(x)|7%) = O((1 + |x|)~*) for each k.
For df(s o (Id +g))(x) this follows from Faa di Bruno in the form
of (top extra).



Moreover we have

f(x+g(x)+s(x+g(x)) — f(x+ g(x)) =

1
- /0 df (x + g(x) + ts(x + g(x))) (s(x + g(x))) dt

which is in S(R")" as a function of x since df is in 5 and
s(x+g(x))isin S.



Diff y(R") is a normal subgroup of Diffz(R").

We redo the last proof under the assumption that s € H*(R")".
By the argument in (3) we see that s(x + g(x)) is in H* as a
function of x.

The rest is as above.

This finishes the proof of the main theorem.



A diagram of actions of diffeomorphism groups.

Diff(M racts Imm(M, N) Facts Diff 4 (

r-acts
needs g

Diff(M,)  Met(M)

m

M
Vol’, (M) S

M compact , N pssibly non-compact manifold
Met(N) = (52 T N)

g

Diff(M)

Diff 4(N), A € {H*®,S,c}

Imm(M, N)

B;j(M, N) = Imm /Diff(M)

Vol (M) C T(vol(M))

(LDDMM)

l-acts
Diff(M (LDDMM)

r-acts

MetA(N)

space of all Riemann metrics on N
one Riemann metric on N
Lie group of all diffeos on compact mf M

Lie group of diffeos of decay A to Idy
mf of all immersions M — N

shape space

space of positive smooth probability densities



Diff(S5?) rracts Imm(5?, R?) Facts Diff 4 (R?)

(LDDMM)
‘ r-acts l-acts
r-acts
¢ needs g Diff(S?) (LDDMM)

VO|+(51) Met(sl) B,(Sl,R2) r-acts
Diff(S*)
needs g
Vol (1) Jfdo R = Met(S1) M 2
. . et(R
Diff(ST) = >0 [ Jgdo Diff(Sh) (R?)
DifF(Sl) Lie group of all diffeos on compact mf st
DifFA(]RZ), A€ {B,H>,S,c} Lie group of diffeos of decay A to Idpo
Imm(Sl, Rz) mf of all immersions ST — R2
B,'(Sl, ]Rz) = Imm/DifF(Sl) shape space
Vol+($1) = {f do : f C°°(51, R>0)} space of positive smooth probability densities

Met(Sl) = {g do? g€ C°°(51,1R>0)} space of metrics on S!



The manifold of immersions

Let M be either St or [0, 27].
Imm(M,R?) := {c € C>®°(M,R?): () # 0} C C>(M,R?).

The tangent space of Imm(M,R?) at a curve c is the set of all
vector fields along c:

TR?

Tolmm(M,R?) =< h: /lﬂ >~ {he C>®°(M,R?)}

M — -~ R2
Some Notation:

= <) n(@) = iv s = |’ = 71
V(e) - ’C/(9)|7 ( ) (0)? d ‘ (9)’d97 DS |C/((9)|80




Diff(S1) rracts Imm(St, R?) Facts Diff(

(LDDMM)
l-acts
r-acts needs g D|ff(5 ) (LDDMM)
Met(S?) B;(S',R?)
Emb(St, R2)C Imm(S?, R?)

i |

Emb(S!, R2)/Diff(S1)C—— > Imm(S!, R?) /Diff(S!)

B(Sl,Rz) Bi(SlaR2)

R?)



Different parameterizations

Q)
Q)

fi,h:S' 5 R%  A=hop, e Diff(s)



Inducing a metric on shape space

Imm(M, N)
B; := Imm(M, N/ Diff(M)

Every Diff(M)-invariant metric "above" induces a unique metric
"below" such that 7 is a Riemannian submersion.



Inner versus Quter

=} = = = £ DA



The vertical and horizontal bundle

» T Imm = Vert @ Hor.
» The vertical bundle is

Vert :=ker Tmr C T Imm..
» The horizontal bundle is
Hor := (ker Tm)Y¢ < TImm.

It might not be a complement - sometimes one has to go to
the completion of (T¢Imm, Gf) in order to get a complement.



The vertical and horizontal bundle

u}



Definition of a Riemannian metric

Imm(M, N) 1. Define a Diff(M)-invariant metric G
on Imm.
" 2. If the horizontal space is a
Bi(M, N) complement, then T restricted to
‘ ‘ the horizontal space yields an
O Q O Ny isomorphism
\ Q \ (L N e /
RN N |
R B3R (ker Tem)™¢ = Tor) By
\ Sk “\\ \ /ﬁ} fd
AN ’ﬂ// Otherwise one has to induce the

quotient metric, or use the
completion.
3. This gives a metric on B; such that
7 lmm — B; is a Riemannian
— 53— submersion.




Riemannian submersions

Imm(M, N)
B; := Imm(M, N)/ Diff(M)
» Horizontal geodesics on Imm(M, N) project down to geodesics
in shape space.

» O'Neill's formula connects sectional curvature on Imm(M, N)

and on B;.

[Micheli, M, Mumford, lzvestija 2013]



L2 metric

0 = S.
GO(h, k) = /M (h(0), k(9))d

Problem: The induced geodesic distance vanishes.

Diff(S1) rracts Imm(SY, R?) Facts Diff . (R?)
(LDDMM)
l-acts
& A Diff(51) (LDDMM)

Met(S?) B;(St, R?)

Movies about vanishing: Diff(S')  Imm(St, R?)

[MichorMumford2005a,2005b], [BauerBruverisHarmsMichor2011,2012]



The simplest (L2-) metric on Imm(S!, R?)

0 = S = C
Gc(h,k)_/51<h,k>d /51<h,k>| 0| o

Geodesic equation

Ctt = <Ct97 C6>Ct-

1 5 (|ct|2c(9> 1

_ ; _
2|y <o |col?

A relative of Burger's equation.
Conserved momenta for G° along any geodesic t +— c( ,t):

(v,ct)|col® € 2(SY) reparam. mom.

/ crds € R? linear moment.
Sl

/1<Jc, cr)ds € R angular moment.
S




Horizontal Geodesics for G° on B;(S!, R?)

(ct.cp) =0and c; = an = aJj; for a € C>®(SY,R). We use
functions a, s =

, and &, only holonomic derivatives:

St = —aks, dy = %HQZ,

1 dg dge g Sy
K/t:afiz“r*(i) +7—73
S S/0 S

We may assume s|;—o = 1. Let v(0) = a(0, ), the initial value for
a. Then

St = —ak = =22, so log(sa®); = 0, thus

s(t,0)a(t,0)? = s(0,0)a(0,0)% = v(6)?,

a conserved quantity along the geodesic. We substitute s = "—; and
K = 2% to get



2 6 6 5.2
as a dge a dgVvy _ da~ay

ap —4— — =0
t a 2v4 + vo e ’

a(0,0) = v(0),

a nonlinear hyperbolic second order equation. Note that wherever
v = 0 then also a = 0 for all t. So substitute a = vb. The
outcome is

v2

2

3vvgy

(b72)e = >

b(0,6) = 1.

(b3)99 — 2VV9(b3)9 — b3,

This is the codimension 1 version where
Burgers' equation is the codimension 0 version.



Weak Riem. metrics on Emb(M, N) C Imm(M, N).

Metrics on the space of immersions of the form:

GF (h, k) :/ g(P"h, k) vol(f*g)
M
where g is some fixed metric on N, g = f*g is the induced metric
on M, h,k € T(f*TN) are tangent vectors at f to Imm(M, N),
and Pf is a positive, selfadjoint, bijective (scalar) pseudo
differential operator of order 2p depending smoothly on f. Good
example: Pf =1+ A(A#)P, where A8 is the Bochner-Laplacian
on M induced by the metric g = f*g. Also P has to be
Diff(M)-invariant: ¢* o Pr = Pro, 0 @*.



Elastic metrics on plane curves

Here M = S! or [0,17], N = R?. The elastic metrics on
Imm(M, R?) is

27
GP(h, k):/ a*(Dsh, n)(Dsk, n) + b*(Dsh, v)(Dsk, v) ds,
0

with

P2b(h) = — a*(D2h, n)n — b*(D2h, v)v
+ (a® — b*)k((Dsh, v)n + (Dsh, n)v)
+ (82r — 00) (a°(n, Dshyn + b*(v, Dsh)v).



Sobolev type metrics

Advantages of Sobolev type metrics:
1. Positive geodesic distance
2. Geodesic equations are well posed
3. Spaces are geodesically complete for p >

[Bruveris, M, Mumford, 2013] for plane curves. A remark in [Ebin, Marsden, 1970], and [Bruveris, Meyer,

dim(M)
T L

2014] for diffeomorphism groups.
Problems:
1. Analytic solutions to the geodesic equation?
2. Curvature of shape space with respect to these metrics?
3. Numerics are in general computational expensive

wellp.: p=>1/2 act p>1 Lact p>1
Space: Diff(S?) i Imm(S!, R?) i Diff . (R2)
geod. dist.: +:p>%,—:p§% —:p=0,+:p>1 (LDDMM) —:p<%,+:p21
l-acts
r-acts needs Z Diff(s1) (LDDMM)
wellp. P201 plzl )
Space: Met(S+) B;(S*,R?)

geod. dist.: +:p>0 —:p=0,+:p>1



Sobolev type metrics

Advantages of Sobolev type metrics:

1. Positive geodesic distance
2. Geodesic equations are well posed
. dim(M)
3. Spaces are geodesically complete for p > =—— + 1.
[Bruveris, M, Mumford, 2013] for plane curves. A remark in [Ebin, Marsden, 1970], and [Bruveris, Meyer,
2014] for diffeomorphism groups.
Problems:
1. Analytic solutions to the geodesic equation?
2. Curvature of shape space with respect to these metrics?
3. Numerics are in general computational expensive
wellp.: p=1 r-acts p=>1 l-acts p=>1
Space: Diff(M) Imm M, N) D|fF (N)
disti p>1,—p<d —ip= § +P>1 (LDDMM) —p<t 1
l-acts
r-acts needs g Diff(M (LDDMM)
wellp.: p=k,keN p>1
Space: Met(M) B,'(M, N)

dist.: +:p>0 —p=0,+: p>1



Geodesic equation.

The geodesic equation for a Sobolev-type metric G* on
immersions is given by

1
Vol =3P (A(VP)(h. f) - — 2.TF g(PF, VA)'
— B(Pf, ). Tré(S))
— P ((VeP)f + Te% (2(VFe, TF))PF).

The geodesic equation written in terms of the momentum for a
Sobolev-type metric G” on Imm is given by:

p = Pfy ®vol(f*g)
1
Vap = 5 (Adi(VP)(f, )" — 2TF &(Pf, V1)’

— g(Pf, £;) Tr 8(S)) @ vol(f*g)



Wellposedness
Assumption 1: P, VP and Adj(VP)* are smooth sections of the
bundles

L(TImm; Tlmm) L?(TImm; Tlmm) L2(TImm; Tlmm)
Imm Imm Imm,

respectively. Viewed locally in trivializ. of these bundles,

Peh,  (VP)e(h k), (Adj(VP)s(h, k))J‘ are pseudo-differential
operators of order 2p in h, k separately. As mappings in f they are
non-linear, and we assume they are a composition of operators of the
following type:

(a) Local operators of order | < 2p, i.e., nonlinear differential operators
A(F)(x) = A(x, V' (x), VI (x),..., VF(x), f(x))

(b) Linear pseudo-differential operators of degrees /;,

such that the total (top) order of the composition is < 2p.
Assumption 2: For each f € Imm(M, N), the operator Ps is an elliptic
pseudo-differential operator of order 2p for p > 0 which is positive and
symmetric with respect to the H%-metric on Imm, i.e.

/ g(Prh, k)vol(g) = / g(h, Prk) vol(g) for h, k € Telmm.
M M



Theorem [Bauer, Harms, M, 2011] Let p > 1 and k > dim(M)/2 + 1,
and let P satisfy the assumptions.

Then the geodesic equation has unique local solutions in the Sobolev
manifold Imm**2P of Hk+2P_immersions. The solutions depend smoothly
on t and on the initial conditions f(0, . ) and (0, . ). The domain of
existence (in t) is uniform in k and thus this also holds in Imm(M, N).
Moreover, in each Sobolev completion Immk+2p, the Riemannian
exponential mapping exp” exists and is smooth on a neighborhood of the
zero section in the tangent bundle, and (,expF) is a diffeomorphism
from a (smaller) neigbourhood of the zero section to a neighborhood of
the diagonal in Imm*™2P x Imm**2P_ All these neighborhoods are
uniform in k > dim(M)/2 + 1 and can be chosen H**2P-open, for

ko > dim(M)/2 + 1. Thus both properties of the exponential mapping
continue to hold in Imm(M, N).



Sobolev completions of ['(E), where E — M is a VB

Fix (background) Riemannian metric & on M and its covariant
derivative VM. Equip E with a (background) fiber Riemannian
metric §F and a compatible covariant derivative VE. Then Sobolev
space H*(E) is the completion of ['(E) for the Sobolev norm

A2 = Z / )((VEY b, (YEY ) vol(2).

This Sobolev space is independ of choices of g, VM, 2E and VE
since M is compact: The resulting norms are equivalent.
Sobolev lemma: If k > dim(M)/2 then the identy on I'(E)
extends to a injective bounded linear map H**P(E) — CP(E)
where CP(E) carries the supremum norm of all derivatives up to
order p.

Module property of Sobolev spaces: If kK > dim(M)/2 then
pointwise evaluation H*(L(E, E)) x H*(E) — H*(E) is bounded
bilinear. Likewise all other pointwise contraction operations are
multilinear bounded operations.



