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INTRODUCTION 7

Introduction

This book is the first in a series of four books devoted to a gen-
eral nonlinear Fredholm theory on spaces of varying dimensions. The
usefulness of this theory will be illustrated by a variety of applica-
tions including Morse homology, Gromov-Witten theory, Floer theory
and Symplectic Field theory. We believe that there are many other
possible applications to nonlinear PDE-problems beyond what we de-
scribe here. From a very abstract point of view the above mentioned
problems are very similar. To explain this point we recall some facts.
Gromov-Witten theory, Floer theory, Contact homology, or more gen-
erally Symplectic Field theory are all based on the study of compactified
moduli spaces, or even infinite families of such spaces interacting with
each other. The data of these moduli spaces are encoded in convenient
ways leading for example to so-called generating functions in Gromov-
Witten theory or to Floer-Homology in the Floer-Theory. Common
features include the following.

e The moduli spaces are solutions of elliptic PDE’s showing dra-
matic non-compactness phenomena having well-known names
like “bubbling-off”, “stretching the neck”, “blow-up”, “break-
ing of trajectories”. These descriptions are a manifestation of
the fact that from classical analytical viewpoint one is con-
fronted with limiting phenomena, where classical analytical
descriptions break down.

e When the moduli spaces are not compact, they admit non-
trivial compactifications like the Gromov compactification of
the space of pseudoholomorphic curves or the space of broken
trajectories in Morse theory.

e In many problems like in Floer theory, Contact homology or
Symplectic Field theory the algebraic structures of interest are
precisely those created by the “violent analytical behavior”
and its “taming” by suitable compactifications. In fact, the
algebra is created by the complicated interactions of many
different moduli spaces.

In our books, we will propose a general functional analytic approach
which allows us, in particular, to understand the elliptic problems aris-
ing in symplectic geometry. Also here the lack of compactness does not
permit a satisfactory classical description. On the other hand, the lack
of compactness is precisely the source of interesting invariants. This
is our motivation for introducing the new framework. The framework
should fit into the following general scheme for producing invariants
for geometric problems. Starting with a concrete problem, we have a
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distinguished set G of geometric data. The choice of 7 € G leads to
a nonlinear elliptic differential operator L,. We are interested in the
solution set M of L. = 0. We want to extract invariants from this so-
lution set which are independent of the actual choice 7. In interesting
cases the solution sets are not compact. The first task is then to

1) find a good compactification M of the solution set M.

This task can be very difficult, as the compactification of the space
of pseudoholomorphic curves in symplectic cobordisms in [3] shows.
However, our abstract theory will give quite a number of ideas how to
construct compactifications in concrete case.

2) Next we construct a bundle Y — X so that L becomes
a section whose zero-set is M and not only M.

Clearly, if the bundle Y — X would not have some additional “good
properties”, this formulation would be quite useless. What are these
good properties? Taking classical (nonlinear) Fredholm theory as a
guide, we would like our spaces to have tangents and we would like
to be able to linearize problems. Information about the linearization
should then allow us to design implicit function theorems. In addi-
tion, we would like to have a notion of transversality and an abstract
perturbation theory which would permit to perturb a section into a
general position. Finally, in case of transversality, the solution set
{L = 0} should be a smooth manifold or a smooth orbifold in
a natural way. How does classical Fredholm theory achieve this? In
the classical theory the ambient space X is a smooth Banach man-
ifold and Y is a smooth Banach space bundle over it. Then L is a
smooth section and its linearization at zero is Fredholm. The usual
implicit function theorem then describes the solution set provided the
linearization is surjective. The smooth structure on the solution set
is induced from the smooth structure of the ambient space. In fact,
in case of transversality the solutions set is a smooth submanifold. It
should be emphasized that the classical theory has a lot of luxury build
in. If one ultimately is only interested in obtaining a smooth structure
on the solution space (in case of transversality), then one expects to
be able to give up quite a lot of structure on the ambient space X. In
our case we want the compactified solution set to be contained in the
ambient space X, and an analysis of concrete examples reveals that
there cannot be a structure for which X is locally homeomorphic to an
open set in a Banach space. In fact, one needs models admitting locally
varying dimensions in order to deal with phenomena like bubbling-off.
At first sight, it seems rather doubtful whether such objects could ever
have tangent spaces. Moreover, for any useful concept of smoothness
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in our new theory, the concrete examples listed above indicate that the
shift-map

R x L*(R) — L*(R) : (t,u) — u(- + 1)

should be smooth (in a new sense yet do be defined). This map is just
barely continuous in the classical sense. Surprisingly there is a way of
overcoming this problem. One can generalize calculus by introducing
a new concept of smoothness. This then allows us to define new local
models for spaces which still admit tangent spaces and which replace
the open sets in Banach spaces. Moreover, the classical smoothness
of transition maps can be replaced by the new concept of smoothness.
Our local models now have varying dimensions. The spaces obtained
this way are called polyfolds and their bundles are called polyfold
bundles. As it turns out, on these polyfold bundles can be developed a
Fredholm theory which satisfies all our requirements. Roughly a section
is a Fredholm section if in suitable local coordinates it has a suitable
normal form. Our notion of a chart is very weak because the concept of
smoothness is relaxed. As a consequence, we obtain more flexibility in
bringing problems into a normal form. In other words, more problems
than before turn out to be nonlinear Fredholm problems.

Finally, we want to make more precise what it means that many
Fredholm problems interact with each other. Let us explain some
background. The compactifications of the solution spaces which one
introduces are usually composed of ingredients which are solutions of
PDE’s obtained from the original PDE’s as limit cases. They are usu-
ally Fredholm problems. If we take the disjoint union of all these
Fredholm problems, we obtain a new Fredholm problem having the
following structure. We find a Fredholm section f of a polyfold bun-
dle Y — X. The polyfold X will have a “boundary with corners”,
a notion to be defined. Polyfolds are, in particular, second countable
paracompact spaces. As it will turn out, there is a function d : X — N,
called the degeneracy function, so that every point « € X has an open
neighborhood U(x) satisfying d|U(x) < d(x). Now the boundary 0X
is by definition the subset of X consisting of points having degeneracy
d(xz) > 1. Consider the connected components in {z € X | d(x) = 1}.
The closure of such a connected component will be called a face. Every
point z € 0X lies in the intersection of at most d(x) faces. There is
a rich structure if we know a priori that every point lies in precisely
d(x)-many faces. This will be the case in all our applications. Now
we are able to formalize what it means that Fredholm problems are
interacting with each other. We describe only a particular case of our
more general theory. There is a countable set S (equipped with the
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discrete topology) and a subset D of S x X x X which is the union of
connected components in X x X and a smooth map o : D — X whose
image is 0X and which meets certain axioms. This map extends to a
map S XY xY — Y as a fiber-wise linear isomorphism. The Fredholm
section f: X — Y is compatible with the operation o, if

flo(s, z,2')) = o(s, f(x), f(2)).

The interpretation is as follows. Given two points z and 2’ in X and
the “recipe” s in S, we can construct a new element o(s,x,2’). If, for
example, x and 2’ are solutions of the Fredholm problem then o(s, z, 2")
is also a solution. This way we can explain the boundary d.X in terms
of X via the operation o. The above structure (f : X — Y, o) is called
a Fredholm problem with operation. As it turns out Morse homology,
Floer theory, Contact homology and Symplectic Field theory can be
understood as Fredholm problems with operations. Hence the third
step in a concrete problem is

3) identify the operation.

We shall develop a theory of cobordisms between Fredholm prob-
lems with operations and some interesting algebra to describe such
problems.

The four volumes are organized in the following way,

Volume I. In the first part of the current volume, we introduce
the new calculus and develop the functional analysis and differential
geometry needed in order to construct our new spaces. Let us remind
the reader that most of the constructions in differential geometry are
functorial. Hence if we introduce new spaces as local models which have
some kind of tangent spaces, and if we can define smooth maps between
these spaces and their tangent maps, then the validity of the chain
rule allows us to carry out most differential geometric constructions
provided we have smooth (in the new sense) partitions of unity. Using
the new local models for spaces we construct the M polyfolds. On
these new spaces, we develop a nonlinear Fredholm theory and prove
several variants of the implicit function theorem. All the concepts
are illustrated by an application to classical Morse theory. Let us,
however, note the following. Having the notion of an M-polyfold we can
generalize the notion of a Lie-groupoid and define polyfolds by copying
the groupoid approach to orbifolds. This is straightforward and allows
us, with some of the results in volume II, to develop the Gromov-Witten
theory, where in case of transversality the moduli spaces have natural
smooth (in the classical sense) structures.
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Volume II. In this volume, we construct a polyfold set-up for
Symplectic Field theory. As a by-product, we obtain a polyfold set-up
for Gromov-Witten theory. We show that there are natural polyfolds
and polyfold bundles over them so that the Cauchy-Riemann operator
is a Fredholm section in our new sense. The zero set is the union of all
compactified moduli spaces. Polyfolds are the orbifold generalisation
of M-polyfolds and have descriptions in terms of a theory of polyfold-
groupoids, where the notion of manifold is replaced by that of an M-
polyfold.

Volume III. Here we develop the Fredholm theory in polyfolds
with operations. It will be illustrated by several applications. The
easiest and very instructive application is again Morse theory. Another
application is the Contact homology.

Volume IV: This volume is entirely devoted to Symplectic Field
theory, which is obtained as an application of a theory which one might
call Fredholm theory in polyfold groupoids.

The tentative titles of the books are:

“Fredholm Theory in Polyfolds I: Functional Analytic Meth-
ods”;

“Fredholm Theory in Polyfolds II: The Polyfolds in Symplectic
Field Theory”;

“Fredholm Theory in Polyfolds III: Operations”;

“Fredholm Theory in Polyfolds IV: Applications to Symplectic
Field Theory”.






CHAPTER 1

SC-Calculus in Banach Spaces

In order to develop the generalized nonlinear Fredholm theory needed
for the symplectic field theory we start with some calculus issues. In
the following “sc” stands for ”scale” as well as for ”scale compact” and
the meaning will become clear in the definition below.

1.1. sc-Smooth Spaces

We begin by introducing the notion of an sc-smooth structure on a
Banach space and on its open subsets.

DEFINITION 1.1. Let E be a Banach space. An sc-smooth struc-
ture on E is given by a nested sequence

E=E2E2E2 2 () Eu=Ex
m>0
of Banach spaces E,,, m € N = {0,1,2,---}, having the following
properties.

e If m < n, the inclusion E, — FE,, is a compact operator.
e The vector space Eo defined by

EOO:ﬂEm

m>0

s dense in E,, for every m > 0.

It follows, in particular, that F, C E,, is dense and the embedding
is continuous if m < n. We note that E., has the structure of a Frechet
space. If U C F is an open subset we define the induced sc-smooth
structure on U to be the nested sequence U,, = U N E,,. Given an
sc-smooth structure on U we observe that U, inherits the sc-smooth
structure defined by (Uy,), = Un+k. In the following most of the time
there is no possibility of confusing the Banach space E,, with the sc-
Banach space F,,. In case where is an ambiguity we will write E™ to
emphasize that we are dealing with the Banach space with sc-structure
(Epsi)io. Similarly we will distinguish between U, and U,,.

13
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Here is an example.

ExAMPLE 1.2. Consider £ = L?(R). Take a strictly increasing
sequence of real numbers 99 = 0 < §; < d9--- starting at 0. Then
define the space E,, = H™" to consist of all L*-functions u whose
weak derivatives D¥u up to order m belong to L? if weighted by eI,
ie.,

DRy € L2(R) for all k < m.
The space F,, is equipped with the inner product

(U, V) = Z (ePmlsl Dk, edmlsl Dky).

0<k<m

Using the appropriate compact Sobolev embedding theorem on bounded
domains and the strictly increasing weights at the infinities one estab-
lishes the compactness of the inclusion operators F,, — FE,, for n > m.
Clearly, the images are dense. Armed with this example the reader
should make a similar construction for functions defined on R x S*.
Such maps will be important in SFT.

Given E and F' with sc-smooth structures then the Banach space
E@F carries the sc-smooth structure defined by (E® F),, = E,, ® F,.

DEFINITION 1.3. Let U and V be open subsets of sc-smooth Banach
spaces. A continuous map ¢ : U — V is said to be of class sc®
or simply sc® if it induces continuous maps on every level, i.e., the
duced maps

p:Up—Vy

are all continuous.
We illustrate the concept by the following example.

EXAMPLE 1.4. Take the space E from Example 1.2 equipped with
the sc-structure given there. Define the R-action of translation

(1.1) O ROFE—E, (t,u)—txu by

(txu)(s) =u(s+1).

It is not difficult to prove that the map (¢, u) — t*u is of class sc”; see
Lemma 1.39 below.

Next we define the tangent bundle.
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DEFINITION 1.5. Let U be an open subset in a sc-smooth Banach
space E equipped with the induced sc-smooth structure. Then the tan-

gent bundle of U is defined by TU = U' ® E with the induced
sc-smooth structure defined by the nested sequence

(TU)p = (U' ® E)py = Upy1 ® By
together with the sc®-projection

p:TU — U

Note that the tangent bundle is not defined on U but merely on the
smaller subset U; of level 1. For instance, in Example 1.2 the tangent
bundle of E is given by

TE =H" ¢ L*
with the sc-smooth structure (T'E),, = H*m0m+1 @ Hmom,

1.2. sc-Smooth Maps

Next we introduce the notion of a sc!-map. Let us first recall that
amap f: U — V between open subsets of Banach spaces F and F
is differentiable at the point z € U if there exists a bounded linear
operator L : B — F satisfying

1
1]l
The operator L is then called the derivative of f at x and is denoted
by df (x). The map is of class C* if it is differentiable at every x € U
and if the map U — L(FE, F), x — df (x) is continuous. Here L(E, F')
is the space of bounded linear operators equipped with the norm

1f(z+h) — f(z) — Lhllp — 0 as ||hllz — 0.

ILlle@ry = sup [|LA][p.
{heB| |hllp<1}

If E is infinite-dimensional, then the requirement that the map
U— L(E,F), v — df(z)
is continuous is much stronger than the requirement that the map
U®FE — F, (x,h) — df(z)h
is continuous. The latter merely implies that
U = LoolE, F)

is continuous, where L., (E, F') stands for L(F, F) equipped, however,
with the compact open topology which is not a normable topology if
dim(E) = oo but merely a locally convex topology.



16 1. SC-CALCULUS IN BANACH SPACES

DEFINITION 1.6. Let & and F be sc-smooth Banach spaces and let
U C E be an open subset. An sc®-map f : U — F is said to be sct or
of class scl if the following conditions hold true.

(1) For every x € Uy there exists a linear map D f(z) € L(Ey, Fp)
satisfying for h € Ey
1
12114

[f(z+h)— f(x) — Df(x)hllo — 0 as[[hlly — 0.

(2) The tangent map T'f : TU — TF defined by
Tf(x,h) = (f(x), Df(x)h)
0

1S an sc’-map.
The linear map Df(z) will in the following often be called the
linearization of f at the point x.

The second condition requires that 7'f : (T'U),, — (T'F),, is con-
tinuous for every m > 0. In detail, the map

Uni1® En — Fro1 @ Fiy
(x,h) — (f(x), Df(x)h)
is continuous for every m > 0. It follows, in particular, that
(1.2) Df(x) € L(E, Fi)

if x € Upyy1, for every m > 0.

Fm+1 Fm Fm—l Fm+1 Fm Fm—l
| s |4 [ore Jorw o
Um+1 Um Umfl Eerl Em Emfl

From the first condition in Definition 1.6 it follows that f : U} — Fj
is differentiable and the derivative df () at x € U; is given by

df () = Df(x) € L(Ey, Fp).

Actually, we shall show that f € C'(Uy, F'). This is a consequence of
the following alternative definition of a class sc'-map.

PROPOSITION 1.7 (Alternative definition). Let E and F' be sc-
smooth Banach spaces and let U C E be an open subset. An sc®-map
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f:U — F is of class sc! if and only if the following conditions hold
true.

(1) For every m > 1, the induced map
f : Um - mel

is of class C'. In particular, the derivative df is the continuous
map

Un — L(Ep, Friy), © — df (x).

(2) For every m > 1 and every x € U, the continuous linear
operator df (z) : E,, — F,,_1 has an extension to a continuous
linear operator Df(z) : Ey—1 — Fn_1. In addition, the map

Um SP) Emfl - mel
(,h) — Df(z)h

1S continuous.

PROOF. Assume that f : U — F is of class sc! according to Def-
inition 1.6. Then f : U; — F' is differentiable at every point z with
the derivative df () = Df(x)|Ey € L(E1, F), so that the extension
of df(xz) : Ey — F to a continuous linear map £ — F' is the postu-
lated map D f(x). We claim that the derivative x — df (z) from U, into
L(E,, F) is continuous. Arguing indirectly we find e > 0 and sequences
T, — x in U; and h,, of unit norm in F; satisfying

(1.3) 1df (n)hn — df () hnlo = €.

Taking a subsequence we may assume, in view of the compactness of
the embedding F, — Ey, that h, — h in Ey. Hence, by the continuity
property (2) in Definition 1.6, df (x,,)h, = D f(x,)h, — D f(z)h in F.
Consequently,

df (zn)hn, — df (x)hy, = D f(xy)hy, — Df(2)h, — Df(x)h — Df(x)h =0

in Fp, in contradiction to (1.3).
Next we prove that f : U,,.1 — F), is differentiable at x € U, 1
with derivative

df () = Df(2)|Emt1 € L(Ept1, Fin)

so that the required extension of df (x) is the operator D f(x) € L(E,, F},,).
The map f : Uy — Fy is of class C' and df(z) = Df(x). Since, by
continuity property (2) in Definition 1.6, the map (z,h) — Df(x)h
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from U1 @ E,, — F,, is continuous, we can estimate for x € U,,;1
and h € F,.q,

1
Tl @+ h) = (@) = Df@)hll

lh!!m+1 ”/ [Df(w+7h) - h— Df(z) - h]dr|m
h

< / IDf@trh) - o = DI@) - e

Take a sequence h — 0 in F,, ;. By the compactness of the em-
bedding F,, — E,, 11 we may assume that m — hg in F,,. By the
continuity property in Definition 1.6 we now conclude that the inten-
grand converges uniformly in 7 to ||D f(z)ho—D f(x)ho||m = 0ash — 0
in E,,1. This shows that f : U,,.1 — F,, is indeed differentiable at x
with derivative df (z) being the bounded linear operator

df (r) = Df(x) € L(Emi1, Fn)-
The continuity of = — df (z) € L(En+1, F) follows by the argument
already used above, so that f : U,,41 — F), is of class C'!. This finishes
the proof of Proposition 1.7. |

]Hde.

The situation in Proposition 1.7 is illustrated by the two diagrams

Fm———>' Fm—l Fm—l
d
f f /() Df(x)
Up—Up E,———— L,

where x € U, C E,,.

REMARK 1.8. The extension Df(z) in Proposition 1.7 is unique
because E,, C E,,_; is dense. In general, if A: G — I is a continuous
linear operator between Banach spaces and if G C FE is a dense linear
subspace of another Banach space £, the question of extending A to
a continuous linear operator A : £ — F' is immediately answered. By
the density of G in E an extension is unique, if it exists. A necessary
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and sufficient condition for the existence of a continuous extension is
the existence of a positive constant C' such that

|Ah||r < C - ||h|ls forall h e G.

It is important to note that the second condition in (1.7) says that the
map U,, — Leo(Fm_1, Fin_1) is continuous where L, is the space of
continuous linear operators equipped with the compact open topology
(rather than the usual operator topology).

If the sc-continuous map f : U C E — F is of class sc!, then its
tangent map
Tf:TU - TF
is an sc-continuous map. If now T'f is of class sc!, then f: U — F is
called of class sc? . In this case the tangent map of T'f,

T(Tf): T(TU) — T(TF)
is sc-continuous. We shall use the notation T%f = T(Tf) and T?U =
T(TU) and T?F = T(TF). Then T?U = T(TU) = T(U* ® E) =
(U?® E') ® (E' @ E) has the sc-smooth structure

(TQU)m =Umni2 @ Eerl 52 Eerl 2] Em7 m = 0.

Proceeding this way inductively, the map f : U — F is called of
class sc” if the sc-continuous map T#~1f : T*=1U — TF1F is of class
sct. Tts tangent map T(T*"'f) is then denoted by TFf. It is a sc-
continuous map T*U — T*F. A map which is of class sc* for every k
is called sc-smooth or of class sc® . To illustrate these concepts we
shall prove the following consequences of the definitions.

PROPOSITION 1.9. If f: U C E — F is of class sc*, then
f : Um+k = Fm

is of class C* for every m > 0.

PRrooOF. For k£ = 1 the proposition follows from our alternative
definition (Proposition 1.7). In this case the tangent map 7'f : TU —
TF is of the form

Tf(z1,29) = (f(21), Df(21)[22]).
In particular, if (z1,22) € Upy1 @ Epy1r C Epyr © B, and df (z4) -
Eyi1 — Fp, is the derivative of f at xq, then D f(xy)[xe] = df (21)[x2).
The general case follows from the following claim which we prove by
induction.
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Let f : U — F be of class sc*. Then f : Uy, — F,, is of class
C* for all m > 0. In addition, if m > 0 and 7 is the projection of
(T*F),, onto the last factor F,, then, at every point x = (x1,...24:) €
Emik ® Epi @+ ® By C (T*U),,, the composition 7o T* f(z) is
a linear combination of terms of the form

(14) djf<$1)[$i17...,l‘ij],
where 1 < 5 < k.

We already know that the claim is true when k& = 1. Assuming
that our claim holds for £ > 1 we show that it is also true for a map
f: U — F of class sc*™!. Given such a map f, then its tangent map
Trf . TFU — TFF is of class sc'. Thus, in view of Proposition 1.7,
the map T%f : (T*U), 1 — (TFF),, is of class C! for every m > 0.
In particular, it is also of class C' when considered as a map from
Ermiii1D - @ Fmyrs1 C (TFU) gy into (TFF),,. Taking the projection
7 from (T*F),, onto the last factor F, the composition m o T*f :
Enipi1 @ Epaki1 @ @D Epyryr1 — Fy is continuously differentiable.
By our inductive assumption, at points x = (z1,...,29%) € E,ix ®
-+ @ By, the map m o T f(z) is a linear combinations of maps of
the form (1.4). Because f is C*, every term d f(x1)[z;,, ..., ;;] with
j <k — 1 defines a C'-map whose derivative is equal to

(15) & f@)E e, )+ Y A @)@, Ty,

1<I<j
where (EL'\l, .Z/E\Z‘l, e ,/x\ij) € Em+k+1 D---D Em+k+1.
Hence d* f(z1) [y, . . . ,x;;] also defines a C! map from E,,1j 1 D D

Epike1 into F,, and this implies that f is of class C**!. Denoting by
d*1f(zy) the derivative of f of order k + 1 we see that the derivative
dimoTFf)(x) of To TFf at ¥ € Eppypi1 © -+ @ Epypyr is a linear
combination of terms (1.5) and of the term

(1.6)  d" fla) @, @, + Y A f() [, By,

1<I<k

Hence taking a point (z,Z) = (x1,...,Tok, T1, ..., Tor) € Epipi1 @
@ Epyr C (TFU),, and evaluating the composition 7 o THFLf
at (z,7) we see that mo T* ! f(x,7) is a linear combination of terms of
the form (1.4). This finishes the induction and hence the proof of the
proposition. [ |

The following criterion for sc-smoothness will be handy later on.
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ProrosiTiON 1.10. Let E be a Banach space with a sc-smooth
structure and let U C E be an open subset. Assume that f: U — R is
sc-continuous and that the induced maps

foo = flo, :Un—R, m >0,

are of class C™*L. Then f is of class sc™.

We observe that the deeper we go down the nested sequence of
spaces the higher are the differentiability properties of the sc-smooth
functions. The space R is, as usual, equipped with the constant sc-
structure.

PRroOOF. The proposition follows from the following statement which
we shall prove by induction.

(k) The map f : U — R is of class sc* and the iterated tangent
map T*f : T*U — T*R has the following property for every m > 0.
Let 7 : TR — R be the projection on any factor R of T*R and let
= (21,...,79%) € (T*U),,. Then the composition 7o (T*f)(z) is a
linear combination of terms

(1.7) & f(z1)[@hy, o Thy]
where 0 < j < k and z1 € U1y and zy, € E,,, with m; > m+ (j —1).

We start with & = 1. Take xz; € U; and define the linear map

Df(xy): Ey — R by
Df(Il)LUQ = le(l'l)IL'Q

where df (1) : Eg — R is the derivative of the map f : Uy — R. Clearly,
Df(x,) € L(Ey,R). Since f : Uy — R is of class C?, its derivative
df (xz1) : By — Ris equal to Df(x;)|E;. Hence part (1) of Definition
1.6 holds. The continuity of the map U; & Ey — R given by (x1, z3) —
D f(x1)xy follows from the continuity of x; — Df(x;) = df(z;) €
L(Ey,R). This also implies the continuity of the map U,,11 ® E,, — R
given by (z1,z3) — Df(x1)zy since the convergence in U1 ® E,,
implies the convergence in U; & Ey. The tangent map Tf : TU — TR
has the form

Tf(x1,29) = (f(21), Df(x1)22) = (f (1), df (71)72)
for (z1,22) € Upy1 ® En, m > 0. We have verified the assertion (k)
for k = 1.
Next assume that the statement (k) holds for £ > 1. Let 1 < j < k.
Setting m = 0 at first we assume my,...,m; > j — 1. Abbreviate
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U=Up®FEn, ® - ®Ey, and E' = B, ® E,,, ©---® Ey,. It suffices
to show that the map ® : U’ — R defined by

(1.8) O(x) i= Py, Ty, -+, a0y) = & f(x1) gy, - - , Ty

is of class sc'. Take x = (@1, g, ..., k) €Ul = Upy1 ® Eppy1 &+ - @
Ep, 41 and define the linear map

DO(z): By=E,®Ep ®---®Ey,, —R
by setting
D®(x)(y) = & fa1)[yr, any, -+ 5 )]
(1.9) + 5 ) tn, ).

1<i<j

Since f : U; — Risof class C7"' and @y € Uy C Ujand y; C By, C E;
and xy, C By, C Ej, it follows that the map

Ey, _)Ra 1 '_)dj—‘rlf(xl)[yhxkn"' 7xkj]
is a continuous linear operator in y;. Also the maps
Emi HR; Yk, def(xl)[xklv'” s Ykis 7xkj}

are continuous linear maps. Consequently, D®(z) : Ej — R is a contin-
uous linear operator. Moreover, the map @ : U] — R is of class C'! and
its derivative d®(z) at the point x € U] coincides with D®(z)|E]. This
shows that condition (1) of Definition 1.6 is satisfied. Note also that if
(Tn, yn) € Uy & E| converges in U] & E), then D®(x,)y, converges in
R and since the convergence in U}, ® E,, implies the convergence in
U & E|, we conclude the continuity of the map (z,y) — D®(z)y from
Ul,.1 ® E;, into R. The tangent map 7'® : TU" — TR has the form

To(x,y) = (B(z), DO(x)(y))

where ®(x) is given by (1.8) and D®(z)(y) by formula (1.9) for (z,y) €
TU' = (U)'OE = (U1@ B 119 - - O, 1) D(Ep® B, @ - -OEn,).
The tangent map T'f is of class sc® by the above remark. Inspecting the
terms of ®(x) and D®(x)(y) we see that the components of T®(z, y) are
of the form (1.7) with indices satisfying the conditions in (k) however,
with k replaced by k + 1. Hence the statement (k+1) holds true and
the proof of Proposition 1.10 is complete. [ |

The next and more general criterion for sc-smoothness is proved
the same way as Proposition 1.10.
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ProrosITION 1.11. Let E and F' be sc-Banach spaces and let U C
E be open. Assume that the map f : U — F is s¢° and that the induced
map f : Upsr — Fp is CEL for every m,k > 0. Then f : U — E is
sc-smooth.

The example coming up has many of the features of situations we
are confronted with in the SF'T, but is a little bit easier. It illustrates
the sharp contrast between the new concept of sc-smoothness and the
classical smoothness concept.

EXAMPLE 1.12. The R-action of translation
O ROFE —E, (t,u) —t*xu

introduced in (1.1) is an sc-smooth map. The spaces are equipped with
the previously defined sc-structures. The tangent map

Td - ROE'®RE - E'®F

is given by

(T®)(t, u)[ot, 6] = (t*u,dt (t* ‘%) . (5u)).

This more difficult result is proved in Theorem 1.38 below. Here the
increasing weights play a decisive role.

We point out that ¢ is not differentiable with respect to ¢ in the
classical sense due to the loss of derivatives.

Taking the derivative of a function f or g, the target levels drop
by 1 according to Proposition 1.7. Therefore, one could expect for the
composition g o f of the two maps, that the target level should drop
by 2 in order to obtain a C'-map. As it turns out, however, this is not
the case.

THEOREM 1.13 (Chain Rule). Assume that E, F' and G are sc-
smooth Banach spaces and U C E and V C F are open sets. Assume
that f : U — F and g : V — G are of class sc' and f(U) C V. Then
the composition go f : U — G is of class sc' and the tangent maps
satisfy

T(go f)=(Tg)o(Tf).

PROOF. We shall verifiy properties (1) and (2) in Definition 1.6 for
go f. From Proposition 1.7 we conclude that the functions g : Vi — G
and f : Uy — F are of class C*. Moreover, Dg(f(x))oDf(x) € L(E,G)
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if x € U;. Fix z € U; and choose h € F; sufficiently small so that
f(z +h) € VL. Then, using the postulated properties of f and g,

g(f(z+h)) = g(f(x)) = Dg(f(x)) o Df(x)h
= /0 Dy(tf(z+h)+ (1 =0)f(x)) [f(x+h) = f(x) = Df(x)hdt

+ /0 ([Dg(tf(z+h)+ (1 —1t)f(x)) — Dg(f(x))] o Df(x)h)dt.

Consider the first term
(1.10)
1

1211
— [ Dottt )+ (1= 0f@) - o

0 1211

If h € Ey, the maps [0, 1] — F,,, defined by t — ¢ f(x+h)+(1—t) f ()

are continuous and converge in CY([0, 1], F}) to the constant map ¢ —
f(x) as ||h||; — 0. Moreover, since f is of class sc',

/0 Dy(tf(x +h) + (1 — ) f@))[f(x + ) — f(z) — Df(x)h)dt

[f(x 4+ h) — f(x) — Df(x)h]dt.

a(h) :=

i @ 1) = @) = Df ]
converges to 0 in Fy as ||h]l1 — 0. Therefore, by the continuity as-
sumption (2) in Definition 1.6, the map

(t,h) = Dg(tf(z+h)+ (1 =1)f(x))]a(h)]

as a map from [0, 1] x E; into Gy converges to 0 as h — 0, uniformly in
t. Consequently, the expression in (1.10) converges to 0 in Gy as h — 0
in . Next consider the second integral

h

(1.11) /0 [Dg(tf(x+h)+(l—t)f(x))—Dg(f(I))]ODf(x)m dt.

The set of all ﬁ € F1 has a compact closure in Ejy, in view of Defi-

nition 1.1, so that the closure of the set of all

h

Df(ﬁf)m

is compact in Fy because Df(z) € L(Ey, Fp) is a continuous map by
Definition 1.6. Consequently, again by property (2) of Definition 1.1,
every sequence h,, converging to 0 in F; possesses a subsequence having
the property that the integrand of the integral in (1.11) converges to 0
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in Gy uniformly in ¢. Hence the integral (1.11) also converges to 0 in
Gy as h — 0 in E;. We have proved that

mugmx 1) — 9(f(x)) — Dy(f(x)) o Df(x)hlly — 0

as h — 0in E;. Consequently, condition (1) of Definition 1.6 is satisfied
for the composition g o f with the operator

D(go f)(xz) = Dg(f(x)) o Df(x) € L(Eo, Go),
where z € U;. We conclude that the tangent map T'(go f) : TU — TG,

(,h) = (go f(x),D(go f)(x)h)
is sc-continuous and, moreover, T(g o f) = Tgo Tf. The proof of
Theorem 1.13 is complete. |

The reader should realize that in the previous proof all conditions on sc!

maps were used, i.e. it just works. From Theorem 1.13 one concludes
by induction that the composition of two sc®™-maps is also of class sc¢™
and, for every k£ > 1,

T*(go f) = (T*g) o (T*f).

REMARK 1.14. There are other possibilities for defining new smooth-
ness concepts. For example, we can drop the requirement of compact-
ness of the embedding operator E, — F,, for n > m. Then it is
necessary to change the definition of smoothness in order to get the
chain rule. One needs to replace the second condition in the defini-
tion of being sc* by the requirement that D f(x) induces a continuous
linear operator Df(z) : E,—1 — Fy,—1 for z € U, and that the map
Un — L(Ep_1, Fro1) for m > 1 is continuous. For this theory the sc-
smooth structure on E given by E,, = E recovers the usual C*-theory.
However, this modified theory seems not to be applicable to SFT. In
particular, the R-action of translation in Example 1.12 would already
fail to be smooth using this alternative concept of smoothness.

A sc-diffeomorphism f : U — V, where U and V' are open subsets
of sc-spaces E and F with the induced sc-structure’, is by definition
a homeomorphism U — V so that f and f~! are sc-smooth. Let
us note that in view of Theorem 1.13 we can define the pseudogroup
of local sc-diffeomorphisms. As a corollary we obtain the category of

“In the following we will sometimes say that a Banach space has a sc-structure
rather than a sc-smooth structure.
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sc-manifolds consisting of second countable paracompact topological
spaces equipped with a maximal atlas of sc-smoothly compatible charts.
We will develop this concept later on where we will illustrate it with
some examples.

1.3. sc-Operators

We need several definitions.

DEFINITION 1.15. Consider E equipped with a sc-smooth structure.

e An sc-smooth subspace F of FE consists of a closed linear
subspace ' C FE, so that F,, = F N E,, defines a sc-smooth
structure for F' in the sense of Definition 1.1.

e An sc-smooth subspace F of E splits if there exists an-
other sc-smooth subspace G so that on every level we have the
topological direct sum

We shall use the notation
E=reo,.G.

DEFINITION 1.16. Let E and F' be sc-smooth Banach spaces.

e An sc-operator T : . — F is a bounded linear operator
nducing bounded linear operators on all levels

T:E, —F,.

e An sc-isomorphism is a surjective sc-operator T : E — F
such that T is invertible and T=' : E — F is also an sc-
operator.

It is useful to point out that a finite-dimensional subspace K of E
which splits the sc-smooth space E necessarily belongs to F,.

ProroSITION 1.17. Let E be a sc-smooth Banach space and K a
finite-dimensional subspace of E. Then K splits the sc-space E.

PROOF. Take a basis ey, ...,e, for K and fix the associated dual
basis. By Hahn Banach this dual basis can be extended to continuous
linear functionals Ay, ..., A, on E. Now P(h) = > Ni(h)e; defines a
continuous projection on F with image in K C E,. Hence P induces
continuous maps F,, — E,,. Therefore P is a sc-projection. Define
Y., = (Id — P)(E,,). Setting Y = Yy we have £ = K @Y. We claim
that Y,, = E,, NY,. By construction, Y,, C E,, NY;. An element
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x € E, NYy has the form © = e — P(e) with x € E,, and e € Ej.
Since P(e) € E, we see that e € E,,, implying our claim. Finally,
Yoo = Ni>0Yo is dense in Y, for every m > 0. Indeed, if z € Y,,, we
can choose x € E, satisfying xy — 2z in E,,. Then (Id — P)xy € Yy
and (Id — P)xy, — (Id — P)x =z in Y,,. [

We can introduce the notion of a linear Fredholm operator in the

sc-setting.

DEFINITION 1.18. Let E and F be sc-smooth Banach spaces. A
sc-operator T : E — F 1is called Fredholm provided there exist sc-
splittings ' = K @5, X and F' =Y @4, C with the following properties.

o K = kernel (T) is finite-dimensional.
o (' is finite-dimensional.

oY =T(X) and T : X =Y defines a linear sc-isomorphism.

The above definition implies T'(X,,) = Y,,, that the kernel of T :
B, — F,, is K and that C spans its cokernel, so that
E,=%kerT® X,,and F,, =T(E,,) ® C

for all m € N. The following observation, called the regularizing prop-
erty, should look familiar.

ProrosiTioN 1.19. Assume T : E — F' is sc-Fredholm and
Te=f
for some e € Ey and f € F,,. Then e € E,,.

PROOF. Since F,, = T(E,,) ® C, the element f € F,, has the
representation
f=T(x)+c
for some z € X,,, and ¢ € C. Similarly, e has the representation
e=k+ xo,
with £ € K = kerT and xzy € X, because Fy = K @& X,. From
T(e)=f=T(x)+cand T(x) = T(x) one concludes T'(zg — z) = c.
Hence ¢ = 0 because T'(Ey) N C = {0}. Consequently, o — z € K.

Since e —x =k + (zg —z) € K, z € E,,, and K C E,, one concludes
e € E,, as claimed. [ |
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We end this subsection with an important definition and stability
result for Fredholm maps.

DEFINITION 1.20. Let E and F' be sc-Banach spaces. An sc-operator
R: E — F is said to be an sct — operator if R(E,,) C Fy,+1 and if
R induces a sc®-operator E — F.

Let us note that due to the (level-wise) compact embedding F; — F
a scT-operator induces on every level a compact operator. This follows
immediately from the factorization

R:E—F'>F

The stability result is the following statement.