Proof of well-posedness

By assumption 1 the mapping Prh is of order 2p in f and in h
where f is the footpoint of h. Therefore f — Pr extends to a
smooth section of the smooth Sobolev bundle

L(Tlmmk+2p; TImmk | Immk+2p) — Imm*k+2p,

where Tlmm* | Inm *2P denotes the space of all H* tangent
vectors with foot point a H*t2P immersion, i.e., the restriction of
the bundle TImm* — Imm* to Imm**2P < Imm*.

This means that Pr is a bounded linear operator
Pr € L(H*P2P(f* TN), H*(f*TN)) for f € lmm**2P.

It is injective since it is positive. As an elliptic operator, it is an
unbounded operator on the Hilbert completion of T¢Imm with
respect to the H-metric, and a Fredholm operator Hk+2P — Hk
for each k. It is selfadjoint elliptic, so the index =0. Since it is
injective, it is thus also surjective.



By the implicit function theorem on Banach spaces, f — P,,_1 is
then a smooth section of the smooth Sobolev bundle

L(Tlmmk | Imm*+2p: Tlmmk+2p) — Immk+2p

As an inverse of an elliptic pseudodifferential operator, Pf_1 is also
an elliptic pseudo-differential operator of order —2p.

By assumption 1 again, (VP)¢(m, h) and (Adj(VP)¢(m, h))L are
of order 2p in f, m, h (locally). Therefore f — P and

f > Adj(VP)! extend to smooth sections of the Sobolev bundle

L2(T|mmk+2p; Tlmm* | Immk+2p) — Imm*+2p

Using the module property of Sobolev spaces, one obtains that the
" Christoffel symbols”

1
Ce(h, h) = §P—l(Adj(VP)(h, h)t — 2.Tf.g(Ph, Vh)*
— g(Ph, ). T(S) — (V4P)h — Tté (g(Vh, TF)) Ph)
extend to a smooth (C°) section of the smooth Sobolev bundle

Lgym(TImmk”p; Tlmmk+2”) — Immk+2p



Thus h — T¢(h, h) is a smooth quadratic mapping

Tlmm — TImm which extends to smooth quadratic mappings
Tlmm*t2P — TImm* 2P for each k > me(z) + 1. The geodesic
equation Vgtft = T¢(f, ft) | can be reformulated using the linear
connection C8 : TN xn TN — TTN (horizontal lift mapping) of
VE:

1
Octy = C(SHe(fes ) = Kelhes ), ).

The right-hand side is a smooth vector field on TImm 2P the
geodesic spray. Note that the restriction to TImm**1+2P of the
geodesic spray on Tlmm**2P equals the geodesic spray there. By
the theory of smooth ODE'’s on Banach spaces, the flow of this
vector field exists in TImmk+.2p and is smooth in time and in the
initial condition, for all kK > d'mTQ) + 1.

It remains to show that the domain of existence is independent of
k. | omit this. QED



Sobolev metrics of order > 2 on Imm(S!, R?) are complete

Theorem. [Bruveris, M, Mumford, 2014] Let n > 2 and the metric
G on Imm(S,R?) be given by

Ge(h, k) = /51 Zaj<D£h7D£k> ds,
=0

with a; > 0 and ap, a, # 0. Given initial conditions
(co, up) € T Imm(St,R?) the solution of the geodesic equation

o, (Z(—l)j|c'|D52jct> = _% ¢ Ds ({ce, ce)v)

Jj=0
n 2k—1

+3 Z(—1)k+f% |c'| Ds (D% e, Dic)v) -

k=1 j=1
for the metric G with initial values (cy, up) exists for all time.
Recall: ds = |c|d6 is arc-length measure, Ds = ﬁ@g is the

derivative with respect to arc-length, v = ¢’/|c’| is the unit length
tangent vector to ¢ and (, ) is the Euclidean inner product on R2.



Thus if G is a Sobolev-type metric of order at least 2, so that
/ (|hP + |D2h2)ds < C Go(h, h),
Sl

then the Riemannian manifold (Imm(S!, R?), G) is geodesically
complete. If the Sobolev-type metric is invariant under the
reparameterization group Diff(S!), also the induced metric on
shape space Imm(St,R?)/ Diff(S') is geodesically complete.

The proof of this theorem is surprisingly difficult.



The elastic metric

27
G2P(h, k):/ a%(Dsh, n)(Dsk, n) + b%(Dsh, v)(Dsk, v) ds,
0

¢t = u € C®(Rsg x M,R?)

Plu) = PG5

1
= 7(60 — 627) ((Dsu, Dsuhv + 3 (v, Dsu)?v

He(u, u) — Kc(u, u))

— 2(Dsu, v)Dsu — 3(n, Dsu)?v)
+ D ({Dsu, Dsu)v + 3(v, Dsu)?v
— 2(Dsu, v)Dsu — 3(n, Dsu)?v)

Note: Only a metric on Imm/transl.



Representation of the elastic metrics

Aim: Represent the class of elastic metrics as the pullback metric
of a flat metric on C*°(M,R?), i.e.: find a map

R : lmm(M,R?) — C°°(M,R")
such that

G2P(h, k) = R*(h, k)2 = (TcR.h, T.R.k) 2.

[YounesMichorShahMumford2008] [SrivastavaKlassenJoshiJermyn2011]



The R transform on open curves

Theorem
The metric G?? is the pullback of the flat L? metric via the
transform R:

R*P: Imm([0,27],R?) — C°°([0, 27], R%)

we- 12 o) v (3)

The metric G* is flat on open curves, geodesics are the preimages
under the R-transform of geodesics on the flat space im R and the
geodesic distance between c, ¢ € Imm([0, 2], R?)/ trans is given
by the integral over the pointwise distance in the image Im(R).
The curvature on B([0,2r],R?) is non-negative.

[BauerBruverisMarslandMichor2014]



The R transform on open curves |l

Image of R is characterized by the condition:
(46° — a*)(Rf(c) + R3(c)) = a*Rs (c)
Define the flat cone
C*b = {q e R3: (4b® — 3°)(¢? + ¢3) = a°q3, q3 > O}.
Then Im R = C>(S1, C*P). The inverse of R is given by:

R~ :im R — Imm([0, 27], R?)/ trans

- _ L/ q1(0)
RGO =+ 5 [ 10 (245)) ao.



The R transform on closed curves |

Characterize image using the inverse:

- _ I q1(0)
R7Ha)(O) = po+ 5+ O ()] (q;(9)> do.

R=1(q)(0) is closed iff

A basis of the orthogonal complement (Tq%""’b)L is given by the
two gradients g;radL2 Fi(q)



The R transform on closed curves I

Theorem
The image € of the manifold of closed curves under the

R-transform is a codimension 2 submanifold of the flat space

Im(R)open- A basis of the orthogonal complement (Tqﬁa”*b)l is

given by the two vectors

1 2q% + q% 2 0
Ui1(q) = —— g | +=Vabr—2a2( 0 |,
&+ 63 0 ? a
1 q1q2 2 0
U(q)= ——— | +2¢5 | + Va2 -2 0

92+ q3 0 2 %2

[BauerBruverisMarslandMichor2012]



compress and stretch




WA R R R
AR RN
R AR L
R ARV R v



Non-symmetric distances

I =1 lp = 11

[ I # iterations # points distance # iterations # points distance Y%diff
cat cow 28 456 7.339 33 462 8.729 15.9
cat dog 36 475 8.027 102 455 10.060 20.2
cat donkey 73 476 12.620 102 482 12.010 4.8
cow donkey 32 452 7.959 26 511 7.915 0.6
dog donkey 15 457 8.299 10 476 8.901 6.8
shark airplane 63 491 13.741 40 487 13.453 21

WA IR AR
WiIRIR RN



An example of a metric space with strongly
negatively curved regions

Diff(52) rracts Imm (52, R3) bacts Diff . (R?)
(LDDMM)
l-acts
r-acts needs g Diff(S?) (LDDMM)

Met(52) Bi(S%,R3)

GP(h k) = /M (F)(h, k) vol(g)

[BauerHarmsMichor2012]



Non-vanishing geodesic distance

The pathlength metric on shape space induced by G® separates
points if one of the following holds:

» &> G+ G||Tr(S)||? with C1, G > 0 or
» & > G Vol

This leads us to consider ® = ®(Vol, || Tré(S)|?).
Special cases:

> GA-metric: ® =1+ A|Tré(S)|?
» Conformal metrics: ® = ®(Vol)



Geodesic equation on shape space B;(M,R"), with
® = d(Vol, Tr(L))

fr = a.v,
1o, 1 2 1,
2= 5[5 T = 5 THL) [ (@10)7 vol(g) — 522A(020)

+2ag~1(d(020), da) + (020)| dall3

+(010)a /M Tr(L).avol(g) — %(62<D) (1)



Sectional curvature on B;

Chart for B; centered at 7(fy) so that 7(fp) = 0 in this chart:
ae C®(M) « 7(fy + avP).

For a linear 2-dim. subspace P C T ()B; spanned by a1, a1, the
sectional curvature is defined as:

G®  (R.ry(a1,ar)a1, a
k(P) = — W(fo)( ()21, 22)a1, 22) , where

la1l2lla2]? — G5y (a1, @2)?

Ro(a1, a2, a1, a2) = Gy (Ro(a1, a2)a1, a2) =
1 1
Edea"(al, a1)(az, a2) + §d2GS>(a2, a)(a1, a1)
— d2G(§b(al, 32)(81, 32)

+ G (Fo(a1, a1), To(az, a2)) — G (To(ay, a2), To(ar, a2)).



Sectional curvature on B; for ® = Vol

(P) = — Ro(a, a2, a1, a2)

where
laulPll2al = G (ar, 22

1
Ro(ai1, a2, a1,a2) = 5 Vol/ |a1dap — agdal||§,,1 vol(g)
M

L Ty (ag.?g -5

ol
2T
ap-T

Tr(L)2a2 — 2a1.a;. Tr(L)?a1.a + aé.Tr(L)?af)

(a% Tr(L az —231.32.Tr(L)a1. Tr(L) a2 —i—a?.Tr(L)af)

4 Vol
< % d32 — 231 an. Trg(dal daz) + a2Trg((dal) ))

22. Tr(L2) — 2.31.33.a1.3p. Tr(L2) + a2.22. Tr(L2))



Sectional curvature on B; for & =1+ ATr(L)?

k(P) - _ R0(317a21‘31732) where
a2 — G (ar 22

Ro(a1, a2, a1, ap) = / A(a1Aay — axAap)? vol(g)
M

+ / 2ATr(L)g? ((a1dar — apda1) ® (a1day — axdai), s) vol(g)
M

1 _ 2
| —4A2% Y (d Tr(L), a1day — and
+/M 1+ATr(L)2[ g (dTr(L), arday — apdan)

1 2
- (5 (1 4+ ATr(L)?)? + 242 Tr(L) A(Tr(L)) + 2A% Tr(L?) Tr(L)2>-
- ||arday — axdar 21 + (2A? Tr(L)?)||day A da2||§g

+ (8A2Tr(L))g? (d Tr(L) ® (a1daz — apday), day A dag)} vol(g)



Negative Curvature: A toy example

Movies: Exl: ® =1+ .4Tr(L)> Ex2: ¢ =e" Ex3: ¢ ="



Another toy example

GP(h, k) = Jr28((1+ A)h, k)vol(g) on Imm(T? R3):

-

‘

[BauerBruveris2011]



Right invariant Riemannian geometries on
Diffeomorphism groups.

For M = N the space Emb(M, M) equals the diffeomorphism
group of M. An operator P € ['(L(T Emb; T Emb)) that is
invariant under reparametrizations induces a right-invariant
Riemannian metric on this space. Thus one gets the geodesic
equation for right-invariant Sobolev metrics on diffeomorphism
groups and well-posedness of this equation. The geodesic equation
on Diff(M) in terms of the momentum p is given by

b= Pf, 2 vol(g),
Vo.p = —Tf.g(Pf, Vft)ti ® vol(g).

Note that this equation is not right-trivialized, in contrast to the
equation given in [Arnold 1966]. The special case of theorem now
reads as follows:



Theorem. [Bauer, Harms, M, 2011] Let p > 1 and k > dimT(M) +1 and
let P satisfy the assumptions.

The initial value problem for the geodesic equation has unique local
solutions in the Sobolev manifold Diff*™2P of Hk+2p -diffeomorphisms.
The solutions depend smoothly on t and on the initial conditions f(0, .)
and (0, . ). The domain of existence (in t) is uniform in k and thus this
also holds in Diff(M).

Moreover, in each Sobolev completion Diffk+2p , the Riemannian
exponential mapping exp” exists and is smooth on a neighborhood of the
zero section in the tangent bundle, and (,expF) is a diffeomorphism
from a (smaller) neigbourhood of the zero section to a neighborhood of
the diagonal in Diff*™2P x Diff**2P_ All these neighborhoods are uniform
in k > dim(M)/2+ 1 and can be chosen H**2P_open, for

ko > dim(M)/2 + 1. Thus both properties of the exponential mapping
continue to hold in Diff(M).



Arnold'’s formula for geodesics on Lie groups: Notation

Let G be a regular convenient Lie group, with Lie algebra g. Let
G x G — G be the group multiplication, uy the left translation

and g the right translation, px(y) = 1 (x) = xy = u(x, y).

Let L, R : g — X(G) be the left- and right-invariant vector field
mappings, given by Lx(g) = Te(pg)-X and Rx = Te(u8).X, resp.
They are related by Lx(g) = Rad(g)x(g)- Their flows are given by

FITX(g) = g. exp(tX) = u®PX)(g),
FIFX () = exp(tX).g = Hexp(ex)(8&)-

The right Maurer—Cartan form x = " € QY(G, g) is given by

R = T ) - €.
The left Maurer-Cartan form ' € QY(G, g) is given by

Fix(€) 1= Tu(px1) - €.



k" satisfies the left Maurer-Cartan equation dx — %[/ﬁ, K]y =0,
where [ , ]A denotes the wedge product of g-valued forms on G
induced by the Lie bracket. Note that 3[x, K] (£,1) = [K(£), &(n)].
k! satisfies the right Maurer-Cartan equation dr + %[/—@, K]Q =0.