PROPOSITION 1.21. Let E and F' be sc-Banach spaces. If T : E —
F is a sc-Fredholm operator and R : E — F a sc*-operator, then T+ R
s also a sc-Fredholm operator.

PRrooF. Since R : E,, — F}, is compact for every level we see that
T+ R : E,, — F, is Fredholm for every m. Let K,, be the kernel
of T+ R: E, — F,. We claim that K,, = K,,,1 for every m > 0.
Indeed, K,,y1 C K,,. If v € K,;,, then Tx = —Rx € F,,,.1. Applying
Proposition 1.19, z € E,,.1 so that x € K,, ;. Hence the kernel K,,
is independent of m. Set K = K. By Proposition 1.17, K splits the
sc-space I/ since it is a finite dimensional subset of F,. Hence we have
the sc-splitting F = K & X for a suitable sc-subspace X. Next define
Y., = (I' + R)(E,,). This defines a sc-structure on Y = Y. Let us
show that F' induces a sc-structure on Y and that this is the one given
by Y,,. For this it suffices to show that

(1.12) YNE, =Y,
Clearly,
Y= (T+R)(E,) C F, N(T+R)(E,) C F,, N(T+R)(Ey) = YNF,.

Next assume that y € YNF,,. Then there exists x € E, with Tx+ Rx =
y. Since R is a sct-section it follows that y — Rz € F; implying that
x € Ei. Inductively we find that x € E,, implying that y € Y,, and
(1.12) is proved. Observe that we also have

FuY = ([ F)NY = [ (FanY) =[] Yo =Ya
meN meN meN

In view of Lemma 1.22 below, there exists a finite dimensional sub-
space C' C F, satisfying Fy = C' @ Y. From this it follows that
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F,,=Ca®Y,,. Indeed, since CNY,, CCNY, we have CNY,, ={0}.
If f eF,, then f = c+ y for some ¢c € C and y € Y since F,, C Y
and Fy = C@Y. Hence y = f — ¢ € F,, and using Proposition 1.19 we
conclude y € F,,,. This implies, in view of (1.12), that F,,, = C @ Y,,.
We also have Fiy = C @ (FuNY) = C @ Y. It remains to show
that Y, is dense in Y,, for every m > 0. Since F,, = C @Y, with C
finite-dimensional and Y;, closed, the norm ||c + y|| = |[¢|[m + ||y]|m is
equivalent to the norm ||c+yl/,. Take y € Y,,,. Then since F, is dense
in F,, we find sequences ¢, € C and y, € Y, such that ¢, + vy, — ¥y
in F},. From the above remark about equivalent norms we conclude
that the sequence ¢, is bounded and we may assume ¢, — c¢. Hence
the sequence v, converges to some 3y’ € Y,, because Y., C Y, and Y,,
is closed. Thus, ¢+ 3" = y so that ¢ = 0 and y,, — y in F,,, proving
our claim. Consequently, we have the sc-splitting

F=Ya®,C

and the proof of the proposition is complete. [ |

LEMMA 1.22. Assume F is a Banach space and F'= D @Y with D
of finite-dimension and Y a closed subspace of F'. Assume, in addition,
that F, is a dense subspace of F'. Then there exists a finite dimensional
subspace C C Fy, such that F =C @Y.

PROOF. Denoting by di,...,d, a basis of D we define the finite
dimensional subspaces N; of F' by setting N; = span{dy,...,d;,...,d,}
where cz means that the vector d; is omitted. The space N; @Y is closed
and since d; € N; @Y we have ¢; := dist(d;, N; @ Y) > 0. Choose
0 < ¢ < min; ¢;. In view of the fact that F,, is dense in F we find,
for every 1 <i < mn, an element ¢; € F,, satisfying ||d; — ¢;|| < ¢/(2n).

The vectors ¢y, ...,c, are linearly independent. Indeed, arguing by
contradiction we assume ), a;¢; = 0 with ) |oy| > 0. Without loss
of generality we may also assume |og| > |asf, ..., |a,|. Hence ¢; =

ZiZQ(_ai/al)ci = Zizz Bic; with |3;] < 1. Then one estimates

= > s — el = lley = 3 el = ey = 3 i) = 3 Bt — )|

22 i>2 i>2
n—1 c
> ldy = Y Bl = Y|l il 2 e = " —e > .
i>2 i>2

This contradiction shows that the vectors ¢; are linearly independent.
Abbreviating C' := span{cy,...,¢,} we will show that C' NY = {0}.
Once again arguing by contradiction we assume that ). a;¢; € Y for
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some constants «; satisfying > |a;| > 0. We may assume |a;| >
las|, ..., |ay| so that ¢ + ) .o, Bic; € Y where 3, = a;/a;. Note that
(— Zi>2 61611) + (Cl + Zi>2 ﬁici) € N, @Y. Since diSt(dl, N; & Y) =
g; > €, we reach a contradiction as the following estimates show,

e<e <|d — [— Zﬁz‘dz‘ + (1 + Zﬁicz‘)] |

i>2 i>2
& 9
= Il(dy — Y Bidi— el < S lldi— e <n- - =<
H(dl dcl) + — Bz(dz C%)” > — Hdz Cz” >N on 9

Finally, we prove F = C @Y. Since C' and D have the same dimension
there is a linear isomorphism ¢ : C' — D. Define ¥ : C®Y — D@Y by
U(c+y) = ¢(c)+y. Then ¥ is injective and since ¥ (¢~ (d)+y) = d+y
it is also surjective. Hence C @Y = D @Y = F as claimed. The proof
of the lemma is complete. |

1.4. sc-Manifolds

In this section we are going to introduce the spaces needed to for-
mulate the general Fredholm theory.

1.4.1. Topological Considerations. We start by recalling some
definitions.

DEFINITION 1.23. Let X be a topological space.

e The space X is said to be second countable if it has a countable
basis for its topology.

e The space X s said to be completely reqular if for every point
x € X and every neighborhood U(x) of x there exists a con-
tinuous map [ X — [0,1] satisfying f(x) =0 and f(y) =1
for ally € X \ U(x).

o A space X is said to be normal provided it is Hausdorff and
disjoint closed subsets admit disjoint open neighborhoods.

o A space X is said to be paracompact if it is Hausdorff and for
every open covering of X there exists a finer open covering
which is locally finite.

The crucial result concerning paracompact spaces is the existence
of partitions of unity, see for example Dugundji [6].

ProrosiTION 1.24. If X is a paracompact space and U an open
covering of X, then there exists a sub-ordinate partition of unity.

The following is a useful classical result by Urysohn.
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ProPOSITION 1.25. For a second countable topological space the
notions of being normal or completely reqular or metrizable are equiv-
alent.

An obvious consequence is the following corollary.

COROLLARY 1.26. A second countable Hausdorff space X which is
locally homeomorphic to open subsets of Banach spaces is metrizable
and hence, in particular, paracompact.

PROOF. The space X is completely regular since it is locally homeo-
morphic to open subsets of Banach spaces. Therefore, as a consequence
of Proposition 1.25, the space X is metrizable and hence paracom-
pact. [ |

1.4.2. sc-Manifolds. Using the results so far we can define sc-
manifolds. This concept will not yet be sufficient to describe the spaces
arising in SFT. However, certain components of the ambient spaces
have subspaces which will inherit the structure of an sc-manifold.

DEFINITION 1.27. Let X be a second countable Hausdorff space. An
sc-chart for X consists of a triple (U, ¢, E), where U is an open subset
of X, E a Banach space with a sc-smooth structure and ¢ : U — E is
a homeomorphism onto an open subset V' of E. Two such charts are
sc-smoothly compatible provided the transition maps are sc-smooth. An
sc-smooth atlas consists of a family of charts whose domains cover
X so that any two charts are sc-smoothly compatible. A mazimal sc-
smooth atlas is called a sc-smooth structure on X . The space X
equipped with a maximal sc-smooth atlas is called an sc-manifold .

Let us observe that a second countable Hausdorff space which ad-
mits an sc-smooth atlas has to be metrizable and paracompact since it
is locally homeomorphic to open subsets of Banach spaces.

As a side remark we also note that the above construction addresses
certain issues arising in the analysis underlying Gromov-Witten theory.
For example, if we have a holomorphic curve with an unstable domain
component we have to divide out by a non-discrete group. These issues
will arise later when we construct the ambient spaces for SFT.

Assume that X has a sc-smooth structure. Then it possesses the
filtration given by X,, for all m > 0, from which every X,, inherits an
sc-smooth structure. We shall define the tangent bundle TX — X! in
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a natural way so that the tangent projection is sc-smooth”. In order to
do so we use an appropriate modification of the definition found, for
example, in Lang’s book [16]. Namely consider tuples (U, ¢, E, x, h)
where (U, ¢, E) is a sc-smooth chart, x € U! and h € E. Call two
such tuples equivalent provided x = 2/ and D(¢' o 1) (p(z))h = N
An equivalence class [U, ¢, F, x, h] is called a tangent vector. Denote
the whole collection of tangent vectors by T'X. We have a canonical
projection p : TX — X'. We define for an open subset U C X the set
TU by TU = p~Y(U N X*') . For a chart (U, ¢, E) we define the map

Te:TU - E'®E

by
TSO([Uv 12 E? Z, h]) = (1'7 h)

One easily checks that the collection of all these maps defines a smooth
atlas for T'X and that the projection p is sc-smooth.

1.5. A Space of Curves

This section is the first installment of several sections in which we
illustrate the abstract concepts in the classical Morse theory. Recall
that for a Morse function f : M — R on the compact Riemannian
manifold M one studies the gradient low on M defined by the equation

i(s) =Vf(x(s)), seR

Every solution z(s) converges as s — oo and s — oo to critical points
of the function f. The aim is to investigate the structure of the set of
all these orbits connecting critical points and, moreover, the compact-
ifications of these solution spaces consisting of broken trajectories.

For simplicity we first consider a set of curves in R” connecting the
point a € R™ at —oo with the point b € R™ at oo, where a # b. We
first choose a smooth reference curve ¢ : R — R™ connecting the two
points and satisfying

p(s) =afor s <—1 and ¢(s)=>bfor s> 1.

“The definition of sc-smooth maps between sc-manifolds is the obvious modifi-
cation from standard manifold theory.
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Then we equip the Sobolev space E = H?*(R,R") with the sc-smooth
structure E,, = H™ 2% where 6o =0 < §; < --- is a strictly increas-
ing sequence of weights. Now we introduce the space

X ={u=¢+h|heFE}

of parametrized curves u : R — R™ connecting the point a at —oo with
the point b at +o00 and having Sobolev regularity equal to 2.

FiGUuRrE 1.1

The topology of X is induced by the complete metric don X )
d(u,v) = Jlu—wvllo
where the norm on the right hand side is the Sobolev norm on £ = Ej.
The metric is invariant under the R-action of translation,

~ ~

d(t xu,txv) = d(u,v)

forallt € R and u,v € X. In order to divide out the R-action we define
an equivalence relation calling two elements in X equivalent, u ~ v, if
there exists a constant ¢ € R satisfying

u(s) = (txv)(s) =v(s+1t) for all seR.

By [u] we shall denote the equivalence class containing u. The quotient
space
X=X/~
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consisting of the equivalence classes is equipped with the quotient
topology which, as we show next, is determined by a complete met-
ric. We define d: X x X — [0, 00) by

~

d(a, B) = inf{d(u,v)|u € a,v € G}.
LEMMA 1.28. The function d is a complete metric on X.

PROOF. Clearly d is symmetric. Let [uy], [ug] and [us] be three ele-
ments in X. Given € > 0 we find representatives uy, us in X satisfying

~

d(ul, UQ) < d([ul}v [U’Z]) +e

and representatives uj of [us] and wug of [us] so that

~

d(uy, uz) < d([ug], [us]) + e

Now u}, and uy belong to the same orbit of the R-action. Using the

R-invariance of d we may therefore assume, replacing u3 by some other
representative, that uy = u’2 Hence,

d(ur, us) < d([ur], [ua]) + d([uz], [us]) + 2¢.
This implies the triangle inequality for d. Finally, we have to show that
d(a, ) = 0 implies o = . If d(«, 3) = 0 we find sequences t,, s,, and
representatives u and v of a and 3 such that

o~

d(t, *u, s, xv) — 0.

By the R-invariance,

Aty *u, Sy xv) =|| tp xu— s, %0 [[o=] (tn — sn) xu—0 o .
Thus, setting 7,, = t,, — Sn,
|70 * u — vljp — 0.

The sequence 7, is bounded. Indeed, if 7,, — oo (for some subsequence),
then one concludes from the definition of ¢, using a # b, that ||z, *
u — v|lp — oo. Similarly, the sequence 7,, cannot have a subsequence
converging to —oo. Hence, after taking a subsequence we may assume
that 7,, — 79. This implies 7y * u = v implying o = . We have proved
that d defines a metric on X implying that X is paracompact.

Next we show that the metric space (X, d) is complete. Given a
Cauchy-sequence «,, € X we can take a fast subsequence «,; satisfying
d(oum,,,,m,) < 277, Pick a representative uy for ay,,. Then we find a
representative uy of av,, satisfying

El\(U/Q, uy) < d(ap,, ) + 21
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Then we can take a representative us of a,, (applying the already
previously used R-invariance) so that

d(usz, ug) < d(Qiny, ny) + 272
Inductively we choose representatives w1 € X satisfying
E(uj+1,u]—) <d(o,,,,0,) +277 <2777

Hence (u;) is a Cauchy sequence in X and therefore has a limit w € X.
By construction,

lim o, = [w],

j—oo
implying that the subsequence (o, ) and hence the whole sequence (a,)
converges, showing that the metric space (X, d) is complete. |

The projection map
p: X —X:u— [y

satisfies

d([ul, [v]) < d([u], [v]).

Moreover, the map p is open. Indeed,

p ) =JtxU.

teR

Consequently, p~*(p(U)) is open if U is open, implying, by definition
of the quotient topology of X, that p(U) is open. We leave it as an
exercise to prove that d determines the quotient topology. The space
E' is separable since it can be viewed as a closed linear subspace of
a three-fold product of L2-spaces which are known to be separable.
(For example, rational linear combinations of characteristic functions
of closed intervals with rational boundaries constitute a countable dense
subset). For a dense sequence u; in X, the sequence a; = [u;] is dense
in X. Now taking metric balls with rational radii around these points
we obtain a countable basis for the topology on X. We have proved
the following statement.

LEMMA 1.29. The previously constructed space X 1is a complete
metric space with a countable dense subset. In particular, it is a second
countable paracompact space. Moreover, the projection map

p:)?—>X

s continuous and open.
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Next we show that X carries the structure of a sc-manifold. Fix a
class [u] which is represented by

(1.13) u = ¢ + hg for some hg € F,.

Let ¥ = 3, be an affine hyperplane in R™ such that the path u in-
tersects 3 transversally for some parameter value ty5. Using the R-
action we may assume that ¢ty = 0. Recall the continuous embedding
E — C'(R,R") by the Sobolev embedding theorem.

UIQO‘Fh()EQO‘JrEOO

FIGURE 1.2

LeMMA 1.30. Consider the path u as described in (1.13). Then
there exists a real number € > 0 such that for every h € E satisfying

Hh||cl([,575]7Rn) < 52,

the path w + h has a unique intersection with ¥ at some time t(h) €
(—¢,¢€). In addition, defining the open subset U C E by

U= {heEl|hler-zezm <},
the map h — t(h) from U into R is sc-smooth.
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PROOF. We represent the hyperplane ¥ as ¥ = {z € R"| \(z) = ¢}
for a linear map A : R” — R and a constant ¢ € R. By assumption,
AMu(0)) = c and A(v'(0)) # 0 since u intersects ¥ transversally at time
t = 0. Now introduce the function F : [—¢,e] x C1([—¢,¢],R") — R by

F(t,h) = XMu(t) + h(t)) —c.

Then F(0,0) = 0 and the derivative d;F'(0,0) of F' with respect to
t at the point (0,0) is equal to d:F'(0,0) = A(u'(0)) # 0. Using the
implicit function theorem one finds € > 0 and, for every h satisfying
||t (j—ee,rm) < €, a unique time ¢(h) € (—¢,¢) solving the equation
F(t(h),h) = 0 and satisfying ¢(0) = 0. In addition, the map h — t(h)
is of class C'. This shows that u + h intersects ¥ at a unique time
in (—e,e) given by t(h). In order to prove the second statement in
the lemma we take the sc-smooth space F' = H?((—¢,¢), R") with the
nested sequence F,, = H™*?((—¢, ), R") of Sobolev spaces. Define the
open subset V' C E by V = {h € F|||hllc1(_-qrm < €} filtrated by
V™=V NE, forallm > 0. Since F' C C'([—¢,¢],R") is continuously
embedded, the function h ~— t(h) from V° — R is continuously dif-
ferentiable. Now consider the map h +— t(h) from V™ into R and use
the fact that F,, C C™!([—¢,¢],R") is continuously embedded. Since
u € C°([—e¢,¢],R"), the map F : [—¢,¢] x C"™([—¢,¢],R") — R is
of class C™*1. By the implicit function theorem and the Sobolev em-
bedding theorem again the map h — t(h) from V™ into R is also of
class O™+, Consequently, Proposition 1.10 implies the sc-smoothness
of the map h — t(h) from V C F into R. Finally, defining the open
set U C Eby U= {h € E||hlci(-cerry < €}, the composition
U — V — Rgiven by h — t(h|_.,) =: t(h) is also sc-smooth as
claimed in Lemma 1.30. |

LEMMA 1.31. Given 6 > 0 there exists a number €1 > 0 so that the
following holds. If h,k € E satisfy |h(s)],|k(s)| < e1 for all s € R and

tx(u+h)=u+k
for some t € R, then |t| < 0.

PRrROOF. Arguing indirectly assume that for a given o > 0 such a
number ¢; > 0 cannot be found. Then we find sequences (h;) and (k;)
in E converging uniformly to 0 and a sequence (t;) of real numbers so
that |t;| > ¢ and

tj*(u—l—hj) :u—i-k:j.
If the sequence (t;) has a converging subsequence and ¢ is its limit, then
t % u = u. This implies that ¢ = 0 which contradicts [f| > §. Hence
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t; — Fo00. Consider the case +oo. From
(u+hy)(t; +s) = (u+k;)(s)

we conclude as t; — oo that

b=u(s)
for all s. However, if s < 0 we know that u(s) is close to the point
a # b giving a contradiction. This completes the proof. |

Finally, we are able to introduce sc-smooth charts on the metric
space X. We fix a class [u] € X with the smooth representative u € X
as described in (1.13) and recall that u intersects the hyperplane ¥ C
R™ at u(0) € ¥ transversally.