Proof. Evaluate dk” on right invariant vector fields Rx, Ry for
X, Y eg.
(dr")(Rx, Ry) = Rx(x"(Ry)) — Ry (x"(Rx)) — "([Rx, Ry])
= Rx(Y) — Ry(X) + [X, Y] =0-0+ [Hr(Rx), /ﬁ:r(Ry)].

The (exterior) derivative of the function Ad : G — GL(g) can be
expressed by

dAd = Ad .(ad o) = (ad ok"). Ad

since we have
d Ad(Tpg.X) = Lo Ad(g. exp(tX)) = Ad(g). ad(x'( T ug.X)).



Geodesics of a Right-Invariant Metric on a Lie Group

Let v = g x g — R be a positive-definite bounded (weak) inner
product. Then

wl(&m) = (T )& T ) - n) = ~(k(€), K(n))

is a right-invariant (weak) Riemannian metric on G. Denote by
¥ : g — g* the mapping induced by 7, and by (a, X)4 the duality
evaluation between o € g* and X € g.

Let g : [a, b] — G be a smooth curve. The velocity field of g,
viewed in the right trivializations, coincides with the right
logarithmic derivative

5(g) = (k&) - dug = K(drg) = (8°K)(Dr).
The energy of the curve g(t) is given by

1

b b
Ee) =5 [ e &)de =5 [ (@0 (e")(0) o



For a variation g(s, t) with fixed endpoints we then use that

d(g7k)(0¢, 0s) = 0:(g" K (0s)) — Os(g"K(9t)) — 0,
partial integration and the left Maurer—Cartan equation to obtain

9@ = 3 [ 21(0.0a 000 6" )(00)
= [ (0a 0 ~ ale (0000, ()20 o
= [ 2@, ot @) o
- [ 0. (00, (6 00) a
--/ " (5(0u(&"R)(O), (8" R)(O), ot
-/ " (38 R)(0)), a5y 87 R)(D2)), o

b
= —/ (7(0:(g7K)(0r)) + (ad(g-r)(2)) H((87K)(Dr)), (87)(95)),, dt.



Thus the curve g(0, t) is critical for the energy if and only if

7(0:(g"%)(9r)) + (ad(grr)(0,) )" ((&7K)(9:)) = 0.

In terms of the right logarithmic derivative v : [a, b] — g of
g :[a,b] = G, given by u(t) := g"w(0) = Ty (8 ) - g'(1),
the geodesic equation has the expression

deu = — 5 ad(u)" (u) (1)

Thus the geodesic equation exists in general if and only if
ad(X)*¥(X) is in the image of ¥ : g — g%, i.e.

ad(X)™(X) € ¥(9g) (2)

for every X € X. Condition (2) then leads to the existence of the
Christoffel symbols. [Arnold 1966] has the more restrictive
condition ad(X)*¥(Y) € ¥ € g. The geodesic equation for the
momentum p = y(u):

pe = —ad(¥"'(p))"p.



Soon we shall encounter situations where only the more general
condition is satisfied, but where the usual transpose ad ' (X) of
ad(X),

ad" (X) ;=¥ loadyo¥

does not exist for all X.



Groups related to Diff(IR)

The reflexive nuclear (LF) space C°(R) of smooth functions with
compact support leads to the well-known regular Lie group
Diff(R).

Define C25(R) = {f : f' € C°(R)} to be the space of
antiderivatives of smooth functions with compact support. It is a
reflexive nuclear (LF) space. We also define the space

CH(R) = {f € C3(R) @ f(—o0) = 0} of antiderivatives of the
form x — [ g dy with g € C°(R).

Diffc2(R) = {0 = Id+f : f € C5(R), F' > —1} is the
corresponding group.

Define the two functionals Shifty, Shift, : Diffc »(R) — R by

Shifty(¢) = ev_oo(f) = lim f(x), Shift,(¢) = evoo(f) = lim f(x)

X——00 X—00

for o(x) = x + f(x).



Then the short exact sequence of smooth homomorphisms of Lie
groups

(Shifty,Shift, )

Diff ((R) = Diffc2(R) (R?,+4)
describes a semidirect product, where a smooth homomorphic
section s : R? — Diff. »(R) is given by the composition of flows
s(a, b) = FlfZ o Flff' for the vectorfields X, = £,0x, X, = .05 with
[X¢, Xr] = 0 where f;, f, € C*°(RR, [0, 1]) satisfy

fg(x):{l for x < —1 ﬁ(x):{o for x <0 (3)

0 forx>0, 1 forx>1.

The normal subgroup

Diff¢ 1(R) = ker(Shift;) = {¢ = Id+f : f € CZ9(R), f’ > —1} of
diffeomorphisms which have no shift at —oco will play an important
role later on.



Some diffeomorphism groups on R

We have the following smooth injective group homomorphisms:

Diff (R) — Diffg(R) —= Diff yyc.r (R)

| | |

Diff¢,1(R) — Diffs, (R) — Diff , 001 (R)

1

] |

Diff¢ 2(R) — Diffs,(R) — Diff | 00,1 (R) —— Diff5(R)

2
Each group is a normal subgroup in any other in which it is
contained, in particular in Diffg(R).
For S and W®®! this works the same as for C°. For H® = W2
it is surprisingly more subtle.



Solving the Hunter-Saxton equation: The setting

We will denote by A(R) any of the spaces C2°(R), S(R) or
W>L(R) and by Diff 4(R) the corresponding groups Diff.(R),
Diffs(R) or Diffyee,1 (R).

Similarly A1 (R) will denote any of the spaces C29(R), S1(R) or
W1°°1( ) and Diff 4, (R) the corresponding groups Diffc 1(R),
Diffs, (R) or Dn‘FWoo 1(R).

The H'-metric. For Diff 4(R) and Diff 4, (R) the homogeneous
H'-metric is given by

Go(Xop, Yop)=Gy(X,Y)= /RX’(X)Y'(X) dx ,

where X, Y are elements of the Lie algebra A(R) or A;(R). We
shall also use the notation



Theorem

On Diff 4,(R) the geodesic equation is the Hunter-Saxton equation

1 X
(pr)op ™t =u  ur=—uu+ 2/ (ux(2))? dz,

and the induced geodesic distance is positive.

On the other hand the geodesic equation does not exist on the
subgroups Diff 4(R), since the adjoint ad(X)*G4(X) does not lie
in Gig(A(R)) for all X € A(R).

One obtains the classical form of the Hunter-Saxton equation by
differentiating:

Lo
Utx = —UlUxx — §Ux y
Note that Diff 4(R) is a natural example of a non-robust
Riemannian manifold.



Proof

Note that Gig : A1(R) — A1 (R)* is given by Gig(X) = —X" if we
use the L2-pairing X — (Y + [ XYdx) to embed functions into
the space of distributions. We now compute the adjoint of ad(X):
{ad(X)*Ga(Y), Z) = Ga(Y,ad(X)Z) = Ga(Y, —[X, Z])
_ / Y'(x) (X' (x)Z(x) — X(x)Z'(x))’ dx
R
_ / Z() (X" () Y'(x) — (X(x)Y'(x))") dx .
R
Therefore the adjoint as an element of Aj is given by

ad(X)*Gg(Y) = X"Y' — (XY')".



For X = Y we can rewrite this as

((X/2) X2 /// _ / X (X2) )
1 / 2y/

=56 Xy )2 dy + (X?) )

If X € A1(R) then the function —% [*_ X'(y)?dy + 3(X?) is

again an element of A;(R). This foIIows |mmed|ately from the
definition of A;(R). Therefore the geodesic equation exists on
Diff 4,(R) and is as given.

However if X € A(R), a neccessary condition for

(X' (¥))?dy € A(R) would be [*°_ X'(y)*dy = 0, which would
imply X’ = 0. Thus the geodesic equation does not exist on A(R).
The positivity of geodesic distance will follow from the explicit
formula for geodesic distance below. QED.

1

v

ad(X)*G|d(X) =

N~



Theorem.

[BBM2014] [A version for Diff(S!) is by J.Lenells 2007,08,11]
We define the R-map by:

. Diff 4,(R) = A(R,R>_2) C A(R,R)
' =2 ((¢)?-1).
The R-map is invertible with inverse
A(R,R>_) — Diff 4, (R)

Ril . 1 x 2
'y»—>x+4/ Y-+ 4y dx.
The pull-back of the flat L?-metric via R is the H-metric on
Diff 4(R), i.e.,

R*<.’ >L2 prg <.’ >H1 .
Thus the space (DifFAl(R), Hl) is a flat space in the sense of
Riemannian geometry.

Here (-,-);2 denotes the L?-inner product on A(R) with constant
volume dx.



Proof

To compute the pullback of the L2-metric via the R-map we first
need to calculate its tangent mapping. For this let

h= Xo¢ € T,Diff 4, (R) and let t — ¢(t) be a smooth curve in
Diff 4, (R) with 1(0) = Id and J¢|oy(t) = X. We have:

TR.h = OrloR((t) o ) = Dilo2 ((((t) 0 9)) 2~ 1)

= 0:lo2((1(t)x 0 ) px) />

= 2 20hlo(((1)) 2 0 ) = (sox)l/%m o)
= () 2(X 0 9) = (¢ (X 0 ).

Using this formula we have for h = Xj o p, k = X5 o ¢:

R*(h, k)2 = (T R.h, T,R.K) 2 = / X{(x)X5(x) dx = (h, k) ;n QED
R



Corollary

Given ¢, p1 € Diff 4,(R) the geodesic p(t, x) connecting them is
given by

#t,x) = R7((1 = DR(¢0) + tR(1) ) (x)

and their geodesic distance is

d(po, ¢1)* = 4/R ((P)M? = (¢)?)? dx .

But this construction shows much more: For S1, (7°, and even for
many kinds of Denjoy-Carleman ultradifferentiable model spaces
(not explained here). This shows that Sobolev space methods for
treating nonlinear PDEs is not the only method.



Corollary: The metric space (Diff 4,(R), H') is path-connected
and geodesically convex but not geodesically complete. In
particular, for every pqo € Diff 4,(R) and h € Ty, Diff 4,(R), h #0
there exists a time T € R such that ¢(t,-) is a geodesic for

|t| < |T| starting at po with p(0) = h, but px(T,x) = 0 for some
x € R.

Theorem: The square root representation on the diffeomorphism
group Diff 4(R) is a bijective mapping, given by:

R Diff 4(R) — (Im(R), [ - [I2) € (A(R,Rs2),[| - [l12)
. 2 ((gpl)l/z—l) .
The pull-back of the restriction of the flat L?-metric to Im(R) via R

is again the homogeneous Sobolev metric of order one. The image
of the R-map is the splitting submanifold of A(R,R~_») given by:

Im(R) = {7 € AR, R=. ) : F(3) = /

R7(7+4) dx:O} .



On the space Diff 4(R) the geodesic equation does not exist. Still:
Corollary: The geodesic distance d* on Diff 4(R) coincides with
the restriction of d1 to Diff 4(R), i.e., for g, p1 € Diff 4(R) we
have

d4 (o, 1) = d** (o, p1) -



Continuing Geodesics Beyond the Group, or How Solutions
of the Hunter—Saxton Equation Blow Up

Consider a straight line y(t) = 70 + ty1 in A(R,R). Then
~(t) € A(R,R~_5) precisely for t in an open interval (ty, t1) which
is finite at least on one side, say, at t; < co. Note that

A6 = RGO = x+7 [ 20)(0) + 41(6)(w) o

makes sense for all t, that ¢(t) : R — R is smooth and that
©(t)'(x) > 0 for all x and t; thus, ©(t) is monotone
non-decreasing. Moreover, ¢(t) is proper and surjective since 7(t)
vanishes at —oo and oco. Let

|\/|On.,41 = {ld +f:fe Al(R R f, —].}

be the monoid (under composition) of all such functions.



For v € A(R,R) let x(y) := min{x € RU {o0} : v(x) = —2}.
Then for the line y(t) from above we see that x(y(t)) < oo for all
t > t1. Thus, if the ‘geodesic’ ¢(t) leaves the diffeomorphism
group at ti, it never comes back but stays inside

Mon 4, (R) \ Diff 4, (R) for the rest of its life. In this sense,
Mon 4, (R) is a geodesic completion of Diff 4,(R), and

Mon 4, (R) \ Diff 4, (R) is the boundary.

What happens to the corresponding solution

u(t,x) = p:(t, p(t)71(x)) of the HS equation? In certain points it
has infinite derivative, it may be multivalued, or its graph can
contain whole vertical intervals. If we replace an element

¢ € Mon 4, (R) by its graph {(x, ¢(x)) : x € R} C R we get a
smooth ‘monotone’ submanifold, a smooth monotone relation.
The inverse ¢~ 1 is then also a smooth monotone relation. Then
t— {(x,u(t,x)) : x € R} is a (smooth) curve of relations.
Checking that it satisfies the HS equation is an exercise left for the
interested reader. What we have described here is the flow
completion of the HS equation in the spirit of [KhesinMichor2004].



Soliton-Like Solutions of the Hunter Saxton equation

For a right-invariant metric G on a diffeomorphism group one can
ask whether (generalized) solutions u(t) = p:(t) o ()1 exist
such that the momenta G(u(t)) =: p(t) are distributions with
finite support. Here the geodesic (t) may exist only in some
suitable Sobolev completion of the diffeomorphism group. By the
general theory, the momentum Ad(¢(t))*p(t) = ¢(t)*p(t) = p(0)
is constant. In other words,

i.e., the momentum is carried forward by the flow and remains in
the space of distributions with finite support. The infinitesimal
version (take 0 of the last expression) is

pe(t) = —Lynyp(t) = —adyr) ™ p(t).



The space of N-solitons of order 0 consists of momenta of the
form p, , = Z,N:l a0y, with (v, a) € R?N. Consider an initial
soliton pg = G(uo) = —uf = SN a6, with y1 <y» < --- < yn.
Let H be the Heaviside function

0, x<0,
H(X): %7 XZOa
1, x>0,

and D(x) =0 for x <0 and D(x) = x for x > 0. We will see later
why the choice H(0) = 3 is the most natural one; note that the
behavior is called the Gibbs phenomenon. With these functions we
can write

N
() = =3 @ity (x)
/E1
up(x) = — Z aiH(x — ;)

N
up(x) = — Za,-D(x — ¥i)-



We will assume henceforth that Z,N:1 a;j = 0. Then up(x) is
constant for x > yy and thus up € H(R); with a slight abuse of
notation we assume that Hj (R) is defined similarly to H{°(R).
Defining S; = Z}:l a; we can write

N

uh(x) = = 3 S (HOx = i) = Hix — yiga))

i=1

This formula will be useful because

supp(H(. — yi) = H(. = yi1)) = i yial-

The evolution of the geodesic u(t) with initial value u(0) = ug can
be described by a system of ordinary differential equations (ODEs)
for the variables (y, a).

Theorem The map (y,a) — SV, a;d,, is a Poisson map between
the canonical symplectic structure on R?N and the Lie—Poisson
structure on the dual T Diff 4(R) of the Lie algebra.



In particular, this means that the ODEs for (y, a) are Hamilton's
equations for the pullback Hamiltonian

E(yva) 7G|d(uya)7 ya))7

with v, 5y = G YN a6,) = —3N aD(. - yi). We can
obtain the more explicit expression

1
E(Yaa): Q/R(u(y,a)( )) dx = - / (ZSH[%}/H]) dx
1 N
= 525,'2()%1 — Yi)-
i=1

Hamilton's equations y; = 8E/83,~, a; = —0E/0Oy; are in this case
ZSI }’l+1 t) ( ))7

5i(t) = % (Si(6)? = Sra(1)%).



Using the R-map we can find explicit solutions for these equations
as follows. Let us write a;(0) = a; and y;(0) = y;. The geodesic
with initial velocity ug is given by

1 X
plex) =x+ 4 [ Eh)? +4tub(y) dy

_1 t @_l(tvx) / 2
ult) = (e e+ 5 [ ) dy,

First note that

o (t,x) = (1 + ;uf,(x)>2

ey Yo (et 2))
U (t,z) = 1+ Luh (p71(t, 2))




Using the identity H(¢~(t, z) — y,-) = H(z — o(t, y;)) we obtain
uh (9~ Z aiH (z — ¢(t,)) ,

N

(o (71t 2))) = =D aib(ey)(2)-

i=1

and thus

Combining these we obtain

1 N
u'(t,z) = 2 (— Z ai5<p(t,y,-)(z)>

(1+ 2u) (¢ 1(t, 2)))

N
) ~(2).
Z ( ))2 w(t ,y:)( )

i=1
From here we can read ofF the solution of Hamilton's equations

y,'(t) = (P(t7Yi)
ai(t) = —a; (1+ %U(/J()’i)r2



When trying to evaluate uj(y;),
up(yi) = aiH(0) - S;,

we see that uj is discontinuous at y; and it is here that we seem to
have the freedom to choose the value H(0). However, it turns out
that we observe the Gibbs phenomenon, i.e., only the choice

H(0) = 3 leads to solutions of Hamilton's equations. Also, the
regularized theory of multiplications of distributions (Colombeau,
Kunzinger et.al.) leads to this choice. Thus we obtain

i—1 2
t
yilt)=yi+Y_ <45j2 - f51> (Y1 = ¥))
=1

s os)y T iogs 188

It can be checked by direct computation that these functions
indeed solve Hamilton's equations.



Riemannian geometries on spaces of Riemannian metrics
and pulling them back to diffeomorphism groups.

t l-act
Diff(M —e Imm(M, N) = Diff 4 (N
(LDDMM)
r-acts l-acts
needs g Diff(M (LDDMM)
Diff(M, ) Met r-acts

m@

Vol (M) ot Met(N)



Weak Riemann metrics on Met(M)
All of them are Diff(M)-invariant; natural, tautological.
Gg(h, k):/Mgg(h, k)vol(g):/Tr(gilhgflk)vol(g), [%-metr.
or = ®(Vol(g)) /M gd(h,k)vol(g)  conformal
or :/Mq>(sca|g).g§(h, k)vol(g)  curvature modified

or = (1 + A8)Ph, k) vol(g) Sobolev order p

oQ

Q
Il
T~
N

g2 (h, k) + g9 (VER, VEK) + ...
+ (V5 h, (V9)K)) vol(g)

where ® is a suitable real-valued function, Vol = [}, vol(g) is the

total volume of (M, g), Scal is the scalar curvature of (M, g), and

where g3 is the induced metric on (3)-tensors.



The L?>-metric on the space of all Riemann metrics

[Ebin 1970]. Geodesics and curvature [Freed Groisser 1989].
[Gil-Medrano Michor 1991] for non-compact M. [Clarke 2009]
showed that geodesic distance for the L?-metric is positive, and he
determined the metric completion of Met(M).

The geodesic equation is completely decoupled from space, it is an

ODE:

g =88 ‘g +iTr(g 'gg ) g — L Tr(g 'gt) &



expo(A) = 7 log (1 + 3 Tr(A))* + 35 Tr(A9)) Id

+;arctan —'nTr(A%) A
/T (A2 4+ Tr(A) )7



Back to the the general metric on Met(M).

We describe all these metrics uniformly as
6E(h.k) = [ e8(Peh k) vol(g)
= / Tr(gfl.Pg(h).gfl.k) vol(g),
M

where
Pg : T(S*T*M) — [(S*T*M)

is a positive, symmetric, bijective pseudo-differential operator of
order 2p, p > 0, depending smoothly on the metric g, and also
Diff(M)-equivariantly:

(p*oPg: P@*gogp*



The geodesic equation in this notation:

) o] . -
g = P [(Dg.)Pe) (&) + 3-8 Tr(e ™" Pece ™ &0)
1, 1 .
+ >8t:8 Pge + EPgt-g 8t = (D(g.g) P)gt
1
5 TH(e " 0)-Per]

We can rewrite this equation to get it in a slightly more compact
form:

(Pgt)t = (D(g,g)P)&t + Pgie
* 1 — —
= (Dg.)Pee)"(g0) + ;8- Tr(g " -Perg ™ &)

1 1 B 1 _
+ Egt.g_l.Pgt + EPgt-g lg — > Tr(g l-gt)~Pgt



Well posedness of geodesic equation.

Assumptions Let Pg(h), P;'(k) and (D(g,\Ph)*(m) be linear

pseudo-differential operators of order 2p in m, h and of order —2p in k
for some p > 0.

As mappings in the foot point g, we assume that all mappings are
non-linear, and that they are a composition of operators of the following
type:

(a) Non-linear differential operators of order | < 2p, i.e.,

Ag)(x) = A(x, g(x), (Vg)(x),--., (V'g)(x)),

(b) Linear pseudo-differential operators of order < 2p,

such that the total (top) order of the composition is < 2p.

Since h+— Pgh induces a weak inner product, it is a symmetric and
injective pseudodifferential operator. We assume that it is elliptic and
selfadjoint. Then it is Fredholm and has vanishing index. Thus it is
invertible and g — P, ! is smooth

H*(S2 T*M) — L(HX(S2T*M), H**2P(52T*M)) by the implicit
function theorem on Banach spaces.



Theorem. [Bauer, Harms, M. 2011] Let the assumptions above hold.
Then for k > dimT(M), the initial value problem for the geodesic equation
has unique local solutions in the Sobolev manifold Met**"(M) of
H¥*+2P_metrics. The solutions depend C* on t and on the initial
conditions g(0, . ) € Met*"?"(M) and g:(0, . ) € H**?P(S2T*M). The
domain of existence (in t) is uniform in k and thus this also holds in
Met(M).

Moreover, in each Sobolev completion Meth<+2P (M), the Riemannian
exponential mapping exp” exists and is smooth on a neighborhood of the
zero section in the tangent bundle, and (,expF) is a diffeomorphism
from a (smaller) neighborhood of the zero section to a neighborhood of
the diagonal in Met*t2P(M) x Met“"2P(M). All these neighborhoods are
uniform in k > 4mM)
ko > dimT(M). Thus all properties of the exponential mapping continue to
hold in Met(M).

and can be chosen Hk°+2p—open, where



Conserved Quantities on Met(M).

Right action of Diff(M) on Met(M) given by
(g,9) = ¢"g

Fundamental vector field (infinitesimal action):

(x(g) = Lxg = —2Sym V(g(X)).

If metric G” is invariant, we have the following conserved
quantities

const = GP(gt, (x(g))
- _2/ gt (V* Sym Pgy, g(X)) vol(g)
M

— —2/ g(g_lv*Pgt,X) vol(g)
M
Since this holds for all vector fields X,

’(V*Pgt) vol(g) € T(T*M @ vol(M)) is const. in t.‘




For which metric is the Ricci flow a gradient flow

Met(M) is convex and open subset, thus contractible. A necessary
and sufficient condition for Ricci curvature to be a gradient vector
field with respect to the GP-metric is that the following exterior
derivative vanishes:

(dGP(Ric,-))(h, k) = hGF(Ric, k) — kG (Ric, h) — GF(Ric, [h, k]) = 0.

It suffices to look at constant vector fields h, k, in which case
[h, k] = 0. We have

hGF (Ric, k) — kGP(Ric, h)
- / ( — Tr (g *hg *(PRic)g k) + Tr (g *kg (P Ric)g~'h)

+ Tr (g ' Dgn(PRic)g k) — Tr (g7 ' Dg k(P Ric)g ' h)
—Tr (g_l(P Ric)g_lhg_lk) + Tr (g_l(P Ric)g_lkg_lh)

+ % Tr (g_l(P Ric)g_lk) Tr(g_lh) — % Tr (g_l(P Ric)g_lh) Tr(g_lk))



Some terms in this formula cancel out because for symmetric
A, B, C one has

Tr(ABC) = Tr((ABC)") = Tr(CTBTAT) = Tr(ATCTBT) = Tr(ACB).
Therefore
hGP(Ric, k) — kG (Ric, h)
- / (T (672 Dg (P Ric)g™K) — Tr (67" Dy (P Ric)g ™)
+ % Tr (g *(PRic)g k) Tr(g*h)

% Tr (gfl(P Ric)g 'h) Tr(gflk)> vol(g).



We write Dg 4(P Ric) = Q(h) for some differential operator Q
mapping symmetric two-tensors to themselves and Q* for the
adjoint of Q with respect to [}, g9(h, k) vol(g).
hGP(Ric, k) — kGP(Ric, h)
— [ ({0t ) - gb(Q(k).

+ %gg(P Ric, k) Tr(g~h) — §g2 (P Ric, h) Tr(g~ k)) vol(g)

1 . 1 .

- /gg<Q(h) — Q"(h) + 5(PRic). Tr(g ™ h) — g .82 (P Ric, h). k) vol(g).

We have proved:
Lemma. The Ricci vector field Ric is a gradient field for the
GP-metric if and only if the equation

2(Q(h) — Q*(h)) + (PRic). Tr(g~*h) — g.g5 (PRic, h) = 0,
with Q(h) = Qg(h) = Dg n(Pg Ricg),

is satisfied for all g € Met(M) and and all symmetric (3)-tensors h.



None of the specific metrics mentioned here satisfies the Lemma in
general dimension. Note that the Lemma is trivially satisfied in
dimension dim(M) = 1. In dimension 2 the equation

Ricg = %Scalg holds and the operator Pgh = 2Sca|;1 h satisfies
equation (1) on the open subset {g : Scal, # 0}. Generally,
equation (1) is satisfied if Py Ricy, = g, but this cannot hold on the
space of all metrics if dim(M) > 2.



On R": Diff 4(R") acts on Met4(R")
For A = C2°, S, H*, we consider here the right action

r - Met 4(R") x Diff 4(R") — Met 4(R")
Met4(R") := {g € Met(R") : g — can € T 4(S*T*R")}

which is given by r(g, ) = p*g, together with its partial mappings
r(g,¢) = r*(g) = rg(w) = Pull®(p).

Lemma. For g € Met4(R") the isometry group Isom(g) has
trivial intersection with Diff 4(R").

Proof. The Killing equation is an elliptic equation whose
coefficients are bounded away from 0. Thus each Killing vector
field grows linearly and cannot lie in X 4(R").

Alternatively, since g falls towards the standard metric g, each
isometry of g fall towards an isometry of g, i.e., towards an
element of O(n). But O(n) N Diff 4(R") = {Id}. O



Theorem. If n > 2, the image of Pullé, i.e., the Diff 4(R")-orbit
through g, is the set Met'?t(R") of all flat metrics in Met 4(R").
Proof. Curvature R¥"8 = ¢*R& = ¢*0 = 0, so the orbit consists
of flat metrics. To see the converse, let g € Met™2*(R") be a flat
metric. Considering g as a symmetric positive matrix, let s := ,/g.
We search for an orthogonal matrix valued function

u € C*(R", 50(n)) such that u.s = dy for a diffeomorphism .
Let g; := Zj s,-jdxj be the rows of s. Then for the metric we have
g = Y;0i @ 0j, thus the column vector o = (01,...,0p)" of
1-forms is a global orthonormal coframe. We want u.c = dy, so
the 2-form d(u.c) should vanish. But

0=d(uo)=duho+udo < 0=uvtduno+do

This means that the o(n)-valued 1-form w := u~.du is the
connection 1-form for the Levi-Civita connection of the metric g.
Since g is flat, the curvature 2-form Q = dw + w A w vanishes.