We choose § = ¢ in Lemma 1.31 where € > 0 is the number guaran-
teed by Lemma 1.30 and let £; > 0 be the number associated with ¢ in
Lemma 1.31. Let X1 be the tangent plane of ¥ such that ¥ = u(0)+Xr.
Denote by F' the codimension 1 subspace of F consisting of all h sat-
isfying h(0) € ¥r. Let U C F be the open neighborhood of 0 € F
consisting of all h € F satisfying

| B |1 (e < €7

and
|h(s)| < e forall s eR.

Then we define

A:UCF—X by A(h)=[u+h],

where u is the distinguished path from (1.13). Geometrically, h rep-
resents a small vector field along a smooth curve u such that h(s) €
TysR™. We have identified the tangent space T, R" at the point u(s)
with R™ itself and have used the exponential map of the Euclidean met-
ric on R™ to present the curves near u by exp, ) (h(s)) = u(s) + h(s).
All these curves connect the point ¢ € R™ at s = —oo with the point
beR"™at s = 0.

LEMMA 1.32. The map A is a homeomorphism of U C F onto some
open subset of X .

PROOF. In order to prove that A is injective we assume A(h) =
A(k). Then
tx(u+h)=u+k
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for some ¢t € R. Because |h(s)],|k(s)| < €1 for all s we deduce from
Lemma 1.31 that [t| < 6 = e. Since ||h]|c1(—ce) < €* there is, by
Lemma 1.30, a unique point t(h) € (—¢,¢) so that (u+ h)(t(h)) € X.
Since h € F and hence (u+ h)(0) € ¥ we must have t(h) = 0 and
consequently h = k. This shows that the map A is injective. Clearly
A is continuous.

Let us finally show that A is open. Assume [ug] = A(hg) for some
ho € U. We find ty € R such that

to * ug = u + hyg.
Taking the appropriate representative for uy we may assume that o = 0
so that uy(0) € X. Since hy € U we have

1Roller(eey < €
lho(s)| < &1 forall s e R.
By the definition of the topology on X, an open neighborhood of [ug] is
generated by taking the equivalence classes of the elements of an open
neighborhood of the representative ug. Thus we take a sufficiently small
open neighborhood V; C X of ug so that for v € V] we still have
||’U —uHCl([_E’E]) < 82
and
|v(s) —u(s)] <e; forall s eR.

Since v = u+(v—u) there exists by Lemma 1.30 a unique t(v) € (—¢,¢)
such that v(t(v)) € 3. Now define

P(v) :=t(v) xv —u.

If v = up, so that v = u + hg we conclude from ho(0) € Xp that
(u+ ho)(0) € 3. Hence t(v) = t(ug) = 0 and consequently P(ug) =
u+tho—ug = hy € F. It follows from the definition that P(v) € F. Since
by Lemma 1.30 the map v — ¢(v) from V; C X into R is continuous
and since the R-action by Theorem 1.38 is sc-smooth, the composition

v (t(v),v) — t(v) *v —u= Pv)

from V} into F'is continuous. Therefore, if v is close enough to ug then

P(v) lies in U. Since V; is open in X and since [v] = [u+ (v — u)] =
[u+ P(v)] we have proved that the map A is open, and the proof of
Lemma 1.32 is complete. [ |

From Lemma 1.32 we conclude that the map

d=A"
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defines an sc-chart on X whose domain is the open set A(U) C X. We
next show that the transition maps are sc-smooth.

LEMMA 1.33. Assume that ® : O — U and ' : O — V are sc-
charts with O N O" # () as described above. Then the transition map

Pod!:dONO)— dONO)

s sc-smooth.

PROOF. In view of the definition of an sc-chart we have ® = A~}
and ® = A'~! where
A:U—-O
A(h) = [u+ hj
and where
AV = O
Al(k) = [v+ K]

with U and V as described above, and with the paths u and v on the
oo-level. Assume

[u+ ho] = [v + ko]
for some hg in U and kg in V. Then

to*(u+h0):v+k0
for some real number ;. Evaluating at s = 0 we conclude (u+hg)(to) =
v(0)+ko(0) € X,, where 3, is the hypersurface used in the construction
of the “v-chart”. Using the implicit function theorem as in Lemma
1.30 we find an sc-smooth map h +— t(h) defined for h close to hg in E
so that the path (u 4+ h) intersects 3, transversally at the parameter
value t(h), and, in addition, satisfies t(hg) = to. Now the transition
map ® o d~1 = A"~ o A near hy is the map
h — to(h) * (u+h) —v.
Since the R-action is sc-smooth, the composition
h — (t(h),h) — t(h) * h + (t(h) * u — v)

shows the sc-smoothness of the transition map ® o ®~! as claimed. W

We now consider all pairs (ug, V,,,) having the above properties, define
the maps
Auy Vg = X - h — Jug + h

and summarize the discussion in the following two statements.
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PRrROPOSITION 1.34. The maps A,, are homeomorphisms onto open
subsets of X.

Denoting the image of A,, by Uy, and setting ®,, = A, !, the main
result of this section is as follows.

THEOREM 1.35. The collection of all (U, ®y,) where uy varies

over all smooth elements in X, i.e. elements in ¢ + F, defines an
atlas for X whose transition maps are sc-smooth.

It turns out to be useful for our M-polyfold constructions later on to
have the following somewhat sharper version of Lemma 1.30 available.

Consider the distinguished path u in (1.13) which connects, in par-
ticular, the point a at —oo with the point b at co. Since a # b we can
define the positive number ¢ by

o:=5-la—bl

Then there exists a positive number « such that [b—u(s)| < o if s > «
and |a —u(s)| < o if s < —a.

LEMMA 1.36. Let u and « be as above. Given § > 0 there ezists a
number €5 > 0 having the following properties. If h and k € E satisfy
|hllcowy < €2 and ||k|lcowy < €2, and if there exists t € R satisfying

tx(u+h)=u+k onl—a,dal,
then |t| < 6.

PRrROOF. Arguing by contradiction we assume that the assertion is
wrong. Then there exists 6 > 0 and there exist sequences h,,, k,, and ¢,
so that |t,| > 4, ||hnllco — 0, ||kn||co — 0 and

(1.14) tp* (u+h,)=u+k, on [—a,al.

If ¢,, does not have a bounded subsequence we may assume without
loss of generality that ¢, — oco. Consequently, evaluating (1.14) at
s € [—a, a] and taking the limit as n — oo we obtain

b=u(s) forse[—a,a,

which is not possible because the interval [—a, a] necessarily contains
points s where u(s) is different from b. We may therefore assume that
the sequence t, is bounded and going over to a subsequence we may
assume that ¢, — to. Hence taking the limit in (1.14) as n — oo we
obtain

toxu=u on |—aq,al.
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Assume that to > 0. If on one hand ¢y > 2« then u(—a) = u(—a+to).
Since u(—a) is o-close to a while u(—a + ty) is o-close to b we have
a contradiction. If on the other hand 0 < t; < 2a, then there exists
an integer j > 1 such that —a + jtg < o and —a + (j + 1)ty > «, so
that u(—a) = u(—a+ (j + 1)tp), and again we obtain a contradiction.
Similarly, t < 0 is not possible, so that necessarily tq = 0. This,
however, contradicts |tg] > ¢ and completes the proof of Lemma 1.36.

|

We end this section with a recipe for constructing smoothly com-
patible charts. We formulate it for manifolds and leave it as an exercise
to the reader to fill in the details using Lemma 1.36 above.

REcIPE 1.37. LetAM be a smooth manifold and a,b € M distinct
points. Denote by X the space of maps u : R — M which are in
H? . so that lim, .. u(s) = b and lim, . u(s) = a. We require,
moreover, that in local coordinates at a and b the following holds. If
¢ are local coordinates at the point b satisfying ¢(b) = 0, then the
map ¢ o u(s) is defined for large s and belongs to H?([sg, 00), R™) for
some large sg. Similarly at the point a in which case we choose the
Sobolev space H%((—o00, —sg], R"). The definition does not depend on
the choice of p. Let X be the quotient of X by the R-action. As before
we can distinguish between elements of class H™ 29" for m > 0 giving
a subset X,, of X. Choose [ug] € X,. Then we find a parameter
value sg satisfying ug(sg) # 0. Take a chart ¢ mapping u(sg) to 0 and
uy(sp) to e; = (1,0..,0). Then pull back the standard metric on R™
to a neighborhood of u(sg) and extend it as a complete Riemannian
metric to M. Taking if necessary a different representative we may
assume that sy = 0. We define F,, to consist of all H?*-sections h of
usTM — R so that h(0) L ug(0). Let 3 be the hyperplane in T, )M
perpendicular to u((0) and let X, be the image of the e-ball around 0 in
Y. The definition of H?2-sections depends a priori on the trivialization
since R is non-compact. But it is fixed if we take the ends of the
trivialization coming from the chart ¢. Now let us denote by exp the
exponential map. Then there exist numbers @ > 0, > 0 and &1 > 0
depending on ug so that the following holds.

o If h, karein H? with |h(s)], |k(s)| < &1 for all s and txexp,, h =
exp,,, k on [—a, o] for some ¢ € R, then |t < e.

o If 1 satisfies |h(s)| + |[Vh(s)| < €2 for all s € [—¢,¢] then
exp,,, (h) is transversal to exp,, ) 2= at a unique point param-
eterized by some s € (—¢,¢).
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Denote by O,, the open neighborhood of 0 € F,,, consisting of those
h which satisfy |h(s)] < e; for all s € R and |h(s)| + |Vh(s)| < &% for
all s € [—¢,¢]. Then the map

Aug 1 Oy — X 1 Ay, (h) = [eXpuO (h)]

defines a homeomorphism onto some open neighborhood U, of [uy].
The inverse ®,, then defines a chart and the union of all these charts
will cover X. (Note that by the discussion in the R™-case this can be
guaranteed by taking any element in X and replacing it by a sufficiently
close smooth representative.) Moreover, the transition maps are sc-
smooth.

1.6. Appendix I

Consider the Hilbert space E = L*(R) which we equip with the sc-
structure E,, = H™%" consisting of all maps having weak derivatives
D¥u up to order m so that (DFu)e® sl belongs to L?. Here 6y = 0 <
01 < ... Is a strictly increasing sequence. We are going to study the
R-action

ROFE — E:(t,u) — t*u,
defined by the translation (¢ *u)(s) = u(s+t) and prove the following
theorem.

THEOREM 1.38. The translation map R & E — E : (t,u) — t*u
s sc-smooth.

We begin the proof with a simple observation.

LEMMA 1.39. The map (t,u) — t xu is of class sc".

PRrROOF. Fix a level m. It is easy to see that the smooth maps
having compact support are dense in E,,. We can estimate || ¢ * u [,
in terms of ¢ and u as follows:

[t * ul|?, = Z/\u(’“)(s—kt)]%%ms'ds
R

k<m
< Z/ P (s £)|2e2omls+l 2ol g
k<m R
= el u?,
Hence,
15w < € ] |
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If v is smooth and compactly supported, then txv — v in C* ast — 0.
Let ug and u be elements in £™ and v a compactly supported smooth
map. Then

||t % u— ugl|m
=|[(txu—txug)+ (txug—txv)+ (txv—20)+ (v —"1uo)|m
<™ ([lu = wollm + o = v lm)+ [ £ % v = 0]l + [ = ol
< (1) - [llw = wollm + lluo = vllm] + [t % v = V]l

Given € > 0 we choose v so that ||ug—v||,, < e. Thus for all [[u—ug|| < ¢
and |t| small enough,

| txu—ug||n<10-e+ [[t*xv—0 ||

and taking || even smaller the right-hand side is smaller than 11 - €.
This proves the continuity of (¢,u) — ¢ * u on level m at the point
(0,up). Writing

txu—tg*xug = (t —to) * (tg * u) — to * up

we obtain continuity on level m at every point as a consequence of the
previous discussion. |

At this point it is useful to recall some rudimentary background on
strongly continuous semigroup theory as for example can be found in
A. Friedman’s book about partial differential equations (page 93-100).
As a consequence of the previous lemma we obtain on every level m
a strongly continuous group of operators. Let A,, be the associated
infinitesimal generator on E™. By definition it has the domain

hoxu —
D(A,,) = {u cE™| lim oY exists}.
h—0+t h
Moreover, A,, is defined by
hsxu—u
A = lim ——
m(®) oot h

From the theory of Sobolev spaces (in the simple case of one variable)
we deduce that the operator A,, is equal to the weak derivative d%. We
summarize these facts in the following lemma.

LEMMA 1.40. The infinitesimal generator A,, has as domain all
elements in E™ which have weak derivatives up to order m which again
belong to E™. Hence

D(A,,) = H™ 19 (R).
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The standard semigroup theory tells us for u € D(A,,) that the
map
R—FE":t—txu

is C! and also gives a continuous map into D(A4,,) equipped with its
graph norm. Moreover,

d
a(t xu) = Ap(txu) =t*(Anu).
If u € E™ | then u € D(A4,,). Indeed, since d,, < 0,41 we have
Emtl = gmtlimin o gmtlém = D(A,,). Hence the derivative of
D, 41(t,u) =t * u, viewed as a map from R @ E™*! into E™, is given
by
D, (t,u)(0t, 0u) = 0t - (t * (Apu)) + ¢ * (du).
We shall show that the map from R ¢ E™! into L(R & E™*! E™)
defined by
(t7 ’LL) - D(I)m-‘rl(ta ’LL)

is continuous. What will make this true is that H™*19m+1 is a subspace
of D(A,,) = H™9 Let a € R and h € E™L. Then

lla(t * Apu — to * (Apnug)) +t % h —to * by,

< laf[[t s« (Am(u = uo)) + % (Anuo) — to * (Amtto)||m
+ [ txh—toxh|m .

We look for an estimate uniform over |a| + ||h]|;n41 < 1. Taking the
supremum over all such elements we obtain

||D(I)m+1(t, U) — D(Dm+1(t0, Uo) ||£(R@E"L+1,Em)
<|| t* (Ap(u —ug)) + ¢ * (Apug) — to * (Amtio) ||m
+ sup |[txh—toxh|n

[

=T+ 1II.

Clearly, I — 0 as (t,u) — (tg,up) in R @ E™!. In order to deal with
expression I1 we recall that the embedding E™™! — E™ is compact
which implies that Il — 0 as t — t3. Indeed, arguing indirectly we
would find sequences t; — to and (hy) C E™ with || hg [[me1= 1 so
that for a suitable § > 0

However, using the compact embedding E™! — E™, we may assume,
perhaps passing to a subsequence, that hy — hg in E™ for some hg €
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E™. This implies
tk*hk—to*hkﬁto*ho—to*ho:0
in ™ contradicting the estimate above.
REMARK 1.41. We would like to point out that the statement we

just proved would fail if we had used the previously discussed different
notion of sc-structure (without the compactness assumption).

So far we have verified that ®,,., : R® E™! — E™ is C'. We
note that the expression for D®,, 1 (t,u)(a, h) also defines for (¢,u) €
R @ E™! a bounded linear operator R & E™ — E™ because the right-
hand side of

DOyt ) a,h) = a- (£ (Agu) + ¢ % h
is well defined for such data and A,,u € E™. Clearly, the map
ROE™ OR®E™ — E™: (t,u,a,h) = Dy (t,u)(a, h)

is continuous. We define the sc-map ® : R@® E — FE by setting ®|R &
E, =&, :ReFE, — E, for all m > 0. Having found the required
extension for the derivative D®,, 1 (¢, u) to the larger space R@® E™ we
have proved that ® is of class sc!. We introduce the linear sc-operator

A:E' - E

by setting A|E,,11 = An|Fmi1 @ Bmer — Ep, for all m > 0. The
tangent map

T - TR®E)—-TE : (t,u,a,h) — (txu,a- (t*x Au) +t*h),
explicitly given by

(T2)m : TR®E)n = (RO Epi1) ® (RO En) = (TE)m = Eny1 ® Eny
(TP)(t,u,a,h) = (txu,a- (t* Ayu) +txh),

is of class sc’. In order to prove that the map T'® is of class sc

we observe that the previous discussion proves the assertion with the
exception of the term

1

(t,u,a,h) — a(t * Au).

The scalar multiplication by a is smooth and so it suffices to prove that
the map

R@ElﬁE:(t,u)Ht*(gZ—t*(Au)
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is sc-smooth. Using t* Au = A(t*u) for u € E' we can factor the map
as
ROE' -ROE — E :(t,u) — (t, Au) — t x (Au).
It is the composition of a sc-smooth map and a map we have previously
established to be sc'. Hence we conclude by Theorem 1.13 that T'® is
sct allowing us to define the sc®-map T2®. Arguing as above the higher
differentiability is reduced by induction to the sc-smoothness of
R®E" — E: (t,u) — t x (A*u)
which can be factored as
(t,u) — (t, APu) — tx (A%u)
the first map being a linear sc-operator
RO E*—-ROE.

This completes the proof of Theorem 1.38. ]






CHAPTER 2

M-Polyfolds

In this chapter we introduce a new class of spaces which can have
locally varying dimensions but still admit some kind of tangent spaces.

2.1. Cones and Splicings

Let us call a subset C' of some finite-dimensional vector space W
a cone if there is a linear isomorphism 7" : W — R™ mapping C' onto
[0,00)™. If C can be mapped onto [0,00)% x R"™* then it is called a
partial cone.

cone partial cone

FIGURE 2.1

DEFINITION 2.1. Assume V' is an open subset of some (partial)
cone C' and F is a Banach space with a sc-smooth structure. Moreover,
let m, : B — E with v € V, be a family of sc-projections so that the
nduced map

*:VOFE— L
O(v,e) = m,(e)
is sc-smooth. Then the triple S = (w, E, V) is called an sc-smooth
splicing.
49
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REMARK 2.2. diffcorner At this point we would like to recall the
concept of linearization or differentiation at the boundaries with cor-
ners. If C' C W is a cone or a partial cone and E and F' are Banach
spaces, and if V' is an open set in C' @ F, then the map f: V — F is
called differentiable at the point z € V, if there exists a bounded linear
map

Df(x)e LW @ E,F)
which is the linearization at the point x in the sense that

i@ ) = 7(@) = Df)hl =0

as h — 0 and  +h € V. If the map z — Df(z) from V into
L(W @ E, F) is continuous, then f is of class C1(V, F'), and so on. The
same concept of linearization also applies to the definitions and results
concerning the sc-smoothness in Section 1.2.

Since m, is a projection,
(2.1) O(v, P(v,e)) = P(v, e).

The left-hand side is the composition of & with the sc-smooth map
(v,€) = (v, ®(v,e)). Introduce for fixed (v,dv) € V& W the map

Pusoy : TE —TE
(e,0e) — (P(v,e), DP(v, e)[dv, de]).
It has the property that the induced map
TV®TE — TE : (a,b) — P,(b)

is sc-smooth because, modulo the identification TV & TE = T(V & E),
it is equal to the tangent map of ®. From (2.1) one deduces by means
of the chain rule (Theorem 1.13) at the points (v,e) € V & Ej,

Do(v, (v, e))[0v, DO (v, e)(dv, de)] = DP(v, e)[dv, de]

and together with the definition of P one computes
Ply.sv) © P sy (e, 0e) = Py s0)(my(e), DP(v, ) (v, de))
= (72(e), D®(v, m,(€))(0v, DP(v, e)(dv, be)))
= (my(e), DO (v, e)(dv,0e)) = P sv) (e, de).
Consequently, P, sy © P50y = Plu,sv) 0 that the triple
TS = (P, TV,TE)
is a sc-smooth splicing called the tangent of the splicing S.
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DEFINITION 2.3 (Splicing Core). IfS = (m, E, V) is an sc- smooth
splicing, then the associated splicing core is the image bundle of the
projection m over V, i.e., it is the subset KS C 'V @ E defined by

(2.2) KS = {(v,e) €V & E| my(e) = e}.

The projection m, depends smoothly on the parameter v € V.
Therefore, if the dimension of E is finite, the images of the projec-
tions 7, have all the same rank so that the splicing core is a smooth
vector bundle over V. If, however, the dimension of F is infinite, then
the ranks of the fibers can change with the parameter v thanks to the
definition of sc-smoothness. This truly infinite dimensional phenome-
non is crucial for our purposes.

The splicing core of the tangent splicing T'S is the set

(2.3) K™ ={(v,0v,e,0e) € TV @ TE| P40 (e, de) = (e,de)}
and we have the canonical projection
KTS N KS
(v,0v,e,de) — (v,e).
Clearly the fiber over every point (v,e) € V & E' is the sc-Banach
space W @ E.

DEFINITION 2.4. A local m-polyfold model consists of a pair
(O,8) where O is an open subset of the splicing core KS C V& E
associated with the sc-smooth splicing S. The tangent T'(O,S) of the
local m-polyfold model (O, S) is the object defined by

7(0,8) = (K'810,TS)
where KT9|O denotes the collection of all points in KTS which project
under the canonical projection K¢ — K onto O'.

The above discussion gives us the natural projection
K810 — O': (v, 0v,e,6e) — (v,e).

In the following we shall write O instead of (O,S), but keep in mind
that S is part of the structure. Hence the tangent 7O = T'(O,S) of
the open subset O of the splicing core K¢ is simply the set

(2.4) TO = K'9)0.
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Note that for an open subset O of a splicing core we have an induced
filtration. Hence we may talk about sc’-maps. We will see in Section
2.3 that there is also a well-defined notion of a sc'-map in this setting.
Before we discuss this, we first study an example which has some of
the properties showing up later on. Moreover, it clarifies the close rela-
tionship between splicings and gluing. In fact, the concept of splicing
captures on a very abstract level the features of gluing constructions.
Gluing operations come up in many nonlinear elliptic problems as in-
verse operations of bubbling-off phenomena.

2.2. Example of a Splicing

Consider the linear space £ = E* @ E~ consisting of pairs (u, v) of
maps

u e E+ = HQ([(),OO)an) and veEFE™ = Hz((—oo,O],R").

We equip the Banach space E with a sc-structure requiring (u,v) on
the level m to be of Sobolev class (m + 2, d,,) where, as before, d,, is a
strictly increasing sequence of real numbers starting with dy = 0.

We now choose a smooth cut-off function 5 : R — [0, 1] having the
following properties

o (—s)+3(s)=1 forall seR
(2.5) e 3(s)=1 forall s < -1

o §'(s) <0 forallse(—1,1)
We also need the gluing profile
(2.6) o(r) =" —e.

It establishes a special diffeomorphism ¢ : (0, 1] — [0,00). Next define
the real number R and the functions 7 and « from R into R as follows.

* R=o(r)
(2.7) o 7r(s) = (s) = B(s — &)
e a(s) =17(s)> +[1 —7(s)%.
After all these definitions we can introduce the family of projections
. FE— FE

parametrized by r € [0,1). If r = 0, we set mp = Id and if 0 < r < 1
we define, recalling that £ = ET @ E—,

m(h k) = (h,k) € EY ® E~
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7(s)
1
0 § ~1 §: § +1
F1GURE 2.2. Graph of the function 7
h(s) = ;E?) [7(5) - h(s) + (1 = 7(5)) - k(s — R)]
(28) (=)
k(s") = () [(1 —7(=5)) - h(s+R)+7(—5) - k(s')]

for s > 0 and s’ < 0, respectively. The dependence on r of the right
hand side is hidden in R = ¢(r) and 7(s) = 7p(s) = 8(s — &). We
point out that near s = 0 the functions are not changed. Indeed, in

view of the properties of the cut-off function g,
R
2
1<s<0

h(s)=h(s) 0<s —1

IN

v | =
+

One readily verifies using formulae (2.12) below that
Ty O Ty = T

The maps 7, : E — E have the following useful symmetry. Define the
linear operator S : £ — E by

S(u,v) = (@,7) € E* @ B~

where

u(s) =v(—s) and 0(s') =u(—5).
Then
(2.9) Som =moS.

The main result in this section is as follows.
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THEOREM 2.5. The triple (m, E, [0, 1)) defines a sc-smooth splicing.

PROOF. In view of the above symmetry we only have to prove that
the map

0,3)® E— E*
(T,h,k’)l—>/f\b

is sc-smooth. Here h is defined by the formula in (2.8) for 0 < r < 1

and by h = h for r = 0. Recall that R = @(r) if » > 0 where ¢ is the
gluing profile function (2.6). We note

h(s) = h(s)

if s €[0,2—1] > [0,1]. Moreover, h depends only on the values of
k € E~ on the interval [-£ — 1, —& 4 1] C (—oc0, —1]. Take a smooth
function o : R — [0,1] satisfying o(s) = 0 if s < 1 and o(s) = 1 if
s > 3 while ¢’(s) > 0 for s € (1,2). We also note that the support of
7+ (1 —7) lies in the interval Ig = [£ — 1, % + 1] and o(R —s) = 1 if
s € Ir. Using this one computes

(2.10) /E(S) =(1—=0(s))-h(s)+ [m(oh, 0(—-)k)]1(5)

for all s > 0, where [-]; stands for the first component of 7, which is
an element in E*. Explicitly,

(7o (oh, o ()] (5)
= ;Ez)) [7(s)-o(s) - h(s)+ (1 —7(s))-o(R—s) k(s — R)].
The first part of the map (2.10), namely h+— (1 —0)-h: EtT — ET is
clearly sc-smooth. The second part of (2.10), namely
(h, k) — [m(ah,a(—-)k’)]l,

from E into ET can be factored as follows,
oheE=0YeEter L 0,YoFrer b Fror S F 2 B

Here, F = H?*(R,R") with the sc-structure as before, the level m
corresponding to (m + 2,0,,). The map A is defined by (r,h, k) —
(r,o-h,o(—)-k) and B is the map (r,%,%) — WT(%,%) according to
the formula (2.8) but this time for all s € R and s € R. Finally, C
is the projection onto the first component and D the restriction of the
domain of definitions of the functions. It remains to prove that B is
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sc-smooth. For this purpose it is sufficient, by symmetry (2.9) again,
to study the first component of B, namely

r:0,))eFoF—F
(r,h, k) — h.
We split I' = I'y + I’y into the sum of two maps I'; : [0,2) & F — F
where j=1, 2. Abbreviating

7(s)®

pifs) = Zy and eals) = 7(s) - (1 —7(s))

a(s)

we define T'; : [0,1) & F — F by

Ly (r k) (s) = ¢i(s) - h(s)
Po(r, k)(s) = @a(s) - k(s — R)
if 0 <r < i Forr=0,T(0,h)=hand[y0,k) = 0. Recalling

2
7(s) = B(s — &) the desired sc-smoothness is now a consequence of the

technical Lemma 2.6 below. [ |

In order to formulate Lemma 2.6 we define three maps I'; : [0,1) &

F— Fforj=1,2,3.
(a) Let fi : R — R be a smooth function which is constant outside of a
compact interval so that fi(oco) = 0. Then we define I'y : [0,1)®F — F
by

['1(0,h)(s) = fi(=00) - h(s)

Li(r,h)(s) = fils — &) -h(s), 0<r<1,
(b) Let f5: R — R be a smooth function which is constant outside of
a compact interval so that fi(—oo) =0, we define I'y : [0,1) & F — F
by

I5(0, h)(s) = fi(—00) - h(s)

To(r,h)(s) = fals — &) - h(s), 0<r<1.
(c) If f3: R — R is a smooth function having compact support, then
['5:[0,1) ® F — F is defined as follows.

I'3(0,h)(s) =0

L3(r,h)(s) = fs(s — &) -h(s—R), 0<r<l

LEMMA 2.6. The three mapsT'; : [0,1)®F — F, j =1,2,3, defined
above are sc-smooth.
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The proof of the lemma is postponed to Appendix II. We would
like to point out that the lemma will be crucial in the proof of the
smoothness of the transition maps later on.

Next we explain the relationship between gluing and splicings. Given
the gluing profile ¢ and the cut-off function 5 we define for (h, k) €
E =FEt®E" and r € [0,3) the full gluing 8,(h, k) as follows. If
r =0, then

EEO(hv k) = (@0(h7 k)7 @O(h7 k)) = ((h7 k)? 0)
If r € (0,1), we set R = p(r) and define
B, (h, k) = (@, (h, k), S.(h, k))

by
pry BRI =76) ) (15 ks R

' Er(h,k)(s) = —(1—7(s)) - h(s) +7(s) - k(s — R),
where

(s) = Bs = &),

The first equation in (2.11) holds for s € [0, R] and the second for
all s € R. Recall that 7(s) = 75(s) = 0if s > &+ 1 and 7(s) = 1 if
s<% _—1and R=p(r) — oo as r — 0. Near the boundaries of the
interval [0, R| the functions are not changed,

@, (h, k)(s) = h(s) 0<s<f-1
@, (h,k)(s) = k(s — R) E4+1<s<R

Moreover, on R,

IA
= vl

-1
<s

)
3
—
S
x5
S~—
—
=
I
|
=
o
N~—
N1 f=v VA
_l_

From the formulae (2.11) we deduce the following limits as r — 0,

lin(l) @r(h,k)(s) =h(s), s>0
liH(l) &, (h, k)(s"+ R) =k(s'), s <0.
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Moreover, recalling that (h, k) € E* & E~,
lir% S, (h,k)(s) = ]%im his—R)=0, s>0
hH(l) S, (h,k)(s+ R) = — I%im k(s'+ R)=0, s <0.

The map @, (h, k) is called the glued map for the gluing parameter
r. In order to remove ambiguities in the inverse gluing we have added
the so called anti-glued map &,(h, k). One should think of &, (h, k)
as defined on the abstract interval I, obtained by identifying a point
s € [0,R] C [0,00) (the domain of h) with the point s € [-R,0] C
(—00,0] (the domain of k) via s — R = ¢'.

0 S R
[ 1 -
L T J
. e J
L T J
-R s 0

FIGURE 2.3. Identification —R + s = s’

From this point of view we have taken the coordinate s (rather
than s’) on I,. The formulae, though they do not look symmetric in s
and ¢, are indeed symmetric (the procedure is symmetric around %)
Moreover, the anti-glued map has been defined on the abstract line
obtained by gluing the two half-lines together by means of the same
identification.

PRrROPOSITION 2.7. The relation between splicing and gluing is as
follows.

@0 (m —1d) =0
@roﬂrzo
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CJT

—R 0
@R(hv k)

0 R
Or(h, k)

0 R

FIGURE 2.4. Graphs of functions h,k and the glued
functions @,.(h, k) and the anti-glued map ©,.(h, k)

on E = EY@® E~, for all v € [0,1). In addition, for (h*,h™) €
Ht® E-,
7. (h*,h™) = (h*,h7) if and only if &, (h*,h™) = 0.



2.3. SMOOTH MAPS BETWEEN SPLICING CORES 59
PROOF. Recalling 3(s) + 3(—s) = 1, 7(s) = B(s — &), and a(s) =
7(5)% + (1 — 7(s))? one finds
T(R—s)=1-7(s)
alR —s) = a(s).

Hence, setting s’ = s — R in (2.8), one obtains

h(s) = ;((*3 [7(s) - h(s) + (1 = 7(5)) - k(s — R)]

(2.12) R 1 — 7 (s)
k(s —R) = o) [7(s) - h(s) + (1 = 7(s)) - k(s — R)]
and the proposition follows immediately. |

The geometric meaning of the splicing is now apparent. If r = 0 we
do not do anything. However, if r € (0, 1) there are two distinguished
sc-subspaces of F, namely the one consisting of pairs (h, k) which if
glued give the zero map and the other subspace consisting of elements
which if anti-glued give the zero map. Moreover, E is the sc-direct sum
of these subspaces and 7, the projection onto the second along the first.
The second subspace has the property that @,-gluing produces a bijec-
tive correspondence between this subspace and the maps on I, = [0, R].

The splicing core K of [0, ) ® E associated with the sc-smooth
splicing § = (, [0, %), E) consists by definition of all pairs (r, ht®h™) €
0,2)® ET @ E~ satisfying m.(h" @ h™) = h* @ h™. It is the following
set.

If 0 < r < 5 the set of points (r, A", h™) € K can be characterized
by

(2.13) S.(h" h™)=0
or, explicitly, by
[1=7(s)]-h"(s) =7(s)-h™(s = R)

for all s € R, where R = ¢(r). This follows immediately from Propo-
sition 2.7 and formula (2.11).

2.3. Smooth maps between splicing cores

The aim of this section is to introduce the concept of an sct-map

between open subsets of splicing cores.
Consider two open subsets O C¢ K ¢ V@ FE and O' ¢ K C
V'@ E’ of splicing cores belonging to the splicings S = (7, V, FE) and
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S" = (', V', E"). The cones V and V'’ are contained in the vector

spaces W resp. W’. Consider an sc’-map

f:0—=0.
If O is an open subset of the splicing core K¢ C V @ E we define
the subset O of V& E by
O ={(v,e) €V E|(v,m(e)) € O}.

Clearly, O is open in V @ E. Indeed, introduce the sc-map ¢ : V &
E — V @ E by setting ®(v,e) = (v,m,(e)). In view of the defini-
tion of the splicing, the map @ is sc-smooth, hence in particular, scl-
continuous. Since O = O N K® for some open subset O of V @ E
and since ®1(KS) = V & E, we conclude that O = ®~1(0) =

d~LO) NP YKS) = d~1O)N (V @ E), proving our claim.

DEFINITION 2.8. The sc”-continuous map f : O — O’ is called of
class sct if the map

f:@CV@E—)W’@E’

f(v7€) = f(v,m,(e))

is of class sct.

Splitting the map J/‘\ according to the splitting of the image space
and setting

flv,e) = (fi(v,e), folv,e)) € KSC W' & E,
the tangent map T'f associated with the sc!-map f is defined as
(2.14) Tf(v,dv,e,6¢) := (Tfi(v, 60, e,0€), T falv, bv, €, 5¢)).
The map T'f is of class sc?.
LEMMA 2.9.
Tf: K™10 — K™'0’
hence, in the notation of (2.4), we have Tf : TO — TO'.

PROOF. By definition of K" we have, with the associated projec-
tion 7/, (€'), the relation

o~ ~

71-;?1(11,6)(102(07 e)) = fa(v,e).
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Differentiating this identity in the variable (v, e) we obtain
(2.15)
wa;ﬁ(v o(fa(v€)) 0 D fi(v,€)[ov, de] + W;?l(v o © Dfa(v, €)[ov, de]

-~

= Dfs(v,e)[dv, de].
Setting w = fl(v,e) and ¢ = fz(v,e) and dw = DE(U,e)[dvﬁe] and

de' = Dng(v7 e)[0v, de] it follows from (2.15) together with the definition
of the projection P, 5, associated with the splicing 7’8" that

Py sy (€/0¢") = (¢, 6¢')

so that indeed T'f(v,dv,e,de) = (w,dw, €, d¢') € KT as was to be
proved. |

THEOREM 2.10. Let O, 0’, 0" be open subsets of splicing cores and
f:0 — 0O and g: O — O" be of class sct. Then the composition
go f is of class sc' and the tangent maps satisfy

T(gof)y=TgoTf.

PRrooF. This is a consequence of the sc-chain rule (Theorem 1.13),
the definition of the tangent map and the fact that our reordering of
the terms in our definition (2.14) of the tangent map is consistent.

Considering fA End g the composition g o f=9go J/C\ is clearly of class
sct and T(go f) = TgoTf. From Definition (2.14) we deduce

~ ~

T(go f)(v,dv,e,de) = (T(g1 0 f)(v,e,0v,de), T(ga0 f)(v,e,dv,de))
= ((T4) o (Tf) (v, e,8v,8¢), (TGa) o (Tf)(v,e,0v,3¢))
= (Tg)(T f1(v, e, 6v,8¢), T fo(v, e, bv, d€))
= (Tg) o (Tf)(v,dv,e,de).
|

Given a sct-map f : O — O’ between open sets of splicing cores we

obtain, in view of Lemma 2.9, an induced tangent map Tf : TO —
TO'. Since TO and TO' are again open sets in the splicing cores KT
and K™% we can iteratively define the notion of f being of class sc* or
even sc-smooth.

Assume now that f : O — O’ is a homeomorphism and f and !
are sc-smooth maps between the open sets of splicing cores. Then,

setting g = 1,
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TfoTg=T(Id)and TgoTf =T(Id).
Hence T'f is sc-smooth as is its inverse.

DEFINITION 2.11. Let O be an open subset of a splicing core K
and (v,e) € Oy. The tangent space to O at the point (v,e) is the
sc-Banach space

(2.16) Tw,e)O = {(0v,0e) e W @ E| (v,0v,e,de) € TO}.

We then have
TO0= |J TweO.
(v,e)€01
If f: O — O is a homeomorphism our tangent map 7'f defined in
(2.14) induces the linear sc-isomorphism

Tf(u 6) : T(UVG)O — Tf(v,e)O/-

2.4. M-Polyfolds

Now we are able to introduce the notion of an M-polyfold”.

DEFINITION 2.12. Let X be a second countable Hausdorff space.
An M-polyfold chart for X is a triple (U, ¢, S), where U is an open
subset of X and ¢ : U — K¢ a homeomorphism onto an open subset of
a splicing core. Two charts are called compatible if the transition maps
between open subsets of splicing cores are sc-smooth in the sense defined
in Section 2.3. A mazimal atlas of sc-smoothly compatible M-polyfold
charts is called a M-polyfold structure on X.

An M-polyfold is necessarily metrizable by using an argument sim-
ilar to the one used already for sc-Manifolds.

Each splicing core K¢ carries the structure of a M-polyfold with
the global chart being the identity.