We consider now the trivial principal bundle

pri : R" x SO(n) — R" and the principal connection form prj w on
it which is flat, so the horizontal distribution is integrable. Let
L(ug) C R™ x SO(n) be the horizontal leaf through the point

(0, up) € R" x SO(n), then the restriction pry : L(up) — R" is a
covering map and thus a diffeomorphism whose inverse furnishes
us the required u € C*(R",SO(n)) which is unique up to right
multiplication by ug € SO(n). The function u: R" — SO(n) is
also called the Cartan development fo w.



Thus u.0 = dy for for a column vector ¢ = (p!,..., ") of
functions which defines a smooth map ¢ : R” — R". Since

dp = u.o is everywhere invertible, ¢ is locally a diffeomorphism.
Since g falls to g =1, as a function in A, the same is true for o
and thus also for u.o since u is bounded. So d(¢ — Idgn) is
asymptotically 0, thus ¢ — Idgn is asymptotically a constant matrix
A; here we need n > 2. Replacing ¢ by ¢ — A we see that ¢ then
falls asymptotically towards Idgs. Thus ¢ is a proper mapping and
thus has closed image, which is also open since ¢ is still a local
diffeomorphism. Thus ¢ € Diff 4(R").

Finally, dpt.dp = (u.0)t.u.0c = ot.ut.u.c = ot.c = g. Note that
¢ is unique in Diff 4(R"). This is also clear from the fact, that the
fiber of Pull® over ¢*g consists of all isometries of ©*g which is
the group ¢! o (R" x O(n)) o ¢ C Diff(R") whose intersection
with Diff 4(R") is trivial. O

t



The pullback of the Ebin metric to Diffg(R")

The pullback of the Ebin metric to the diffeomorphism group is a
right invariant metric G given by

Gu(X,Y) = 4/ Tr ((Sym dX).(Sym dY)) dx = / (X, PY)dx

n n

Using the inertia operator P we can write the metric as
Jgo (X, PY)dx, with

P = —2(graddiv+A).



The pullback of the general metric to Diff s(R")

We consider now a weak Riemannian metric on Met 4(R") in its
general form

G (h k) = /M &2(Pyh, k) vol(g) = /M Tr(g 1. Ps(h).g1.k) vol(g).

where P, : T(S2T*M) — [(S?T*M) is as described above. If the
operator P is equivariant for the action of Diff 4(R") on

Met 4(IR™), then the induced pullback metric (Pull®)*G* on

Diff o4(R") is right invariant:

Ga(X,Y)=—4 / 0;(Pg Sym dX)}.Y dx (4)
Rn

Thus we we get the following formula for the corresponding inertia
operator (PX)" = > 0j(Pg Sym dX)J"-. Note that the pullback
metric (Pull®)*G" on Diff 4(R") is always of one order higher then
the metric G” on Met4(R").



The Sobolev metric of order p.

The Sobolev metric GP

G (h, k):/ Tr(g L.((1 4+ A)Ph).g L.k)vol(g).

n

The pullback of the Sobolev metric GP to the diffeomorphism
group is a right invariant metric G given by

Ga(X,Y) = —2/ <(grad div+A)(1 — A)PX, Y>dx.
Thus the inertia operator is given by
P =—2(1 - A)P(A +graddiv) = —2(1 — A)P(A + grad div).

It is a linear isomorphism H*(R")" — HS=2P=2(R")" for every s.



Approximating the Euler equation of fluid mechanics
on Dlﬂ:Hoo(Rn)

On the Lie algebra of VF Xy (R"”) = H*°(R")" we consider a
weak inner product of the form [|v||7 = [p.(Lv,v) dx where L is a

positive L?-symmetric (pseudo-) differential operator (inertia
operator). Leads to a right invariant metric on Diff o (R") whose
geodesic equation is

Orwp=uoyp, Owu= —adI u, where
/(L(adj 0, v) dx = /(L(u), [, v]) dx

Condsider the momentum m = L(v) of a vector field, so that
(v,w) = [(m,w)dx. Then the geodesic equation is of the form:
Oem = —(v-V)m —div(v)m — m- (Dv)*
Orm; = — Z(vjﬁxjm; + Ox;vj - mj + m;Ox,v;)

J
where K is the matrix-valued Green function of L.

v=Ksxm,



Suppose, the time dependent vector field v integrates to a flow ¢
via
at(,D(X, t) = V(SO(X7 t)v t)

and we describe the momentum by a measure-valued 1-form

Z midx; @ (dxy A -+ A dxp)

so that |lv||? = [(v, m) makes intrinsic sense. Then the geodesic
equation is equivalent to: m is invariant under the flow ¢, that is,

m('? t) = 90('7 t)*ﬁ’(WO)v
whose infinitesimal version is the following, using the Lie derivative:

8tr77(‘, t) = —ﬁv(.’t)ﬁ’l(-, t).



Because of this invariance, if a geodesic begins with momentum of
compact support, its momentum will always have compact
support; and if it begins with momentum which, along with all its
derivatives, has ‘rapid’ decay at infinity, that is it is in O(||x||~")
for every n, this too will persist, because Diffs(R") C Diff oo (R")
is a normal subgroup.

Moreover this invariance gives us a Lagrangian form of EPDIff:
Oep(x, t) = / KOO (x, y) (el t)sm(y, 0))

= K#(1) & (¢(+, t)«m(-,0))
where K?(x,y) = K(¢(x), ¢(y))



Aim of this talk: Solutions of Euler's equation are limits of
solutions of equations in the EPDIff class with the operator:

Ls,n:(/_i:A)pO(l—E%VOdiv), for any ¢ > 0,7 > 0.

All solutions of Euler's equation are limits of solutions of these
much more regular EPDiff equations and give a bound on their
rate of convergence. In fact, so long as p > n/2 + 1, these EPDiff
equations have a well-posed initial value problem with unique
solutions for all time. Moreover, although Lo, does not make
sense, the analog of its Green's function Kjp, does make sense as
do the geodesic equations in momentum form. These are, in fact,
geodesic equations on the group of volume preserving
diffeomorphisms SDiff and become Euler’s equation for n = 0. An
important point is that so long as n > 0, the equations have
soliton solutions (called vortons) in which the momentum is a sum
of delta functions.



Relation to Euler's equ. Oseledetz 1988

We use the kernel
Kij(x) = 6j00(x) + Oy, 0 H

where H is the Green's function of —A. But K now has a rather
substantial pole at the origin. If V,, = Vol(5"1),
n—2 .
H(X) — (f 2 (1/‘X’ ) If n> 27
Iog(l/\x|) ifn=2
so that, as a function
| 1 = Gglx?
(Mo)ij(x) 1= 0x0xH(x) = v, T it x # 0.

Convolution with any (Mp)j; is still a Calderon-Zygmund singular

integral operator defined by the limit as € — 0 of its value outside
an e-ball, so it is reasonably well behaved. As a distribution there
is another term:

distribution 1
OxOxH = (Mo)ij — ;5,-1-60



'm+l\/lo*m)

Pgiv=0 : m— v = (m+82(H)distr) = (n;l

is the orthogonal projection of the space of vector fields m onto
the subspace of divergence free vector fields v, orthogonal in each
Sobolev space HP, p € Z>o. (Hodge alias Helmholtz projection).
The matrix Mp(x) has Rx as an eigenspace with eigenvalue
(n—1)/V,|x|" and Rx" as an eigenspace with eigenvalue
—1/V,|x|". Let Pgryx and Pg, . be the orthonormal projections
onto the eigenspaces, then

Pav=o(m)(x) = "2 - m(x)+
1 -lim / ! ((n —1)Pry(m(x —y)) — PRyL(m(X — y)) dy.

V e=0 J)y>¢ \y|



With this K, EPDIiff in the variables (v, m) is the Euler equation in
v with pressure a function of (v, m). Oseledets’s form for Euler:

v = Pgiv=0(m)
oem = —(v-V)m—m-(Dv)*

Let m = ), m;dx; be the 1-form associated to m. Since divv =0,
we can use m instead of ). mjdx; @ dxy A ...dx,. Integrated form:

Orp = Paiv=o(m) o ¢
ﬁ’('? t) = 90('7 t)*ﬁ’(WO)

This uses the variables v, m instead of v and pressure.
Advantage: m, like vorticity, is constant when transported by the
flow. m determines the vorticity the 2-form w = d(}; vidx;),
because v and m differ by a gradient, so w = dm also. Thus:
vorticity is constant along flows follows from the same fact for
momentum 1-form m.



However, these equ. are not part of the true EPDiff framework
because the operator K = Pyjy—o is not invertible and there is no
corresponding differential operator L.

In fact, v does not determine m as we have rewritten Euler’s
equation using extra non-unique variables m, albeit ones which
obey a conservation law so they may be viewed simply as extra
parameters.



Approximationg Euler by EPDiff

Replace the Green's function H of —A by the Green’s function H.
of the positive €2/ — A for ¢ > 0 (whose dimension is length™?).
The Green's function is be given explicitly using the ‘K’ Bessel
function via the formula

H-(x) = Cns”_z|€x!1_"/2Kn/2—1(|5X|)

for a suitable constant ¢, independent of . Then we get the
modified kernel

(Ke)ij = 61150 + (ax,'axj- Hs)distr

This has exactly the same highest order pole at the origin as K did
and the second derivative is again a Calderon-Zygmund singular
integral operator minus the same delta function. The main
difference is that this kernel has exponential decay at infinity, not
polynomial decay. By weakening the requirement that the velocity
be divergence free, the resulting integro-differential equation
behaves much more locally, more like a hyperbolic equation rather
than a parabolic one.



The corresponding inverse is the differential operator

L. =1—%Vodiv

v=K.xm, m=L(v)
HVHi = /(V, v) + div(v). div(v)dx
Geodesic equation:

9e(vi) = (K2)ij * Oe(m;)
= (Ko * (i) — vidiv(v) = 3(K)y (V0P + (P22)7)
Curiously though, the parameter £ can be scaled away. That is, if

v(x,t), m(x, t) is a solution of EPDIff for the kernel Ki, then
v(ex,et), m(ex, et) is a solution of EPDIff for K..



Regularizing more

Compose L. with a scaled version of the standard regularizing
kernel (I — A)P to get

(I = LAY o (I - 3V odiv)
Ko = Loyt =GP x K.

~
n
3

I

where Grgp) is the Green's function of (/ — "—:A)P and is again given
explicitly by a ‘K'-Bessel function dp7,,n_”|x]p_”/2Kp,n/2(|x]/7]).
For p > 0, the kernel converges to a Gaussian with variance
depending only on 7, namely (Zﬁn)*"e*"('z/‘”f. This follows

-p
because the Fourier transform takes Gép) to (1 + ﬂp&?) , whose

limit, as p — 00, is e~ These approximately Gaussian kernels
liein CTifg<p—(n+1)/2.

So long as the kernel is in C1, it is known that EPDIff has
solutions for all time, as noted first by A.Trouve and L.Younes.



Theorem

Let F(x) = f(|x|) be any integrable C? radial function on R”.
Assume n > 3. Define:

He(x) = /rnnin (‘X‘%, M%) F(y)dy

1 / F(y)
=3 F(y)dy + / s dy
X172 Jiy1<ix Il 72

Then HEg is the convolution of F with M% is in C* and:

Oi(HE)(x) = —(n—2) / Fly)dy
y

X" Jiy1<ix

nx;xj — 0] x|
0i0;(HF)(x) = (”_2)< |JX’n+2j‘ | PEN ’ 2
YISIX

Fly)dy — VoI F

())

If n =2, the same holds if you replace 1/|x|"~2 by log(1/|x|) and

omit the factors (n — 2) in the derivatives.



no L

no L

Leo=1-%Vodiv

Loy = (1= %ZA)po
o (I = 5Vodiv)

Koo = Paiv=0 = 6i00 + (00 H)distr
Koy = ngp) * Pgiy—o — see above
Koo = (51'1'50 + 8,’8ng

Ko = 6;GP) + 8,0;(G{ * H.)

Theorem: Lete > 0,7 >0,p > (n+3)/2 and K = K., be the

corresponding kernel. For any vector-valued distribution mg whose

components are finite signed measures, consider the Lagrangian
equation for a time varying C1-diffeomorphism (-, t) with

o(x,0) = x:

el 0) = [ Kl t) = ey (D2l 1) T moly)ab.

Here Dy is the spatial derivative of w. This equation has a unique

solution for all time t.




Proof: The Eulerian velocity at ¢ is:

Vo(x) = / K(x — o(y))(De(y)) ™ mo(y)dy

and W, (x) = V,(¢(x)) is the velocity in ‘material’ coordinates.
Note that because of our assumption on mg, if © is a
Cl—difFeomorphism, then V,, and W,, are C1 vector fields on R”: in
fact, they are as differentiable as K is, for suitably decaying m.
The equation can be viewed as a the flow equation for the vector
field o = W,, on the union of the open sets

Ue={p e CHRM": [ld—p| 1 < 1/c, det(Dy) > c},

where ¢ > 0. The union of all U, is the group DifFCg(R") of all

Cl-diffeomorphisms which, together with their inverses, differ from
the identity by a function in C*(R")" with bounded C!-norm. We
claim this vector field is locally Lipschitz on each Ug:

HWsm - W‘PQHCI < C-H‘Pl - ‘P2HC1

where C depends only on c¢: Use that K is uniformly continuous
and use || Do~ < [|Dyl|"~ /| det(Dyp)|.