EXAMPLE 2.13. The example illustrates that the set ((R\ {0}) x
R) U {(0,0)} can be equipped with the structure of a M-polyfold. Let
E = L*(R) and define E,, to be H™ (R), where 6,, is a strictly

“The “M” indicates the “manifold flavor” of the polyfold. A general polyfold
will be a generalization of an orbifold.
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increasing sequence starting with oo = 0. Let v : R — R be a smooth
function having compact support and L*norm equal to 1. With (-, -)
being the L2-inner product we define the family of projections 7, : F —
E by setting my = 0 and

(2-17) mf = <f7 ’Yt> "Vt

if t # 0 where have abbreviated ;(s) = (s + eﬁ). Then (m, R, V) is
an sc-smooth splicing and the splicing core is homeomorphic to ((R\

{0}) x R) U{(0,0)}.

FIGURE 2.5. The splicing core in the example is home-
omorphic to ((R\ {0}) x R) U {(0,0)}

Indeed, assume for the moment that 7 : R® E — E is sc-smooth.
Clearly, mo(f) = f only when f = 0. If m(f) = f with ¢ # 0, then
[(f,7) 12 - |7e|* = |f]* a.e. so that after integrating, using ||y]lo = 1,
we obtain |(f,v)| = [|fllo = IIfllo - ||llo and this implies that f is a
multiple of ;.

It remains to show that m is of class sc®. We only show that
the map is of class sc! leaving the sc-smoothness to the reader. The
proof follows from the following two estimates. Consider two smooth
functions ¢, 1 : R — R having their supports in the interval I = [—a, a].

1 1
Introducing the intervals I, = [—a — eltl,a — ell] and the function
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1
o1(s) = ¢(s + e, we estimate for f € E,, 1,

(F, ) = / ()P - 16(s + eT)|ds

1
t

(2.18) If( I lo(s +e

>|2 . 67257"4“18 . 626m+1sd5

< Ce_%m“e -

Next we consider the map (¢, f) — p(t)(f, #)1; from R @ E,,,; into
E,.+1 where p(t) is a polynomial of degree k in variable ﬁﬂem. Using
(2.18) we estimate

1) (f, d) el = p(E)(f, 1) Z/|D]7/) (s + el 2e2mlsl g

j<m
1

(219) f ¢t | Z/’D]w 726m(sfem)ds

i<m

< Clp(t)[Pe2Cmsr=ome Hfll2

Since 0,11 — 0, > 0, the last estimate tends to 0 as t — 0. With
these two observations we prove our claim. The function v and hence
its derivatives have compact support. If ¢ # 0 and f € E,,,1, then by
(2.18),

[ (&, )l — 0

as t — 0, and since 7(0, f) = 0, we conclude that the map 7 is differ-
entiable at the point (0, f) and its derivative is equal to 0. For ¢ # 0,
the derivative dn(t, f) : R® E,,41 — Ep, is given by

dre(t, F)[6t, 611 = (8, 10) v — sign(t) e (£, 40)y, - 61
— sign(t) ke (£, 40)% - [0

where 4; denotes the derivative of 7, with respect to the variable s.
Since the function 7 has a compact support we may apply (2.19)
to estimate each term. It follows each term tends to 0 in FE,, as
t — 0 showing that the map (¢, f) — dn(t, f) from R & E,,,; into
E,, is continuous and the map 7 : R @ E,,.; — E,, is of class C'.
Note that, in view of (2.19), the map df — (0f,v)v from E, 4
into F,, has an extension to a bounded linear map from FE,, — E,,
so that dn(t,f) : R® E,+1 — F, has an extension to a linear
bounded operator Dr(t, f) : R @ E,, — E,, having the property that
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(t, f,0t,0f) — Dmx(t, f)(0t,0f) from R® E,,.1 DR E,, — E,, is con-
tinuous. In view of Proposition 1.7 we have verified that 7 : R E — E
is of class sc'.

What is K7S? One can, of course generalize these ideas. For exam-
ple, take the open unit disk D° in R? and add a closed interval [—1,1]
and identify the ends 1 with the points (£1,0) in the boundary of the
closed disk. A small open disc centered at (%1, 0) intersected with Fig-
ure 2.6 (b) is homeomorphic to the splicing core in Figure 2.6 (a). The
splicing core represented by Figure 2.6 (a) can be obtained by taking
E as above and setting m; = 0 for ¢ < 0 and for ¢ > 0 by defining the
projection m; by (2.17). This can be generalized to higher dimensions.

FIGURE 2.6

Let us note the following useful result about sc-smooth partitions
of unity.

THEOREM 2.14. Let X be an M-polyfold with local models being
splicing cores build in sc-Hilbert spaces. Assume that (Uy)xea is an
open covering. Then there exists a subordinate sc-smooth partition of

unity (Be)ees.

Let us note that the product X x Y of two M-polyfolds is in a
natural way a M-polyfold. For charts (U, ¢,S) and (W, 4, T ) of X and
Y, respectively, we define the product chart (U x W,¢ x ¢, S & 7).
Here

SxT =(m,V.E)x (p,V',F) = (0,V x V', E® F),
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with
o(v,V") =T, & pyr.
We call § x 7 the product of the splicings. There are several possible

notions of subpolyfolds (we suppress the M in the notation) and we
describe them in a later chapter.

2.5. Corners and Boundary points

In this section we will prove the extremely important fact that sc-
smooth maps are able to recognize corners. This will be crucial for
SEF'T since most of the algebra is a consequence of the corner structure.

Let X be a M-polyfold. For a point z € X we take a M-polyfold
chart ¢ : U — K¢ where K¢ is the splicing core associated with
the splicing & = (7, V, E). Here V is an open subset of a cone C
contained in an m-dimensional vector space W. By definition there
exists a linear isomorphism from W to R™ mapping C' onto [0, c0)".
Identifying the cone C' with [0,00)™ C R"™ we shall use the notation
© = (p1,92) € [0,00)" & E according to the splitting of the target
space of p. We associate with « € U the integer d(x) defined by

(2.20) d(x) = #{coordinates of ¢;(x) which are equal to 0}.

THEOREM 2.15. The map d : X — N is well-defined and does not
depend on the choice of the compatible polyfold chart. Moreover, every
point x € X has an open neighborhood O satisfying

d(y) < d(z) for all y € O.

The map d is called the degeneracy index. A point with d(z) =0
is an interior point. A point with d(x) = 1 is called a good boundary
point. A point with d(z) > 2 is called a corner. In general, d(z) is
the order of the corner .

Proor orF THEOREM 2.15. Consider two M- polyfold charts ¢ :
UcCX — KSand ¢ : U’CX—>KS suchthaterﬁU’ In-
troducing the open subsets U = o(U N U’') and U’ = /(U N U') of
KSand K9 resp., and setting ¢(z) = (r,e) and ¢'(z) = (r',¢) we
define the sc-diffeomorphism ® : U — U’ by ® = ¢’ o o~ Obvi-
ously, ®(r,e) = (1, ¢’). Now the proof of Theorem 2.15 reduces to the
following proposition.

PROPOSITION 2.16. Let S = (w,V, E) and &' = (', V', E') be two
splicings having the parameter sets V. = [0,00)* and V' = [0, 00)¥
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FI1GURE 2.7

Assume that U and U’ are open subsets of the splicing cores K and
K" containing the points (r,e) and (', €') and assume that the map

O:U—-U

is an sc-diffeomorphism mapping (r,e) to (r',€e’). Then r and r' have
the same number of vanishing coordinates.

PROOF. We first prove the assertion of the proposition under the
additional assumption that the point py = (7, e) belongs to U,,. Then
the image point ¢y = (r',¢') = ®(py) belongs to Ul . Denote by J
the subset of {1,---,k} consisting of those indices j for which z; = 0.
Similarly, j € J* C {1,---,K} if 7; = 0. Denoting by f#r and #”
the cardinalities of J and J' we claim that §r = fr’. Since ® is a
sc-diffeomorphism it suffices to prove the inequality fir > #r’ since the
inequality has to also hold true for the sc-diffeomorphism ¥ = &~
If m.(e) = e, then differentiating 7, o m,(e¢) = m,(e) in r one finds
7 0 D(m,.(€)) = 0 so that D,(m,.(e)) - [0r] is contained in the range of
id — m,. Therefore, given (r,e) € U, satistying m.(e) = e and given
or € R¥, there exists de € F,, solving

(2.21) de = m,.(0e) + D,(m,(e))[0r].

In particular, taking or € R" with (6r); = 0 for j € J, there exists
de € Ey solving the equation (2.21). This is equivalent to (07, de) €
(Tir,e)U) - Introduce the path

T+ py = (r + 707, Ty rsr (€ + 7€)
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for |7| < p and p small. From (r,e) € Uy and de € E one concludes
pr € Usy. Moreover, considering 7 — p, as a map into U, for m > 0,
its derivative at 7 = 0 is equal to (ér,de). Fix a level m > 1 and
consider the map

(—70,70) — REXE, T — D(p,).

The map ® : U — U’ is C* as amap from U,,,; C REGE,,.; into R¥ @
F,,. Its derivative d®(r,e) : REFQ B, — R¥ & F,, has an extension to
the continuous linear operator D®(r,e) : R* @ E,, — R¥ @ E,,. Since
® is a sc-diffeomorphism the extension D®(r,e) : RFG E,, — R¥ & E,,
is a bijection. Thus, since de € E,

D(p,) = P(po) + 7 - dP(po)[dr, 0€] + 0, (T)

(2.22) = o+ 7 - D®(po)[57, 5¢] + o (T)

where o0,,(7) is a function taking values in R* @& F,, and satisfying
L0,(7) = 0 as 7 — 0. Introduce the sc-continuous linear functionals
)\j . Rk x FF— R by

)‘j(sv h) = Sj
where j € J'. Then

)\j ° (I)(pr) >0

for |7] < dp. Applying A; to both sides of (2.22) we conclude for 7 > 0

0< 0 [00)] = = X, [B(0) + 7 dB(p) 57, 5¢] + 0 ()]

om(T
— (DB, ] + 1, (22,
Passing to the limit 7 — 0% we find
0 < X\;(D®(r,e)lor, de])

and replacing (dr, de) by (—dr, —de) we obtain the equality sign. Con-
sequently,

(2.23) A\j(DY(r,e)dr,de]) =0, jeJ

for all [0r,de] € R* & E., satisfying ,(e) + D,(m,.(e))[6r] = de and
(0r); = 0 for all « € J. Introduce the codimension fr subspace L of the
tangent splicing core K7 C R¥ @ E, defined as

L ={(6r,6r) e R* @ E,| m,.(0e) + D,(m,(e))[67] = de
and (0r); =0 forallie J}.
Then, in view of (2.23),
DO(r,e) L C {[o7,6¢'] € KT5'| (6¢); = 0 for all j € J'}.
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Because the subspace on the right hand side has codimension fr’ in
KTS" and since D®(r, e), being a bijection, maps L onto a codimension
#r subspace of K79, it follows that #’ < fr, as claimed.

Next we shall prove the general case. For this we take py = (r,€) in
Up, so that the image point (r/,¢’) = ®(r, e) belongs to U). Arguing by
contradiction we may assume without loss of generality that fr > f#r/,
otherwise we replace ® by ®~!. Since U, is dense in Uy we find a
sequence (r,e,) € Uy satisfying m.(e,) = e, and (r,e,) — (r,¢e) in Uj.
By the previous discussion §r = tr!, where (1], ¢e!) = ®(r,e,). Since

n’-n
is sc-smooth, we have (17, el) — (1’,€¢') in Uj and 7/, (¢’) = €. From
this convergence we deduce 7’ > #r/, so that fr’ > fr contradicting our
assumption. The proof of Proposition 2.16 is complete. |

To finish the proof of Theorem 2.15 it remains to show that the func-
tion d is lower semicontinuous. Arguing indirectly assume that there
exists a sequence of points z converging to x so that d(zy) > d(z).

Since ¢ is continuous, we have the convergence o1 () = (¥, .-+ %) —
o1(z) = (r,--- ,ry,). If for a given coordinate index j the coordinate

rf = 0 for all but finitely many k, then r; = 0, and if rf > () for all but
finitely many k, then r; > 0. Hence d(x)) < d(x) contradicting our
assumption. The proof of Theorem 2.15 is complete. |

The results about corner recognition remain true if the projections
in a splicing are parameterized by open subsets of a partial cone. Re-
call that a partial cone P in a finite-dimensional vector space is a
closed subset which by a linear isomorphism to some R™ is mapped
onto [0,00)% x R"* In that case the degeneracy index counts the
vanishing of the first k coordinates. These types of parameter sets will
arise in SFT. In fact there we will have [0, 00)* x C!, where the first &
coordinates will be related to the corner structure arising from breaking
of trajectories, whereas the other arise from bubbling-off of spheres.

Let us observe that the result about corner recognition allows us
to define a degeneracy index d : X — N as follows. Take for a point
x € X alocal chart

0:U — K% C (0,00 xR" ) @ E.

Then define d(x) to be the number of the first k£ coordinates of ¢(x)
which are vanishing. This definition is independent of the choices in-
volved. We call d = dx the degeneracy index.

Assume that X x Y is a product of two M-polyfolds. It follows
immediately from the definition of the product structure that

dxxy(z,y) = dx(z) + dy(y).
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If A a subpolyfold of the M-polyfold X then A has an induced degener-
acy index d4 since it carries an induced M-polyfold structure. Clearly
da < dx|A.

2.6. Appendix 11

In this appendix we will prove the important technical Lemma 2.6,
which we have used in showing the smoothness of the splicing. For the
reader’s convenience we recall the statement of the lemma, which we
formulate here as a technical theorem.

THEOREM 2.17. Let E = H?(R,R") be equipped with the sc-structure
where level m consists of reqularity (m + 2, d,,)-maps. Using the expo-
nential gluing profile p let R = @(r). Then the following three maps

ri:0)eoE—E i=1,23
are sc-smooth.

(a) Let fi : R — R be a smooth map which is constant outside
of a compact interval so that fi(4+00) = 0. Define I'1(0,h)(s) =
fi(—o0)h(s) and T'y(r,h)(s) = fi(s — g)h(s),

(b) Let fo : R — R be a smooth map which is constant outside of
a compact interval so that fo(—o0) = 0. Define I's(0,h) = 0 and

Lo(r, h)(s) = fa(s — §)h(s).

(c) Let f3: R — R be a compactly supported smooth map and define
[3(0,h) = 0 and Ds(r, h)(s) = f3(s — Z)h(s — R).

We first observe that the statements (a) and (b) of the theorem are
equivalent. Indeed, assuming (a) holds true let f, be a function as
in (b). Define the linear sc-operator L : E — E by h — fy(400)h.
Clearly, L is sc-smooth. The function fi(s) = fo(s) — fo(400) satisfies
the hypothesis of (a) giving the sc-smooth map I'y. Since

Lo(r,h) =T4(r,h) + L(h),
(a) implies (b). Similar argument shows that (b) implies (a) proving
our claim.

In the following we will prove statements (b) and (c). In the first
step we verify sc'-continuity.

LEMMA 2.18. The maps I's and I's are of class sc°.
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PROOF. We begin with 'y and consider the induced map [0,1) &
E,, — FE,. The only difficulty arising could be at » = 0. The
compactly supported smooth functions are dense in F,,. If hy is a
compactly supported smooth function and r > 0 is close to 0, then
I's(r, ho) = 0. Now our assertion follows from the observation that the
norm of I's(r,-) : E,, — E,, is uniformly bounded in r,

ITs(r, B) | < C - sup || fFllco - [|B]lm,
0<k<m

where C' is a constant independent of r and w.

Next consider the map I's. Again the difficulty is at » = 0. For
a compactly supported smooth function hg and r close to 0 we have
['3(r, hg) = 0. Using the density of smooth compactly supported func-
tions in F,, it suffices to show as before a uniform bound for the op-
erator norm of I's;(r,.) : E,, — E,,. Assuming supp fo C [—a,a] we
take R so large that the interval I = [-a — £, a — &] is contained in
(—00,0]. Denoting by C' a generic constant independent of r and u we
estimate

IT3(r, Bl < C - [P = R)E™ [ pmir_py
<C-|h- 65,,L(~+R)||HM(IR)
<O [l
< C-hllm.
The proof of Lemma 2.18 is complete. |

Here are some additional observations which are used in the proof
of the theorem.

LEMMA 2.19. Let fo and f3 be as described in the theorem. If
m,k > 0, we set dpyipm = %[5m+k — 0] > 0. Then there exists a
constant C' = C(m, k) > 0 independent of u and r so that the following
estimates hold true.

T, )l < €'+ e g
ITs(r, w)lln < €'+ €7l

for allw € Ep,yk, where R = o(r).

PROOF. We start with the map I's. Since supp f3 C [—a,al, the
support of the function s — f3(s — &)u(s — R) is contained in the
interval I_p = [~a + £, a + &]. Denoting by C a generic constant we



72 2. M-POLYFOLDS

estimate

1£3(- = Dul- = Rl < C - 1 fol- = Ful- = R)e™ || rm(r_p)

—C. ||u . €6m(5+R) HH"‘(IR) =(. ||u . e_§m+k56(6m+6m+k)8+67n3||Hm+k(IR)
< C ettt | g

To prove the estimate for I'; let v € F,, x and assume that the

support of the function fs is contained in [—a, o). Then the support

of the function s — fo(s— &)v(s) is contained in [£ —a, 0o). Then one

2
estimates
[ f2(- = Bl < C - et T ]|y

The proof of the lemma is complete. [ |

The following result follows from the sc-smoothness of the R-action.

LEMMA 2.20. The maps
ReFE—FE
defined by (R,u) — fo(- — H)u and (R,v) — f3(- — Z)v(- — R) are

sc-smooth.

PROOF. For the first map this is obvious. To see that the second
map is sc-smooth observe that it can be viewed as the composition of
the following maps

(Rov) = (R, Fxv) = (R for (F#0)) = (=) = (f2- (5 #v)).

Since each of the above maps is sc-smooth and the composition of sc-
smooth maps is sc-smooth the lemma follows. [ |

We need some estimates for the derivatives of the function
R(r) = er —e

which agrees with the gluing profile introduced in (2.6). The next
lemma can be proved by induction.

LEMMA 2.21. For every k > 0 there exists a constant Cj, > 0 such
that
d*R

S| < G RO - I R

forallr € (0,1).

Now given two positive integers m and n satisfying m > n consider
the sc-Banach spaces E™ = (Ep4i)is0 and E" = (E,4;)i>0. Let f :
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R — R be a compactly supported smooth function and let & > 0 be
an integer. Then we introduce the map

(2.24) A:[0,3) xR"x E™ — E"

by setting A(r,y,u) = 0if r = 0. If r > 0 we set

A(ryy,u)(s) = y1 - ya -y - R(r) - DI f(s — 0

where (y1,...,y,) =y € R", and

) - D'u(s — R(r))

R(r) = D" R(r) - D" R(r) - -- D* R(r).

The indices saiisfy the conditions m > i+nand ki +---+ k,, = k. If
k=0, we set R(r) = 1. Abbreviating

ar(r) = [R(r)]" - [In R(r)**
one derives from Lemma 2.21 the estimate
(2.25) IR(r)] < C - ax(r).