As a result we can integrate the vector field for short times in
Diff 3 (R"). But since (Dip(y, t))~ " mo(y) is then again a signed
finite R"”-valued measure,

/ Vo) 0 (Dol )T mo(y)dx = | Vool

is actually finite for each t. Using the fact that in EPDiff the

L y-energy ||V ¢, of the L. ;-geodesic is constant in t, we
get a bound on the norm ||V, ,)||e, depending of course on 7
but independent of ¢, hence a bound on ||V, 4)l[c1. Thus

llo(-y t)||co grows at most linearly in t. But

0:Dp = DW,, = DV,, - Dy which shows us that Dy grows at most
exponentially in t. Hence det Dy can shrink at worst exponentially
towards zero, because 0y det(Dy) = Tr(Adj(Dy).0:Dy). Thus for
all finite t, the solution ¢(-, t) stays in a bounded subset of our
Banach space and the ODE can continue to be solved. QED.



Lemma: /fn > 0 and € > 0 are bounded above, then the norm
V., = / (DL v, D*v)dx
la| <k

is bounded above and below by the metric, with constants
independent of € and n):

IvIZut S ldiv) 12t > nZ(al—k)/|Davy2+;2|oadiv(v)|2
k+1<|a|<k+p

Main estimate: Assume k is sufficiently large, for instance
k > (n+ 2p + 4) works, then the velocity field of a solution
satisfies:

10 (IIvll&en) | < CollvIken

where, so long € and n are bounded above, the constant C is
independent of € and 7.




Theorem: Fix k,p,n with p > n/2+ 1,k > n+2p+ 4 and
assume (g,7) € [0, M]? for some M > 0. Then there are constants
to, C such that for all initial vo € H**P+1, there is a unique
solution v, ,(x, t) of EPDIff (including the limiting Euler case) for
t € [0,tg]. The solution v, (-, t) € H**P*1 depends continuously
one,n € [0, M]? and satisfies ||V (-, t)|ken < C for all t € [0, to].
Theorem: Take any k and M and any smooth initial velocity
v(+,0). Then there are constants ty, C such that Euler's equation
and (e, 0)-EPDiff have solutions vy and v. respectively for

t € [0, to] and all ¢ < M and these satisfy:

[vo(-, t) = ve(+, t)|[yx < Ce.

Theorem: Let e > 0. Take any k and M and any smooth initial
velocity v(-,0). Then there are constants ty, C such that
(¢,0)-EPDiff and (e, n)-EPDIff have solutions vy and v,
respectively for t € [0, to] and all e, < M and these satisfy:

”VO('a t) - Vn(', t)HHk < C772



Vortons: Soliton-like solutions via landmark theory

We have a C! kernel, so we can consider solutions in which
momentum m is supported in a finite set {Py,---, Py}, so that
the components of the momentum field are given by

mi(x) = >, maid(x — P,). The support is called the set of
landmark points and in this case, EPDiff reduces to a set of
Hamiltonian ODE's based on the kernel K = K. ,,¢ > 0,7 > 0:

Energy E = Z m,i Kij(Pa — Pp)mip
a,b
dP;
dt = % Kij(Pa - Pb)mbj
dm,;
d > O Kii(Pa = Py)majm
b,k

where a, b enumerate the points and /i, j, k the dimensions in R".
These are essentially Roberts’ equations from 1972,



One landmark point

Its momentum must be constant hence so is its velocity. Therefore

the momentum moves uniformly in a straight line £ from —oo to

—+00.
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Momentum is tranformed to vortex-like velocity field by
kernel Ko .
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The dipole given by the kernel Ky, in dimension 2.



Streamlines and MatLab's ‘coneplot’ to visualize the vector field
given by the xj-derivative of the kernel Kp 1 times the vector
(1,2,0).



Two landmark points

Level sets of energy for the collision of two vortons with m = 0,

n =1, w=1. The coordinates are p = [0P| and |0m|, and the
state space is the double cover of the area above and right of the
heavy black line, the two sheets being distinguished by the sign of
(0m,dP). The heavy black line which is the curve p - [dm| = w
where (0m,§P) = 0. Each level set is a geodesic. If they hit the
black line, they flip to the other sheet and retrace their path.
Otherwise p goes to zero at one end of the geodesic.



Geodesics in the JP plane all starting at the point marked by an X
but with m = m; 4+ my =const. along the y-axis varying from 0 to
10. Here n = 1, the initial point is (5,0) and the initial momentum
is (—3,.5). Note how the two vortons repel each other on some
geodesics and attract on others. A blow up shows the spiraling
behavior as they collapse towards each other.




The generalized Euler flow on the space immersions

Let now (N, g) be a Riemannian manifold (of bounded geometry),
and Imm(M, N) the space of all immersions M — N. For f € Imm
we have:

Telmm =T (F*TN)={h: M — TN : myoh=f}.
Teimm > h= Tf.h" + ht € TF.X(M) @ I(Nor(f))
g = f*g be the induced metric on M.

v

v

v

v

vol(g) = vol(f*g) the induced volume form.
VeE, V8, S =S cT(S?T*M @ Nor(f)) second fund. form.
Tré(S) € I'(Nor(f)) mean curvature.

v

v



The differential of the pullback metric
Imm — F(Sio T*M), f—g=r"g, is given by
Dr.mg =2Symg(Vh, Tf) = —2g(h*,S) +2Sym V(h')’
= —2g(ht,S)+L;rg.
The differential of the volume density
Imm — Vol(M), f — vol(g) = vol(f*g) is given by
Dir,nvol(g) = Tr8 (g(Vh, Tf)) vol(g)
_ (divg(hT) —z(ht, Trg(S))) vol(g).



Let us fix a volume density on M.
Theorem. [Mathieu Molitor 2012, for embeddings| The space

Immu,Tr(S)(M7 N) =
= {f € Emb(M, N) : vol(f*g) = p, Tr(S") nowhere 0}

of volume preserving immersions with nowhere vanishing mean
curvature is a tame Fréchet submanifold of Imm(M, N).

The proof uses the Hamilton-Nash-Moser implicit function
theorem.



Some weak Riemannian metrics on spaces of immersions
For f € Imm(M, N) and h, k,--- € Telmm(M, N);
G2(h, k) :/ g(h, k)vol(f*g), the L[> — metric.
M

Geodesic distance vanishes for G°.
1
G (h, h) = / (&(h. )+ = (dive(hT) = g(H", TF% 5))*) vol(£g)
M

:/ é(L&oh, h) vol(f*g), where
M

Log=...

)

is a linear differential operator T¢lmm(M, N) — T¢lmm(M, N) of
order 2 which depends smoothly on f. It is not elliptic.
Theorem. Geodesic distance is positive for the weak Riemannian
metric G=9 on each connected component of Imm(M, N).



Now we add a regularizing term of order 2p to the metric, using a
parameter 1 > 0,

G '(h, h) = /A/,g(Ls,nh, h) vol(f*g), where

U
Len = Leo + 5 (A%)
For p > 2 the differential operator L., is elliptic.

Let K. and K, be the kernels (inverses) for the operators L. and
L

&M



Theorem. [Core statement due to Mathieu Molitor 2012, for
embeddings]
For f € Imm(M, N) and g = f*g let us denote by

Tf’\,0|(g)|mI‘T1(l\/l7 N) =
= {h e Trimm(M, N) : divE(h") — g(h*, Tr(S)) = 0}.
Then for each h € Telmm(M, N) there exist

PTf,vol(g)Imm(h) — hVOI(g) c vavo|(g)|mm(/\/l, N)
PCM)(h) = p = ph e C(M)

such that

h = h°o\&) + T grad®(p") + p". Tr(S).

Moreover, h'*&) js uniqely determined by this equation. But p" is
unquely determined only if Tr(ST) # 0 and is unique up to an
additive constant if Tr(ST) = 0.



This constant can be chosen in such way that the mappings

PTrvei@!™ - Teimm(M, N) — Telmm(M, N)
PE=M) - Trimm(M, N) — C®(M)

are both parts of smooth fiber linear homomorphisms of vector
bundles over Imm(M, N).

If M= N and f = Id this is the Helmholtz-Hodge decomposition
of vector fields X(M) = Xgve—o(M) & grad®(C>*(M)).



Theorem: Lete > 0,1 > 0,p > (dim(M) + 3)/2. Then the
geodesic equation for the metric G on Imm(M, N) is globally
wellposed: exp : TImm — Imm is everywhere defined and induces
a diffeomorphisms (Tjmm, exp) : TImm — Imm x Imm from a
neighbourhood of the zero section to a neighbourhood of the
diagonal.

Local wellposedness follows from [BHM2012]. Global
wellposedness is NOT yet proved in general, only for the case
Imm(St, R?), in [BMM2014].

Theorem: Let ¢ > 0 > 0. Then the geodesic equation for the
metric G on Imm(M, N) is locally wellposed:

Not yet proved.



Robust Infinite Dimensional Riemannian manifolds,
Sobolev Metrics on Diffeomorphism Groups, and the
Derived Geometry of Shape Spaces

Based on: [Mario Micheli, Peter W. Michor, David Mumford: Sobolev
Metrics on Diffeomorphism Groups and the Derived Geometry of Spaces
of Submanifolds. lzvestiya: Mathematics 77:3 (2013), 541-570.]



Recall: Geodesics of a right invariant metric

Let G be a regular Lie group with Lie algebra g. Let
v={(,):gxg— R be a positive definite bounded weak inner
product; so ¥ : g — g* is injective. Then

wl€om) = (T )& T ) - m)) = (w(€), 5(n))

is a right invariant weak Riemannian metric on G.
Let g : [a,b] — G be a smooth curve. In terms of its right
logarithmic derivative v : [a, b] — g,

u(t) = gk (0) = Te(ey(uE® ) - g/'(t) = g'(1).8(¢) 7, the
geodesic equation is

| ) = —ad(u) () |

Condition for the existence of the geodesic equation:

X o5 5 (ad(X)"5(X)

is bounded quadratic g — g.



We treated in detail a situation where ad(X)*¥(X) € ¥(g) for all
X € g, but the more general [Arnold 1966] condition
ad(X)*¥(Y) € ¥(g) for all X, Y € g does not hold.

[M. Bauer, M. Bruveris, P. Michor: The homogeneous Sobolev
metric of order one on diffeomorphism groups on the real line.
Journal of Nonlinear Science. doi:10.1007/s00332-014-9204-y.
arXiv:1209.2836]

Note also the geodesic equation for the momentum o = ¥(u):
ar = —ad(y }(a))*a = —ad(a)*a. = —ad(v)* o




The covariant derivative for a right invariant metric

The right trivialization, or framing, (7g,x) : TG — G X g induces
the isomorphism R : C*°(G,g) — X(G), given by

R(X)(x) := Rx(x) := Te(i) - X(x), for X € C*°(G, g) and

x € G. Here X(G) :=T(TG) denote the Lie algebra of all vector
fields. For the Lie bracket and the Riemannian metric we have

[Rx, Ry] = R(—[)(7 Y]g +dY  -Rx —dX- Ry),
R7Rx, Ry] = —[X, Y]y + Rx(Y) — Ry(X),
x(Rx(x), Ry (x)) = v(X(x), Y(x)), x € G.

In the sequel we shall compute in C*°(G, g) instead of X(G). In
particular, we shall use the convention

VxY := R"YVg,Ry) for X,Y € C=(G,g).

to express the Levi-Civita covariant derivative.



Lemma. Assume that for all £ € g the element ad(£)*¥(&) € g*
in the image of % : g — g* and that & — ¥~ ad(&)*¥(¢) is
bounded quadratic (equivalently, smooth). Then the Levi-Civita
covariant derivative of the metric v exists and is given for any
X,Y € C™(G,g) in terms of the isomorphism R by

VxY =dY.Rx + p(X)Y — %ad(X)Y ,
where

p(&)n = 377 (adgy, 7(€ +n) — adg_, (€ —n))

Y7 (adg¥(n) + ad; %(€))

is the polarized version. p : g — L(g,g) is bounded and we have
p(&)n = p(n)¢. We also have:

Y(p(€)n, ¢) = 57(&,ad(n)¢) + 3v(n,ad(€)¢) ,
Y(p(€)n, Q) +v(p(n)C, &) +v(p(€)E,§) = 0.

NI—= D=

is



The curvature

For X, Y € C*(G,g) we have
[Rx;ad(Y)] = ad(Rx(Y)) and  [Rx,p(Y)] = p(Rx(Y)).

The Riemannian curvature is then computed by

R(X,Y) = [Vx, Vy] = V_x,¥]y4+Rx(Y)=Ry(X)
= [Rx + px — 3 adx, Ry + py — 3 ady]
— R(—[X,Y]g + Rx(Y) — Ry (X))
— p(=[X, Ylg + Rx(Y) — Ry (X))
+ 3 ad(=[X, Y]g + Rx(Y) — Ry(X))
= [px, pY] + pix. v}, — 3lx-ady] + 3lpy, adx] — § adix v,

which visibly is a tensor field.



Sectional Curvature. For a linear 2-dim. subspace P C g spanned
by X,Y € g, the sectional curvature is defined as:

Y(R(X,Y)X,Y)

k(P) = — .
IXIZ Y3 — (X, Y)?

For the numerator we get:

Y(RXY)XY) = 2(ox X, v Y) = llox Y15+ Z1X, YIS
= 3G IYL X YD + 39(YL XX YD),
=v(px X, pyY) = lpx Y5 + Z1[X, Y1II3
—7(x Y, [X, Y1) + (Y, XX, YD) -

If the adjoint ad(X)T : g — g exists, this is easily seen to coincide
with Arnold’s original formula [Arnold1966],

YR(X, V)X, Y) = —H[ad(X)" Y +ad(Y) "X
+y(ad(X)" X,ad(Y)"Y)
+37(ad(X)TY —ad(Y) "X, ad(X)Y) + 2||[X, V]2 .



A covariant formula for curvature and its relations to
O'Neill's curvature formulas.

Mario Micheli in his 2008 thesis derived the the coordinate version
of the following formula for the sectional curvature expression,
which is valid for closed 1-forms «, 5 on a Riemannian manifold
(M, g), where we view g : TM — T*M and so g~ ! is the dual
inner product on T*M. Here of = g7 1(a).

g(R(aﬁ,Bﬁ)aﬁ,ﬁﬁ) =

— St (|IB]2-1) — 388 (a2 1) + 3(af B + Bra?)g ™ (, B)
(Iast line = —aﬁﬁ([aﬁ,ﬁﬁ]) + 5ua([aﬁaﬁﬂ]]))

— 3lld(g ™ (e B2 + 2& 7 (d(llel2-), d([18]12-1))

+ 3lla®, 4]




Mario’s formula in coordinates

Assume that oo = ajdx’, B = Bidx’ where the coefficients «;, §; are
constants, hence «, 3 are closed.
Then of = g’foz,@j,ﬁﬁ = g"B;i0; and we have:

4g(R(a, B4)B%, of)
= (iBk — axpBi) - (B — auBj)-
is _kp Jjt lq

: (2g’5(gjtg,’§'),s —38le" el —35"g"epqe g,t)




Covariant curvature and O'Neill’s formula, finite dim.

Let p: (E,ge) — (B, gg) be a Riemannian submersion:
For b € B and x € E, := p~1(b) the gg-orthogonal splitting

TxE = TX(Ep(x)) S TX(Ep(x))LgE = TX(EP(X)) S Horx(p)-
Txp : (Horx(p), ge) — (ThB, gB)
is an isometry. A vector field X € X(E) is decomposed as
X = XM 4 XVer into horizontal and vertical parts. Each vector

field £ € X(B) can be uniquely lifted to a smooth horizontal field
ghor € T(Hor(p)) C X(E).



O’Neill’s formula says that for any two horizontal vector fields
X,Y on E and any x € E, the sectional curvatures of E and B are
related by:

85 ) (RP(p.(X). P Ya))p(Ys). pu(X))
= gf(RE(XX, YX)YX, XX) + %H[X; Y]verH>2<-

Comparing Mario's formula on E and B gives an immediate proof
of this fact. Namely: If a € QY(B), then the vector field (p*a)* is
horizontal and we have Tp o (p*a)* = of o p. Therefore (p*a)F
equals the horizontal lift (af)"". For each x € E the mapping
(Txp)*: (T;(X)B,ggl) — (T;E,gz') is an isometry. We also use:

1(p* ), (P B 1" Iz, = P"lllo*, B]IIg,



Requirements for infinite dimensional manifolds

Let (M, g) be a weak Riemannian manifold, modeled on
convenient locally convex vector spaces: Weak: gy : M — T; M
is only injective. The image g(TM) C T*M is called the smooth
cotangent bundle associated to g. Now Qé(l\/l) =T(g(TM)) and
of = g7 la € X(M), X* = gX are as above.

d: Qé(l\/l) — Q2(M) =T(L2.,,(TM; R)).

Existence of the Levi-Civita covariant derivative is equivalent to:
The metric itself admits symmetric gradients with respect to itself.
Locally: If M is c®°-open in a convenient vector space V). Then:

Dy xgx(X,Y) = g«(X, grad; g(x)(X, Y))
= gx(grad2 g(X)(X7 X)7 Y)

where grad; g,symgrad, g : M x Vi x Vjy — V) given by

(x, X) + grad; 5 g(x)(X, X) are smooth and quadratic in X € V).
Then the rest of the derivation of Mario’s formula goes through
and the final formula for curvature holds in both the finite and
infinite dimensional cases.




Robust weak Riemannian manifolds

Another problem: Some constructions lead to vector fields whose
values do not lie in T, M, but in the Hilbert space completion T, M
with respect to the inner product gx. We need that UXQMW
forms a smooth vector bundle over M. In a coordinate chart on
open U C M, TM|y is a trivial bundle U x V and all the inner
products gy, x € U define inner products on the same topological
vector space V. They all should be bounded with respect to each
other, so that the completion V of V with respect to g, does not
depend on x and [J, .y TxM =2 U x V. This means that

Uxem TxM forms a smooth vector bundle over M with
trivialisations the linear extensions of the trivialisations of the
bundle TM — M.

Definition A convenient weak Riemannian manifold (M, g) will be
called a robust Riemannian manifold if

e The Levi-Civita convariant derivative of the metric g exists: The
symmetric gradients gradients should exist.

e The completions T,M form a vector bundle as above.




Covariant curvature and O'Neill's formula

Some subtle considerations lead to:

Theorem. Let p: (E,ge) — (B, gg) be a Riemann submersion
between infinite dimensional robust Riemann manifolds. Then for
I-forms o, B € QéB(B) O'Neill’s formula holds in the form:

gB(RB(aﬁv Bﬁ)ﬁﬁa aﬁ)
= ge(RE((p* )%, (p*B)")(p*B)", ("))
+ 301(p* ), (p*B)* 12,




Semilocal version of Mario's formula, force, and stress

Let (M, g) be a robust Riemannian manifold, x € M,
a, € g«(TxM). Assume we are given local smooth vector fields
X and Xg such that:

L Xa(x) = af(x),  Xs(x) = B(x),

2. Then of — X, is zero at x hence has a well defined derivative
Dy (af — X,) lying in Hom(T,,M, T,M). For a vector field Y
we have Dy(af — X,). Y = [Y,af — Xo](x) = Ly (af — Xo)|x-
The same holds for 5.

3. Lx,(a) = Lx,(8) = Lx,(a) = Lx,(B) =0,
4. [Xa, X3l =0.
Locally constant 1-forms and vector fields will do. We then define:
Fla,B) : = 3d(g Hev, B)), a 1-form on M called the force,
D(a, B)(x) : = Dx(ﬁti — Xﬂ).aﬁ(x)
= d(f* — Xp).a*(x), € TM called the stress.
— D(a, B)(x) = D(B, a)(x) = [of, 57](x)



Then in the notation above:

g(R(e*, BMB*, o*)(x) = Ri1 + Rio + Ro + Rs
Ru = (€%, (67)(8.5) — 2Lx. Lx, (g })(a. 5)
+ L5, (7 (@) (x)

Ri2 = (F(a,a),D(B, B)) + (F (8, B), D(a, )
- <.7-"(a,6),D(a,B) + D(,B,Oé»

Ro = (I1F (e )12+ — (Fle, @), F(5,8)) 41 ) (%)
Ry = —3|D(ev, B) — D(B, )2,




Diffeomorphism groups

Let N be a manifold. We consider the following regular Lie groups:

Diff(N), the group of all diffeomorphisms of N if N is compact.
Diff(N), the group of diffeomorphisms with compact support.

If (N, g) is a Riemannian manifold of bounded geometry, we also
may consider:

Diffs(N), the group of all diffeos which fall rapidly to the identity.
Diff yoo (N), the group of all diffeos which are modelled on the
space [ yeo ( TM), the intersection of all Sobolev spaces of vector
fields.

The Lie algebras are the spaces X 4(N) of vector fields, where
A€ {C,S,H®}, with the negative of the usual bracket as Lie
bracket.



Riemann metrics on Diff(N).

The concept of robust Riemannian manifolds, and also the
reproducing Hilbert space approach in Chapter 12 of [Younes 2010]
leads to:

We construct a right invariant weak Riemannian metric by
assuming that we have a Hilbert space H together with two
bounded injective linear mappings

Xs(N) = Ts(TN) 25 H 25 T a(TN) (1)

where ch(TN) is the Banach space of all C? vector fields X on N
which are globally bounded together with V&X and VEVEX with
respect to g, such that jpoj; : [s(TN) — ch(TN) is the
canonical embedding. We also assume that j; has dense image.



Dualizing the Banach spaces in equation (1) and using the
canonical isomorphisms between H and its dual H’ — which we call
L and K, we get the diagram:

Fs(TN) Fs/(T*N)
A
L H/
P 7
rcg(TN) e (T*N)

Here I's/(T*N), the space of I-co-currents, is the dual of the
space of smooth vector fields ['s(TN) = Xs(N). It contains the
space I's(T*N ® vol(N)) of smooth measure valued cotangent
vectors on N, and also the bigger subspace of second derivatives of
finite measure valued 1-forms on N, written as I'y2( T*N) which is
part of the dual of ch(TN). In what follows, we will have many
momentum variables with values in these spaces.



The restriction of L to Xs(N) via ji gives us a positive definite
weak inner product on Xs(N) which may be defined by a
distribution valued kernel — which we also write as L:

( , JL:Xs(N)xXs(N)— R, defined by
X Y)e= XY= [[ - (X0n) @ V). L))
NxN
where L € Ts/(pri(T*N) ® pry(T*N))

Extending this weak inner product right invariantly over Diff g(N),
we get a robust weak Riemannian manifold.

Given an operator L with appropriate properties we can reconstruct
the Hilbert space H with the two bounded injective mappings ji, jo.



In the case (called the standard case below) that N = R" and that
(X,Y) = / (1 - AA)' X, Y) dx

we have

(1 i€ x—y) 2\/
00) =gy [, &0+ Aea)

Z(dui\x ® dx) ® (du'|, ® dy)
i=1

where d€, dx and dy denote Lebesque measure, and where (ui) are
linear coordinates on R”. Here # is the space of Sobolev H' vector
fields on N.



Construction of the reproducing kernel K

The inverse map K of L is given by a C? tensor, the reproducing
kernel. Namely, I'y2(T*N) contains the measures supported at
one point x defined by an element a, € TN. Then jo(K(j5(ax)))
is given by a C? vector field K,, on N which satisfies:

(Ko, X0 = ax(pX)(x)  forall X € H,ax e T;N. (*)

The map ay + Ky, is weakly CZ, thus by [KM97, theorem 12.8]
strongly Lip!. Since ev, oK : TN 3 ay — Ku,(y) € T, N is linear
we get a corresponding element

K(x,y) € L(T{N, T,N) = T.\N® T,N with

K(yx)(0x) = Ka ().

Using (*) twice we have (omitting j»)

By-K(y, x)(ax) = (K( ,x)(ex), KO, y)(By))m = ax-K(x, y)(By)
so that:

» K(x,y)T = K(y,x) : TGN — TN,
> KeTc(pri® TN @ pry TN).



Moreover the operator K defined directly by integration
K :Tp(T*N) = Ts(TN)
K@)02) = [ (Kine)a(n))

y1eN

is the same as the inverse K to L.

We will sometimes use the abbreviations («|K|, |K|5) and (a|K|5)
for the contraction of the vector values of K in its first and second
variable against 1-forms « and . Often these are measure valued
1-forms so after contracting, there remains a measure in that
variable which can be integrated.



Thus the C? tensor K determines L and hence H and hence the
whole metric on Diffg(/N). It is tempting to start with the tensor
K, assuming it is symmetric and positive definite in a suitable
sense. But rather subtle conditions on K are required in order that
its inverse L is defined on all infinitely differentiable vector fields.
For example, if N = R, the Gaussian kernel K(x,y) = e x—yP?
does not give such an L.

In the standard case we have

0 0
K(x,y) = Ki(x—y)> ox & oy
i—1

1 ei(€:x)
Kil) = Gy /&Rn A+ Ay %

where K is given by a classical Bessel function of differentiability
class C?.



The zero compressibility limit

The case originally studied by Arnold — the L2 metric on volume
preserving diffeomorphisms — is not included in the family of
metrics described above. But they do include metrics which have
this case as a limit. Taking N = R" and starting with the standard
Sobolev metric, we can add a divergence term with a coefficient B:

(X, Y = / (((1 — AD)'X, Y + B.div(X)div(Y)) dx

Note that as B approaches oo, the geodesics will tend to lie on the
cosets with respect to the subgroup of volume preserving
diffeomorphisms. And when, in addition, A approaches zero, we
get the simple L2 metric used by Arnold. This suggests that, as in
the so-called ‘zero-viscosity limit’, we should be able to construct
geodesics in Arnold’s metric, i.e. solutions of Euler's equation, as
limits of geodesics for this larger family of metrics on the full group.



The resulting kernels L and K are no longer diagonal. To L, we
must add

BZZ(

i=1 j=1

/ /(X )g; e ) (du | dx) @ (dud ], @ dy).
g

It can be checked that the corresponding kernel K will have the
form

) 8 0
Ox’ 6yJ

K(x,y) = Ko(x— yzax, 8y

I]._jl

where Kj is the kernel as above for the standard norm of order /
and Kg is a second radially symmetric kernel on R" depending on
B.



The geodesic equation on Diff (V)

According to [Arnold 1966], slightly generalized as explained
above: Let ¢ : [a, b] — Diffs(N) be a smooth curve. In terms of
its right logarithmic derivative u: [a, b] — Xs(N),

u(t) = 9" R(De) = Ty (D) - 9/ (2) = & (t) 0 (), the

geodesic equation is

| L) = —ad(u)"L(u) |

Condition for the existence of the geodesic equation:

X v K(ad(X)*L(X))

is bounded quadratic Xs(N) — Xs(N).

The Lie algebra of Diffs(N) is the space Xs(N) of all rapidly
decreasing smooth vector fields with Lie bracket the negative of
the usual Lie bracket adx Y = —[X, Y.



Using Lie derivatives, the computation of ady is especially simple.
Namely, for any section w of T*N ® vol and vector fields
&,n € Xs(N), we have:

J ol = [ et = = [ (et

hence adi(w) = +L¢(w).
Thus the Hamiltonian version of the geodesic equation on the
smooth dual L(Xs(N)) C I'c2(T*N & vol) becomes

8t0z = — ad}(a) o = —EK(Q)OZ,

or, keeping track of everything,

Orp = uop,
ora = — L« (1)

u=K(a)=af, a=L(u)=",.