If £ > 0 and d > 0, then clearly,

—d-R(r

ag(r) - e ) 50 asr—0.

The proof of Theorem 2.17 will follow from the next lemma.

LEMMA 2.22. The map A viewed as a map from [0,3) ®R" @ E,,, 14
into E,, is of class C*. At every point (r,y,u) € |0, %) OR" D Fpia,
the derivative dA(r,y,u) : RGR" @ E,,s1 — E, has an extension to
the bounded linear map DA(r,y,u) : R®R" @ E,, — E,. Moreover,
the sc-map A : 0,3) ®R™ ® E™ — E™ is of class sc'. In particular,
the tangent map TA : TE™ — TE",

TA(r y, u,7.y, u) = (A(r,y,u), DA(r, y, u)[r,y,u))

is of class sc°.

PROOF. Since R = ¢(r) is smooth for r > 0 it follows that A,
viewed as a map from [0,2) & R* @ E,,,; into E,, is continuously
differentiable on the set (0 %) SR & E,.1. We will show that A is
differentiable at every point (0,y,u) and its derivative dA(0,y,u) is
equal to 0. In the following we write d,, , = %[5m —0,] which is positive
when m > n.

1
2
;
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If (7,y,u) € (0,00) ®R" @ E,, 11, then we derive from Lemma 2.19
and (2.25) the following estimate

AT,y +7,u+0),
=y + 0l |yn + Gl - [RO] - 1DV f(- = &) - D'u(- — R)||n
< Cag(7) - e b=t ROy 4 G|y + Dol - (w4 @

Dividing both sides by |7] + [g] + ||@]m+1 and noticing that £ - ay(7) -
e~ dmr+1 R (0 as 7 — 0 we conclude that
1
71+ Y]+ (@l
as (7,y,u) — 01in (0,00) @ R" @ E,,.1. Recalling that A(0,y,u) =0
our claim follows.
At any other point (r,y,u) with > 0 the derivative dA(r,y,u) :

NN AN

ROR"® E,,11 — E, evaluated at [7,7,u] € ROR" @ E,,, 41 is a linear
combination of the following terms
(L) Gy B(r) - DI f(s — §) - D'u(s — R)
(2)  Toyiyar DR(r)- D7 f(s — §) - Du'(s — R)
(3) Ty yn- B(r) - DR(r) - D'*Y(s — §) - D'u(s — R)
(4) Py v R()- DR(r) - DI f(s — &) - D*lu(s — R)
(5)  wy1--yn- R(r)- DIf(s—§)- Du(s — R).

Assuming |7] + |y] + ||t]|ms1 < 1 and recalling our notation }A%(r) =
DM R(r)-D¥2R(r) - - - D* R(r) with k;+- - -+k, = k and the assumption
m > i+mn we use Lemma 2.19 and Lemma 2.21 to estimate each of the
above terms and arrive at the following bound,

A,y w) [, 3. @l < C - [R(r)[FF! - gm0

S [fullme) - D v v (L4 - Y Yl
1<i<n

NAF Yy + Y ut )l — 0

In particular, the operator norm of dA(r,y, u) satisfies
|dA(r,y,u)|| — 0

as (r,y,u) — (0,2,v)in [0, ) ®R"GE,,4;. Consequently, the derivative
dA(r,y,u) depends continuously on (r,y,u) € [0,3) ® R" @ E,,4; so
that A : [0, %) OR"P E,,.1 — E, is of class C* as claimed.

Next we claim the derivative dA(r,y,u) : R@R" ® E,,, ;1 — E, at
the point (r,y,u) € [0,5) ®R"® E,, 4 has an extension to a continuous
linear map DA(r,y,u) : R@R" ® E,, — E,. If r = 0, then we set
DA(0,y,u) = 0. If » > 0 inspecting the terms (1)-(5) we see that we
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only have to consider term (5). By Lemma 2.19 and the assumption
m > i+ n, term (5) with w € E,, can be estimated as follows

ly1 -y yo - R(r) - DIf(- — &Y. D'a(- — R)||,
(2.26) <yl lyal - R - | DI F(- = B) - Da(- — R)|,

_ _ ‘R<"'> ~
<O a(r) e Py |y [

Thus term (5) defines a bounded linear operator in @ from E,, into £,
and so it is also a bounded linear operator from R & R" ¢ FE,, into E,,.
Therefore, the derivative dA(r,y,u) : R® R" ® E,,;1 — E, has an
extension to a continuous linear map DA(r,y,u) : ROR" @ E,, — E,.
In addition, if m > n so that §,, — d, > 0, the left hand side of
(2.26) converges to 0 as (r,y,u) — (0, 2,7p) in [0, 1) DR" @ E,,. In the
case m = n so that ¢ = 0, term (5) has, in view of our convention that
in this case R(r) = 1, the form y; - - -y, - D7 f(s — @) -u(s— R). Thus
the continuity of the map
(Tayva) = Y1 Yn 'Djf(s_ @) a(s - R)
from R" @ F,, — FE,, follows from Lemma 2.18. Since
0,)®R"®En1 ®ROR" S E,, - E,
(/r7 y? u? ?7 :/y\? //II) = DA(T7 y? u) I:;l\’ :/y\? /’II]

is a linear combination of maps of the form (1)-(5), it is continuous.
Taking [ > 1 and (r,y,u,7,7,4) € [0,2) BR" & Eppyy1 PROR" @
E,+1 we observe that DA(r,y,u)[r,y,u] € E,; and it follows from the
estimates in Lemma 2.18 and Lemma 2.19 that the evaluation map

0,))eR"® Epni1 BROR" B E,, — E,
(r,y,u,7,y,u) — DA(r,y, u)[1, y, ul

is continuous. We have verified that the sc-continuous map A : [0, 1) &

R"@® E™ — E™ is of class sc'. The finishes the proof of the lemma. M

We are ready to prove Theorem 2.17. We only prove part (c) since the
proofs of the two other cases are similar. We drop the subscripts in f3
and I'3 and simply write f and I' so that

L(r,u)(s) = f(s — &) - u(s = R(r)).

2

We prove the theorem by proving by induction that the following
assertion holds for all positive integers k.
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(k) ThemapI': [0, J)®E — E is of class sc* and the iterated tangent
map T*T : T*([0,3) ® E) — T"E has the following property. Choose
any factor E, of the tangent space T*FE and let 7 be the projection of
TE onto E,. Let (r,y,u) € (T*([0,3) & E))o where r € [0,3), y =
(Y1, 2,y ) € R and u = (ug, ug, . .. tugk) € Eypyy @ Erp, ®- - ®FEn,, -
If r = 0, then T*T'(0,y,u) = 0 and if r > 0, then the composition
7o T*I(r,y,u) is a linear combination of maps having the form

(2.27) Yo Yo Y- ﬁ?(r) D7 f(s — @) - D'uy(s — R(r))
where v; € E,,, and E(T) = DM R(r)- D*2R(r)--- D* R(r) and where
the indices satisfy k1 + -+ k, < k and m; > i+ n.

)@El into Eo.
) S (07 %) D El

We begin with k£ = 1. We view I" as a map from |0,
The map is of class C* on (0,4) @ Ey. At the point (r,
the derivative dI'(r,u) : R ® Ey — Ej is equal to

dU(r,u)[y1,0)(s) = = -y - Df(s — D) (s — R(r))

T2
(2.28) —y1- f(s = 52) - Duls — R(r))
+ f(s = #5) s = R(r).
Notice that each of the three summands has the form of the operator
A in Lemma 2.22. By the proof of Lemma 2.22 we have dI'(0,u) = 0

and the derivative dI'(r,u) : R@® E; — Ej extends to a bounded linear
operator DI'(r,u) : R@® Ey — Ep. In addition, the evaluation map

0,5) @ E1@R® Ey — Ey
(T7u7y17a) e DF(Ta U)[Z/ha]

< NI

is continuous. The same holds true if we consider DI'(r,u)[y1, u] € E
with (r,u,y1,0) € [0,3) ® Eiy1 @ R® E for every [ > 0. Thus, T is of
class sc'. The tangent map 7T : [0,3) ® E' @R @® E — E' @ E is the
map

TT(r,u,yp,u) = (I'(r,w), DU (r,u)[y1, ul).

Taking a projection 7 of the tangent TE = E' @ E onto either factor,
the composition woTT(r, u, y1, ) is a linear combination of terms (2.27)
in the assertion (k) with k=1. Thus the statement is proved for k& = 1.

Next, assuming that the statement (k) with & > 1 holds true, we
will show that the statement (k + 1) also holds true. We start by
showing that the tangent map T*T" : T%([0,3) & E) — T"E is of class

sct. Choose a factor E, of the tangent space T*E and let 7 be the
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projection of T"E onto E,. At a point (r,y,u) € (T*([0, ) ® E))o we
have T*T'(r,y,u) = 0 if » = 0 and otherwise T*T'(r,y,u) is a linear
combination of maps of the form,

(2.29) Yir Yy ROr) - DI f(s — ) Dluy(s — R(r))

where w, € E,,, and R(r) = DM R(r) - D¥2R(r) - -- D* R(r) and where
the indices satisfy ky + --- + k, < k and my > i + n. Abbrevi-
ate u = w;, Y1 = Yu,--- Yo = Yy, and m; = m. Then, denoting
by A(r,y,u) the map defined by (2.29), we conclude from Lemma
(2.22) that A is sc! from the sc-space [0, 3) ® R" & E™ with the sc-
structure [0, %) O R"® E,y, 44 for all integers a > 0 into the sc-Banach
space E™ equipped with the sc-structure F,.,, o« > 0. Moreover,
DA(0,y,u) = 0. Taking (r,y,u) € (0,1) ® R" & E,,41 and evalu-
ating the linear operator DA(r,y,u) : [0,3) ® R" & E,, — E, at
(r,y,u) € R@®R" @ E,, we see that it is a linear combination of
the terms (1)-(5) in the proof of Lemma 2.22. Since u € E,,41 and
u € E,,, the indices in the terms (1)-(3) and (4) satisfy the condition
m+1 > i+n. In the term (5) we have m+1 > (i+ 1) +n because, by
assumption, m > ¢ + n. Since T*T is a linear combination of terms of
the form (2.29) we conclude that T*H'T satisfies the conditions of the
statement (k+1). Thus, the statement (k41) holds true and the proof
of Theorem 2.17 is complete. |







CHAPTER 3

The space of curves as an M-Polyfold

For two different points a and b in R™ we have introduced in Sec-
tion 1.5 the metric space X (a,b) of parametrized curves u : R — R
connecting the point a at —oo with the point b at +o0o. The met-
ric is denoted by c?(u, v) = |Ju — v||. Quotienting out the R-action of
translation we have obtained the space

X(a,b) = X(a,b)/ ~

of equivalence classes [u]. Its quotient topology is determined by the
complete metric d. The space of curves X (a,b) is equipped with an
sc-manifold structure.

We now consider three different points a,b and ¢ in R” and study
the set of curves

(3.1) X = X(a,c) U[X(a,b) x X(b,c)].

We are going to define a second countable paracompact topology on X
which induces the previously constructed topology on X (a,c) and on
X(a,b) x X(b,c) so that X(a,c) is open and dense in X. After this
we shall equip the space X with an M-polyfold structure for which the
degeneracy function d introduced in Section 2.5 takes on the values
d=0on X(a,c) and d =1 on X(a,b) x X(b,c). The polyfold struc-
ture on the open subset X (a,c¢) of X will be induced by the previously
constructed sc-manifold structure. Since this particular case explains
all major technical issues we will formulate at the end a situation fre-
quently arising in Morse theory.

3.1. The Topology on X

We first introduce some notation. We fix a smooth cut-off function
B : R — [0, 1] having the properties listed in (2.5), and define for R > 0
the cut-off function

Tr(s) = B(s — ).

We shall associate with a pair of parametrized curves (u,v) € X (a, b) X

~

u?
X (b, ¢) the glued parametrized curve ©g(u,v) € )?(a, ¢) by defining
79
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(3.2) Dr(u,v)(s) = 1r(s) - u(s) + (1 — 1r(s)) - v(s — R)
where 0 < R < 0o. If R = oo we define
Boo(u,v) = (u,v) € )?(a,b) X )?(b, c).

We have chosen the half line (—oo, 0] as the negative region of R and
[0,00) as the positive region of R for both of our two curves u,v :
R — R"™ The gluing is the following procedure. We identify the
intervals [0, R] of the positive part [0, 00) of w with interval [—R, 0] of
the negative part (—oo,0] of v by s € [0, R] ~ ' € [-R, 0] if and only
if —-R+s=5¢.

U S R
- — } i ]
v
E + -+ o
—R ! 0
FiGURE 3.1

From the properties of the cut-off function 7x(s) = (s — £) one
reads off that

We point out the limits as R — o0,

}%im Dr(u,v)(s) = u(s)
}%im @r(u,v)(s+ R) =v(s)
for all s € R.
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FIGURE 3.2

We shall use the following notation
[Boo (u, v)] := ([u], [v]) € X(a,b) x X(b,¢)

where the bracket [u] stands for the equivalence class containing the
representative u. We use the same formula (3.1) in order to glue the
two vector fields

S ]’L(S S Tu(s)Rn =R"
s'— k(s') € TyshR" =R"

along the curves v and v, where s € R and s € R. We define the vector
field ®g(h, k) along the glued curve @g(u,v) by

©r(h, k)(s) = Tr(s) - h(s) + (1 = 7r(s)) - k(s — R)

for all s € R, where 7(s) = (s — £). The identification for the gluing
is as above.

In order to keep the information about the vector fields h(s) and
k(s") also beyond the gluing intervals for s > R and s’ < —R we
introduce the anti-gluing of the vector fields h and k by the formula
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h s R
- — } : ]
0
k
E <+~ S
—R s 0
FIGURE 3.3

FIGURE 3.4

(3.3) Or(u,v)(s) = —=(1 = 1r(S)) - u(s) + Tr(s) - v(s — R)

for all s € R. Here we use the following identification.
In view of properties of the cut-off function g3,

CCCTRE (N
S
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-R S 0
LL i ;J_L JL ......
0 s R kh
FiGURE 3.5
C
v
b
@R(u, ’U)
u
a
FIGURE 3.6

Next we define the topology of X by defining its basis B. We shall
distinguish between sets of type 1 and sets of type 2 in B. In order to
define a type 1 set we take a path wy € X(a,c) and a number § > 0
and define the set of curves connecting the point a with the point ¢ by

(3.4) O(wo, 6) ={[w] |w e )?(a, ¢) and d(wp, w) < 6}.
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Our notation indicates that we take the representative wg of [wp]. In
order to define a type 2 set of B we take a pair (ug,vg) € X(a,b) x

~

X (b, c) of curves as well as real numbers § > 0 and Ry > 1 and define
the neighborhood of broken curves (they are broken at R = c0) as the
set

(3.5)

O(ug, vo, Ro, 00) = {[®r(u,v)] |(u,v) € X(a,b) x X(b,c)

with d(ug, u) < 9, d(vg,v) < d and Ry < R < oo}

The aim of this section is the proof of the following theorem.

THEOREM 3.1. The collection B consisting of sets of type 1 and
type 2 is the basis for a second countable Hausdorff topology for X. It
induces on the subsets X (a,c) and X (a,b) x X (b, c) the given topology.
The subset X (a,c) is open and dense in X.

We start the proof with the following observation.

LEMMA 3.2. Fiz real numbers to,t, and a pair of curves (u,v) €
X(a,b) x X(b,c). Then

o~

d(to * ©r(U, V), Drity—1o(to ¥ u, t1 ¥ v)) — 0
as R — oo. Moreover,

d([®r(u, V)], [BRt -t (to * u,ty % v)]) — 0
as R — oo.

PROOF. Abbreviating a = %[ty + ¢;] and R = R + (to — t1) we
compute

(to * ®r(u,v))(s) = Or(u,v)(to + s)
=T1r(to+ ) -u(to+s)+ (1 —7r(to+s)) - v(tg + s — R)
=T1r/(a+s) (foxu)(s) + (1 —Tr(a+s)) (trxv)(s— R)
= Op(to * u,t1 ¥ v) + [Tr(a +5) — Tri(s)] - (to * u)(s)

— [tri(a+s) — Tr(s)] - (t1 *v)(s — R')
= @r(to * u, ty x v)(s) + 5(R)(s).

The compact supports of the functions s — [T/ (a+5s)—7Tr (s)] move to
o0 as R — oo so that if u and v are fixed, then §(R) — 0 in H?*(R,R")
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as R — oo. Therefore,

~

d(to * ®r(u,v), ®r(to * u, t; x v)) — 0

as R — o0o. The second assertion now follows from the inequality

d(a, B) < d(u,v) for any two equivalence classes «, § € X and repre-
sentatives u € o, v € . The proof of the lemma is complete. |

We need the following technical lemmata in which ||-|| denotes the
norm on E = H?*(R,R"), and Bs(0) denotes the open d-ball around 0
in B.

LEMMA 3.3. Given e > 0 there exists 6 > 0 so that for every R > 2,
Bs(0) € {@r(h, k)| A, (k] <<}

ProOF. Fix u € E and consider the system of equations
@R(ha k) =u
Or(h, k) =0.

The system can be written in the following matrix form

(o 1?@@} | [k(f (—S)Rﬂ - W |

Multiplying by the inverse matrix we obtain

hls) = 25 -l
k(s — R) = 1;(77553) us).

Setting ' = s — R the last formula takes the form
!/
k / — T(_S) . / R )
(s") Py u(s'+ R)

Using the translation invariance of the norm, we find a constant

C > 0 independent of R > 2, depending only on bounds up to the
second derivatives of the cut off function 3, so that ||kl +|| k|| < C-||ul|.

Consequently, for given ¢ we may take § = 5z and our assertion is

proved. |

LEMMA 3.4. Given € > 0 there exists 6 > 0 so that for all R > 2,
{@r(h, B[ (R[] Ik] < 6} € B:(0).

ProOF. This follows from a straightforward estimate. |
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Next we prove three lemmata which will imply Theorem 3.1

LEMMA 3.5. The collection of sets B is the basis for a topology. The
induced topologies on X (a,c) and X (a,b) x X(b,c¢) are the previously
defined ones.

PROOF. Assume [wy] € Oy N O} where Oy, O] are sets of type 1.
Since the type 1 sets are a basis for the topology on X (a,c) we find
a set O] of type 1 so that [wy] € OF € O; N O}]. Next assume that
[wo] € O1 N Og, where O; is of type i. By Lemma 3.3, there exists
O} with [we] € O] € O; N Oy, This also implies that the topology
induced on X (a,c) is the previously defined one. If [wy] belongs to
0N 0}, we can pick Oy of type 1 containing [wy] and apply the previous
consideration to O; N Oy and O N O} in order to find a type 1 set with
[wo] € O] C O, N O). Finally assume that ([ug], [vo]) € O N O). We
may assume without loss of generality that

02 = O(Uo,’UQ, Ro, 5) and 0/2 = O(to * UO,tl * Vo, Ro, 5)
It suffices to show for a suitable Sy >> 0 and a suitable ¢ > 0 that
O(Uo, Vo, S(), O') C O(t() * Ug, T1 * Vg, Ro, 5)

Arguing indirectly we find sequences Sy — 00, up — ug and vy — vg
so that

(3.6) {@Sk(ulﬁ v)] & O(to * o, t1 * vg, Ry, 0).