One can also derive the geodesic equation from the conserved
momentum mapping J : T Diffs(N) — Xs(N) given by

J(g,X) = LoAd(g)" X where Ad(g)X = Tgo X og~1. This
means that Ad(g(t))u(t) is conserved and 0 = J; Ad(g(t))u(t)
leads quickly to the geodesic equation. It is remarkable that the
momentum mapping exists if and only if (Diffs(N),( , );)isa
robust weak Riemannian manifold.



Landmark space as homogeneus space of solitons

A landmark g = (q1,...,qn) is an N-tuple of distinct points in
R"; so Land" < (R")V is open. Let ¢° = (¢9,...,q%) be a fixed
standard template landmark. Then we have the the surjective
mapping

ev,o : Diff(R") — Land",
@ evo(p) = 0(q°) = (¢(a)), - .-, o(aR))-

The fiber of evo over a landmark g = ©o(q°) is

= o o {p € Diff(R") :
= {¢ € Diff(R") : v(q)

{0 € Diff(R") : p(q°) = q}
¢(q°) = %}
= q} ° o;
The tangent space to the fiber is

{Xowg: X e Xs(R"),X(qi) =0 for all i}.



A tangent vector Y o gg € Ty, Diffs(R") is G5 -perpendicular to
the fiber over q if

/ (LY, X)dx =0 VX with X(q) = 0.

If we require Y to be smooth then Y = 0. So we assume that
LY =), P;.dq;, a distributional vector field with support in g.
Here P; € T4, R". But then

Vi) =L (X Pida) = [ K= 3 Py () dy
= Z K(X - qi)'Pi

Tyo(evgo)(Y owo) = Y(qk)k = Z(K(Qk —qi)-Pi)k

1



Now let us consider a tangent vector P = (Py) € T4 Land". Its
horizontal lift with footpoint ¢q is P"" o ¢o where the vector field
Phor on R” is given as follows: Let K~1(q)x be the inverse of the
(N x N)-matrix K(q);j = K(qi — qj). Then

'Dhor ZKX—q, 1( )UPJ

Phor Z(Sx_ql 1 )UPJ

Note that P"°" is a vector field of class H?/~1.



The Riemannian metric on Land" induced by the gt-metric on
Diffs(R") is

gé(P7 Q) — G(éo(Phor’ Qhor)
:/ <L(Phor),Qhor> dx
Rn
/ <Z§ X = ql 1 )UFZ'7
ZKX*qk “q )kIQ/>
=> Klq ,-,-K ai — a4 )K" (@) (P}, Q)

ij,k,l

g:(P, Q) => K Mq)u(Pi, Q). (1)
kol



The geodesic equation in vector form is:

.dn:

_ % Z K_l(q)k,- grad K(qi — q;)(K(q)in — K(q)jn)
ki j,l

K~ (q)in{an, @)
+ D7 K @ui{ grad K(ai = an). & — dn )
ki




The geodesic equation on T*Land"(R")

The cotangent bundle

T*LandV(R") = Land"(R") x ((R")V)* > (g, ). We shall treat
R" like scalars; ( , ) is always the standard inner product on R".
The metric looks like

(gL)q aﬂ) ZK ij alﬂﬁj

K(q)j = K(qi— q;)-



The energy function
[\—
E(q.0) = 3(g")q (@, 0) = 3 Y K(@)s{ai, o)
isj
and its Hamiltonian vector field (using R"-valued derivatives to
save notation)

N )
05) = Z (K(Qk - Cli)Oéiaiqk
ik=1

0
+ grad K(g; — ai) o, 0u) 5, ).

So the geodesic equation is the flow of this vector field:

qk—ZK i — k)

- Zgrad K(aqi — qi) (i, o)




Stress and Force

Oéi:ZK(qk*ql )i, Z O‘Ha?; )

i i,k

ZdK qi — qj)(o; —a)<5j, >, the stress.

D(a, B) — (57 a) = ( anﬁﬁ) — DBnOzti = [aﬁ,ﬁﬁ], Lie bracket.
Fila, B) = %Zgrad K(gi — i) (i, Bi) + (Bi, o))

k
1
Fla,B) = ZU'—:‘(O%@, dq) = 5 dg(a,B) the force.
The geodesic equation on T* Land”(R") then becomes
g= o
& =—F(a,a)




Curvature via the cotangent bundle

From the semilocal version of Mario’s formula for the sectional
curvature expression for constant 1-forms «, 8 on landmark space,
where at}( = > K(qk — qi)aj, we get directly:

gL (R(ak, 8ok, BF) =
= (D(ev, B) + D(B, @), F(ev, B))
— (D(ov, ), F(B,B)) — (D(B, B), F(v, )

—32. (de(qf — ) (B — 81, B8F — B (e, )
iy

—2d%K(q; — q;)(BF — ﬁﬁ aﬁ- —af)(8, ;)

+ d?K(qi — q))(of ~ o)(5:.5))
_||f(a,5)”§,l+g—1(f(a a) ( 8)).
+3[o*, 8412




Bundle of embeddings over the differentiable Chow variety.

Let M be a compact connected manifold with dim(M) < dim(N).
The smooth manifold Emb(M, N) of all embeddings M — N is the
total space of a smooth principal bundle with structure group
Diff(M) acting freely by composition from the right hand side.

The quotient manifold B(M, N) can be viewed as the space of all
submanifolds of N of diffeomorphism type M; we call it the
differentiable Chow manifold or the non-linear Grassmannian.
B(M, N) is a smooth manifold with charts centered at

F € B(M, N) diffeomorphic to open subsets of the Frechet space
of sections of the normal bundle TF+& C TN|f.

Let ¢ : Diffs(N) x B(M, N) — B(M, N) be the smooth left action.

In the following we will consider just one open Diffs(/N)-orbit
U(Diffs(N), Fo) in B(M, N).



The induced Riemannian cometric on T*B(M, N)

We follow the procedure used for Diffs(N). For any F C N, we
decompose H into:

HE® = j ({X €T(TN) - X(x) € TiF, for all x € F})

H"" = perpendicular complement of 71"

It is then easy to check that we get the diagram:

Ms(TN)—2 = H— 2 T (TN)

b
ires l Lres
f f

Fs(Nor(F))— HJ = T 2 (Nor(F)).

Here Nor(F) = TN|g/TF.




As this is an orthogonal decomposition, L and K take H}™ and
H"" into their own duals and, as before we get:

I's(Nor(F)) Is/(Nor*(F))
£j1 j{j
hor Le hory/
iy (Her)
F
J2 i

I'Cg(Nor(F)) I 2 (Nor*(F))

KE is just the restriction of K to this subspace of H’ and is given
by the kernel:

Kr(x1,x2) := image of K(x1,x2) € Nory, (F)®Nory,(F)), xi,x2 € F.

This is a C? section over F x F of prj Nor(F) ® prj Nor(F).



We can identify H7°" as the closure of the image under K¢ of
measure valued 1-forms supported by F and with values in
Nor*(F). A dense set of elements in 7" is given by either taking
the 1-forms with finite support or taking smooth 1-forms. In the
smooth case, fix a volume form k on M and a smooth covector

¢ € Ts(Nor*(F)). Then .k defines a horizontal vector field h like
this:

h(Xl):/EF‘KF(X1>X2)|£(X2)-“(X2)>

The horizontal lift A" of any h € TrB(M, N) is then:

h""(y1) = K(LFh)(y1) = / - |K(y1,%2)|LFh(x2)), y1 € N.

Note that all elements of the cotangent space o € I's/(Nor*(F))
can be pushed up to N by (jg)«, where je: F < N is the
inclusion, and this identifies (jr).« with a 1-co-current on N.



Finally the induced homogeneous weak Riemannian metric on
B(M, N) is given like this:

(h, K)F = /N (P (1), LK™ (1)) = / KAL) (Lek)0m)
yie

_ / (K(y1, y2), (Lrh) (1) ® (LK) (y2))
(y1,y2)ENXN

= / <L,:h(x1)‘K/:(X1,X2)|/-Fh(X2)>
(x1,x1)EFXF

With this metric, the projection from Diffs(N) to B(M, N) is a
submersion.



The inverse co-metric on the smooth cotangent bundle
Lresm,ny T(Nor*(F) @ vol(F)) € T*B(M, N) is much simpler
and easier to handle:

(o, B)F = //FXF<04(X1)‘KF(X1,X2)‘5(X1)>-

It is simply the restriction to the co-metric on the Hilbert
sub-bundle of T* Diffs(N) defined by H’ to the Hilbert sub-bundle
of subspace T*B(M, N) defined by H.



Because they are related by a submersion, the geodesics on

B(M, N) are the horizontal geodesics on Diffs(/N). We have two
variables: a family {F;} of submanifolds in B(M, N) and a time
varying momentum «(t,-) € Nor*(F;) ® vol(F;) which lifts to the
horizontal 1-co-current (jg,)«(a(t,-) on N. Then the horizontal
geodesic on Diffs(N) is given by the same equations as before:

at(Ft) = reSNor(Ft)(u(tv ))
u(t,x) = /(  [KGonfate) € s

y

0t (UF)«(a(t, ")) = =Ly (UF)«(alt, ).

This is a complete description for geodesics on B(M, N) but it is
not very clear how to compute the Lie derivative of (jg,).(a(t,-).
One can unwind this Lie derivative via a torsion-free connection,
but we turn to a different approach which will be essential for
working out the curvature of B(M, N).



Auxiliary tensors on B(M, N)

For X € Xs(N) let Bx be the infinitesimal action on B(M, N)
given by Bx(F) = Tig(¢F)X with its flow FIZX(F) = FIX(F). We
have [Bx, By] = B[X,Y]-

{Bx(F) : X € Xs(N)} equals the tangent space TrB(M, N).

Note that B(M, N) is naturally submanifold of the vector space of
m-currents on N:

B(M, N) — FSI(/\’"T*N), via F — <w — / w) .
F
Any oo € Q™(N) is a linear coordinate on 's/( TN) and this restricts

to the function B, € C*(B(M, N),R) given by B,(F) = fF a.
If = dp for B € Q™"1(N) then

Bu(F) = Bas(F) = [ Jzds = [ diz =0

by Stokes’ theorem.



For a € Q™(N) and X € Xs(N) we can evaluate the vector field
Bx on the function B,:

Bx(Ba)(F) = dBa(Bx)(F) = 0¢|oBa(FIF(F))
= /Fj}f-/lxoz = Bry(a)(F)

as well as = /j,’f—(ixda + dixa) = /j,’f—ixda = Biy(da)(F)
F F

If X € Xs(N) is tangent to F along F then
Bx(Ba)(F) = [¢ Lx|pjFer = 0.

More generally, a pm-form o on N¥ defines a function B&p) on
B(M,N) by BE(F) = [pa



For a € Qm*%(N) we denote by B, the k-form in Q%(B(M, N))
given by the skew-symmetric multi-linear form:

(Ba)F(Bxl(F),...,BXk(F)):/I:j/:*(ixl/\.../\xka).

This is well defined: If one of the X; is tangential to F at a point
x € F then j£* pulls back the resulting m-form to 0 at x.

Note that any smooth cotangent vector a to F € B(M, N) is equal
to B, (F) for some closed (m + 1)-form «. Smooth cotangent
vectors at F are elements of I's(F,Nor*(F) @ A" T*(F)).



Likewise, a 2m + k form a € Q2™*k(N?2) defines a k-form on
B(M, N) as follows: First, for X € Xs(N) let X(2) € £(N?) be
given by

X(Z) 1= (Xny X Ony) + (0ny X Xi,)

(n,m2) "

Then we put

(BO)r (B (). B (F)) = [ e (i, o)

This is just B applied to the submanifold F2 C N? and to the
special vector fields X (2.

Using this for p = 2, we find that for any two m-forms «, 5 on N,
the inner product of B, and Bg is given by:

_ 2
g5 (Ba: Bs) = B2y

We have
iBX BOA = Bixa
dB, = Byo forany a € Q’"+k(N)
EBX BOL = Bﬁxoc



Force and Stress

Moving to curvature, fix F. Then we claim that for any two
smooth co-vectors a, b at F, we can construct not only two closed
(m+ 1)-forms «, 5 on N as above but also two commuting vector
fields X, X3 on N in a neighborhood of F such that:

1. Bo(F) =aand Bg(F) = b,

2. Bx,(F) = a* and Bx,(F) = b*

3. Lx, (o) = Lx,(B) = Lx,(a) = Lx,(B) =0
4. [Xa, X3l =0

The force is
- B (2) _ R
2F (e, B) = d((Ba, Bg)) = d (B<a|K|B>) = Ba((aki5)"

The stress D = Dy on N can be computed as:

D(a, B, F)(x) = (restr. to Nor(F)) (— /yeF ’£X&2)(XaY)K(X7Y)’B(Y)>>



The curvature

Finally, the semilocal Mario formula and some computations lead
to:

(Re(m,ny(BY. B)BY, BE)(F) = Riy + Ria + Ra + Rs
Ri1 = %//F - ﬁ‘ﬁ X(z K’B> +< ’EXé2)£Xé2)K|a>
_2<a‘ﬁxé2)£xé2)K},3>)
Ria = [ ((D(a0, ), (5.5, F) + (P(5.5. F). F(a.0. )

~ (D(a, 8, F) + D(8, a, F), Fla 5, F)))
Ry = ||.T"(Oé,ﬁ, F)H%(,: - <]:(O‘7a> F))v}—(ﬁ76> F)>KF
R; = _%Hp(avﬁa F) - D(B,Oé, F)H%F




Thank you for listening