We estimate
d(to * Bs, (U, V), Dyt —to (o * Wp, t1 % V)
< c/l\(to * Bg, (ug, Vk), to * Bs, (U0, Vo))
+d(ty * s, (U0, V0), Byttt (to * o, t1 * Vo))

~

+ d( Dy 11 -t0 (to * U0, t1 * V), D5, 60 (to * U, T1 % Vk))
= Hto * @Sk (uk — Up, Vg — UO)H

+ | D441 10 (fo * (ur — uo), t1 * (v — vo))]|

+ d(to * B, (g, Vo), Bsytt,—to (to * o, T1 * 1))

Using the invariance of the norm under the R-action and Lemma 3.4
one sees that [, — 0. Lemma 3.4 also implies I/, — 0 and from
Lemma 3.2 one deduces 11, — 0. Therefore,

~

d(to * @, (U, Vi), Dsyttr—to (o * U, t1 ¥ vg)) — 0



3.1. THE TOPOLOGY ON X 87

as k — oo. Using Lemma 3.3 we find ¢ > 0 so that
B,(0) € ®r(Bs/2(0), Bs/2(0))
for all R > 2. For large k the element ¢y * @®g, (ug, vx) belongs to
B+, —t, (foxug, t1%vg )+ B, (0) which in turn belongs to &g, 1+, -, (Bs(to*
ug), Bs(t1 * vg)). Now passing to equivalence classes we conclude
[©s;, (uk, vi)] € O(to * ug, t1 * v, Ro, 0),

contradicting (3.6). This shows that B is a basis for a topology. From
the form of the sets of type 2 in (3.5) one reads off immediately that
the induced topology on X (a,b) x X (b, ¢) is the previously defined one.
The proof of Lemma 3.5 is complete. |

LEMMA 3.6. The topology generated by B is Hausdorff.

PROOF. Arguing by contradiction we assume the points ([ug], [vo])
and ([ao], [bo]) in X (a,b) x X (b, c) do not have disjoint neighborhoods.
Then there are sequences Sj and Ry — oo, tp € R and (ug,vx) —
(ug, vo) and (ag, by) — (ag, bo) such that

tr * Dg, (ug, vi) = D, (ak, br,).
of Lemma 3.4 this implies that
(37) tk * @Rk (UQ, UO) - @Sk(ao, bo) —0
in £ = H*R,R"). From Sy — oo we deduce &g, (ag, bo)(s) — ao(s) as
k — oo for every s € R. We claim that the sequence t; is bounded. If
not we assume first that ¢, — —oo. Then for every fixed s,
ti * ®p, (1o, v0)(s) = ug(s +tx) — a
as k — oo. Hence a = ag(s) for all s, contradicting ag(s) — b # a as
s — oo. If t;, — o0, then at s — t;, with £ large,
tk * ®p, (uo, v0)(s — t) = up(s)
while
D, (ap, bo)(s — tr) = ap(s — tx) — a.

This implies uy(s) = a for all s € R contradicting ug(s) — b # a
as s — oo. Thus the sequence t, is bounded and we may assume
ty — to. We next claim that the sequence Ry — S is bounded. Indeed,
if R, — Sy — oo, then for fixed s as k — oo

tr @Rk (UO,UQ)(S + Rk) = UQ(S +t. + Rk) — b

while
©g, (ao, bo)(s + Ry) = bo(s + (R — Sk)) — ¢ # D,
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contradicting (3.7). If Ry — S — —oo, then
tk Br, (1o, v0)(s + Sk) =vo(s+tx+ (Sk — Ri)) — ¢

while
@Sk (CLO, bo)(S + Sk) = bo(S).

Hence by(s) = c¢. But this contradicts by(s) — b # ¢ as s — 0.
Thus the sequence R, — Sk is bounded and we may assume that it
converges to 7. Then evaluating t;, ®g, (uo,vo) and &g, (ag,by) at s
and passing to the limit as & — oo we find ¢y * ug = ag. Evaluating
both sequences at s + Ry we conclude

tr @R, (Uo,v0)(s+ Ri) = vo(s +tg) — to *vo(s)

and

@Sk(ao, bo)(S + Rk) = bo(S + (Rk — Sk)) — T % bo(S).
Hence ([uo], [vo]) = ([ao], [bo]) contradicting our assumption that these
points are different.

If we have two different points [wy] # [w(] in X (a, ¢), the existence
of separating open neighborhoods is immediate. The remaining case
where the points [wy] € X (a,c) and ([ug], [vo]) € X (a,b) x X(b,c) can
be separated by open sets is left to the reader. |

LEMMA 3.7. The topology generated by B on X is second countable.

PROOF. Recall from Section 1.5 that X(a,c) is second countable.
Take a countable @\asis for its topology, say W, for i > 1. We also know
that X (a,b) and X (b, ¢) are second countable. Take a countable basis

U; for the first and a countable basis V; for the second space. Define
the subsets O; j, of X by

Oi,j,k = {[@R(u,v)] | u e Ul NS V;', R e (k‘, OO]}
This collection of sets is a countable basis on X. [ |
In view of Lemmata 3.5, 3.6 and 3.7 the proof of Theorem 3.1 is
complete. [ |

We would like to point out that the definition of B does not depend on
the choice of the cut-off function § used in all our constructions.

3.2. M-Polyfold Charts on X

In this section we will construct a M-polyfold structure on X. For
points in X (a, ¢) we can take the sc-charts with domains disjoint from
X(a, b) x X (b, ¢) which we constructed in Section 1.5. Clearly sc-charts
are also M-polyfold charts the splicing being defined by V' = {0} and
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7o = Id so that the splicing core is {0} & E = E. Before constructing
M-polyfold charts for points in X (a,b) x X (b, ¢) we have to recall some
facts from Section 1.5.

If a pair ([v/], [v']) € X (a,b)x X (b, ¢) is given, then there are positive
numbers € and ; and a pair ([u], [v]) € X(a,b) x X (b, ¢) having smooth
representatives (u,v) € X (a,b) x X (b, c) and satisfying
||u — UIHCO(R) < €1 and Hu — U,/Hcl([,sﬁ]) < 62

(38) , / 2
[v—=2llcomy <1 and  [[v—v'c1(ce) <€

In addition, there are affine hyperplanes >, and >, in R” so that u
intersects ¥, and v intersects X, transversally at the parameter value
s = 0. Moreover, considering parametrized paths nearby we take h, k €
I satisfying the estimates

(3.9) [Bllor(—cqy <€® and  [[kllor(—c.q) < €

Then the paths u+h € )?(a, b) resp. v+k € )?(b, ¢) intersect >, resp.
Y, transversally at unique points parametrized by s satisfying |s| < e.
In addition, there exist positive numbers « and €5 such that if
1hllcowy, W [lcomys [1Elloowy, lIkllcom) < e

and
(3.10) ut+h=tx(u+h') and v+k=1t*@v+k)
on [—a, o for some t,t" € R, then necessarily [¢], [t/| < e. Recall fur-
thermore the following construction of an sc-chart at [u] € X(a,b).
Introduce the closed subspace F,, C E consisting of functions h satis-
fying h(0) € ¥, — u(0). Define the open subset U of F,, by
(311) U= {h € Fu | ||h“co(R) < é&1 and Hh”cl([_&g]) < 82}.
Then the map

U — X(a,b)

h — [u+ h]
defines an sc-chart. It should be recalled that E is the Banach space
E = H*(R,R") equipped with the sc-smooth structure introduced in

Section 1.5.
Similarly, an sc chart at [v] € X (b, ¢) is defined by the map

V — X(b,c)
k— v+ k|
from the open subset V' C F,, defined by
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(3.12) V={hePF,| |klcom <e and [[k]oreq <2}

where the subspace F, consists of functions k in E satisfying k(0) €
X, —v(0).

LEMMA 3.8. Let the data be as just described. Then there exists a
real number Ry > 2 so that for R, R' > Rq, for h,h' € U and k, k' € V
and t € R, the equality

(3.13) Gr(u+hv+k)=t*xBp(u+h'v+k)
impliest =0 and R = R'.

PrROOF. We choose Ry = 2ar+ 2 with « as in (3.10) . Pick R, R’ >
Ry and assume

Cr(u+h,v+k)=txDp(u+h' v+k)
for some r € R. We may assume t < 0, interchanging if necessary the
roles of (h,k) and (h', k). In view of the choice of Ry and since the
function 75 is equal to 1 for s < % — 1, it follows from (3.13) that
(u+h)(s) = (u+ N)(t+5) = (t (ut+ h))(s)

for all s € [—a,a]. Thus (3.10) implies |[t| < e. Setting s = 0 and
recalling that h € F,, — u(0) we obtain u(0) 4+ h(0) = u(t) + h'(t) € X,,.
Since i’ € F,, we also know u(0) 4+ h'(0) € ¥, and conclude ¢ = 0 from
the uniqueness of the intersection under assumption (3.9). Hence

Gr(u+h,v+k)=@p(u+h',v+ k)

and we will show that R = R’. We may assume R > R’. Evaluating
the above paths at s + R with s € [—a, a] we find

(v+h)(s)=(w+h)(s—R +R)=(R—R)x*(v+h')(s)

if s € [—a, al. Again applying 3.10 we conclude R = R’. The proof is
complete. [ |

Choose Ry = 2a+2 as in Lemma 3.8. If o € (0, 1) satisfies ¢(r¢) > Ry,
where ¢ is the gluing profile ¢(r) = er — e, we define the gluing map

(3.14) A:[0,rp)o UV — X

for r = 0 by
A0, h, k) = ([u+ h], [v+Ek])
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and if r € (0,7g), we put
A(r,h, k) = [@r(u+ h,v + k)]

where R = ¢(r). By construction, the map A is continuous.

LEMMA 3.9. If
A(r,h, k) = A(r', 1K)
and ©gr(h, k) =0 and Sp (N, k') = 0 where R = ¢(r) and R = ¢(r'),
then (r,h, k) = (r', ', K').

Proor. If A(r,h, k) = A(r', i/, k") and one of the two numbers r, 7’
vanishes, then the other vanishes as well. If » =7’ = 0, then

(lu+ hl, [v+k]) = ([u+ BT, [v+£])

for h,h' € U and k, k' € V,implying h = I/ and k = £k’ because the data
define charts for X (a,b) and X (b, c). Now assume 7,7’ € (0,79). From
A(r,h, k) = A(r', W', k") we conclude the existence of ¢ € R satisfying
(3.15) Gr(u+hv+k)=txDp(u+h',v+E).
Here R = ¢(r), R = ¢(r’) and, by construction, R > Ry and R’ > R,.
Hence t = 0 and R = R’ in view of Lemma 3.8, so that

®r(u+h,v+k)=®p(u+ b, v+k)
implying

®r(h k) = dr(h', k).

This together with ©g(h, k) = ©r(h, k') = 0 imply (h, k) = (b, k).

The proof of the lemma is complete. [ |

Define the splicing
S=(mF,®F,1[0,1))

as in Section 2.2 by the formulae in (2.8) replacing E* by F, and E~
by F,. The formulae (2.8) holds true this time for all s € R and all
s’ € R. Hence, if (h,k) € F, & F,, then m,(h, k) = (h, k) € F, ® F, is
defined by the formulae

h(s) = 7(s) [7(5) - h(s) + (1 — 7(5)) - k(s — R)]
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for all s € R and s’ € R. Near 0 the functions are not changed,

(3.16)

The associated splicing core K¢ is characterized as the collection of
points (r, h, k) € [0,79) & F, & F, satistying ©r(h, k) = 0 where R =
¢(r). Take the open set O of the splicing core K¢ defined by

O=(0,ro)2UV)NKS

with U and V' according to (3.11) and (3.12). In view of Lemma 3.9,
the map

(3.17) A:0O— X
is injective.

LEMMA 3.10. The map A : O — X is a homeomorphism onto some
open subset of X.

Proor. We already know that A is continuous and injective. It
remains to show that A is open. Take an open subset O’ of O. We will
show that every point of A(O’) is an interior point of A(O). Assume
first that for (r, h, k) € O’, the image point A(r, h, k) belongs to X (a, c).
Taking the representative w of A(r, h, k) we have the path

(3.18) Sru+hv+k)=we X(ac).

Here R = o(r) with r € (0,79) and the pair (h,k) € U & V satisfies
mr(h, k) = (h,k) or equivalently ©g(h,k) = 0. Evaluating both sides
of (3.18) at 0 and R we conclude from the definition of the sets U and
V' that

w(0) = (w+R)(0) €8, and w(R) = (v +k)(0) € =,

It follows from the implicit function theorem, arguing as in Lemma
(1.30), that if g € E is close to 0 in E, then there exists a unique time
to(g) so that (w+g)(to(g)) € X,. The map g — to(g) is sc-smooth and
to(0) = 0. Similarly, there exists a sc-smooth map g — t1(g) satisfying
t1(0) = R and (w+g)(t1(g)) € Xy. Set R’ =t1(g) — to(g) and define
via R = o(r').
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We look for the pair (h',k") € U x V solving the following two
equations for given g € F close to 0

Sr (W, K)=to(g)* (w+g)— ®r(u,v) and ©OSp (W, k) =0.

Abbreviating the functions 7 = (- — %I) and o/ = (7)* + (1 —7)°,

the solution (h', k") can be written explicitly as

[k/(h’(S) ] 1 [ 7 —(1—7')} _ [to(g)*(w+g)_@R,(u7v) |

s—R)| o |17 7’ 0

It follows immediately that if g € ' is close to 0 in F then (', 1/, k')
is close to (r, h, k) in R@® E @ E. The condition S (h', k") = 0 implies
(W', k') € KS. Substituting s = 0 and then s = R in the above equation
we find

h(0) = (w+ g)(to(9)) — u(0) € Zy, —u(0) = F,
K(0) = (w + g)(t:1(g)) — v(0) € S, — v(0) = F,.

Summing up, we have proved for every g € FE near 0 in F that there
exists (v, W/, k') € O satistying A(r',h', k") = [w + g]. Thus A(r, h, k)
is an interior point of A(O’).

Next we consider the case ([ugl, [vo]) € A(O’). In view of the defi-
nition of A we have A(0, ho, ko) = ([uo], [vo]) for some (hg, ko) € U V.
Taking representatives we may assume ug = u+hg and vg = v+ky. Re-
call that by construction of the topology on X, an open neighborhood
of ([uo], [vo]) consists of the set of equivalence classes [®r(ug+h, vo+k)]
where R is large including 400 and h and k are close to 0 in E. Us-
ing the implicit function theorem as above we find sc-smooth functions
h+— to(h) and k +— t;(k) defined for h and & close to 0 in E such that
tO(O) =0 and tl(O) =0 and

(uo + h)(to(h)) € X, and  (vg + k)(t1(k)) € Xy
Introduce the path
w = to(h) * ®r(uo + h,vo + k) € X(a, c).

Obviously, [w] = [®r(ug + h,vo + k)]. Taking R large and setting
R' = R+ [t1(k) — to(h)] we deduce from the definition of w that

w(0) = (ug + h)(to(h)) € ¥, and w(R') = (v + k)(t1(k)) € X,
Now we look for solutions (h/, k') of the equations

@R/(h/, k,) =w = @R’ (U, U) and @R’ (h/7 k/) = 0.
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Explicitly, the solution (A', k") is given by
1

) -3 077 [

where as before 7/ = (- — %/) and o = (1) + (1 — 7)%. Tt follows
for R large and hence for R’ large that the resulting solution (h/, k) is
close to (hg, ko) in E® E. Moreover, (h', k') € K since Op (W, k') = 0.
Furthermore, substituting s = 0 and s = R’ into the the above equation
we find

h'(0) = w(0) — u(0) € 3, —u(0) = F,
and k'(0) € F,. Hence taking R large and defining 7’ via R’ = ¢(r') we
conclude (', W/, k') € O" and A(r', ), k') = [®r(u+ W, v+ k)] = [w]
showing that ([uo], [vo]) is an interior point of A(O’). Thus the map A
is open and the proof of the lemma is complete. |

This implies the following result.

LEMMA 3.11. The topological space X is a second countable metriz-
able space.

Proor. We already know from Theorem 3.1 that the space X is
second countable and Hausdorff. Since by Lemma 3.10 X is locally
homeomorphic to open sets in splicing cores, we know that it is com-
pletely regular which implies also assertion by Proposition 1.25. |

In view of Lemma 3.10, the map A : O — X defined by (3.17) is
a homeomorphism onto an open subset A(O) of the topological space
X. Abbreviating this open set by

U=A0)cCcX

we denote by
d:=A"1:U—-0

the inverse of the map A. Then the collection of all charts (U, ®) or
more precisely (U, ®, (0, S8)), as well as the previously constructed sc-
charts for X(a,c), have the property that the union of their domains
covers X. Our main result in this section is the following theorem.

THEOREM 3.12. The atlas consisting of all sc-charts for X(a,c)
and all charts (U, ®,(0,S)) around smooth points in X (a,b) x X (b, c)
covers X and the transition maps are sc-smooth. In other words the
atlas defines a sc-smooth M-polyfold structure.
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PRrOOF. Recall that we distinguish between the charts of type 1
which are inherited from X (a, ¢) and charts of type 2 which involve the
gluing construction. We already have proved in Lemma 1.33 that the
transition maps between two charts of type 1 are sc-smooth.

We now consider the transition maps from charts of type 1 to charts
of type 2. Take a chart &, : U; — O; of type 1 and a chart ®5 : Uy — O,
of type 2. Then A; = <I>1_1 : 01 — U; and Ay = <I>2_1 : Oy — Us.
Assuming that the domain of A2 o A; is nonempty we will show that
it is sc-smooth. Assume A;(fo) = A(rg, ho, ko) for some f; € O; and
(ro, ho, ko) € Oy C KS. Then there are curves u € X (a,b) and v €
X(b,c) and w € X (a, ¢) and real numbers Ry > 2 and ¢, € R satisfying

DR, (U4 ho,v + ko) = to x (w + fo)

where Ry = ¢(ro). In addition, ©g, (ho, ko) = 0 since (hg, ko) € K*.

In view of the definition of O, the functions hqg and kg belong to the
spaces F,, and F,, respectively, from which we conclude after evaluating
the above equation at 0 and Ry that (u + ho)(0) = (w + fo)(to) € X
and (v + ko)(0) = (w + fo)(Ro + to) € 2,. Using the implicit function
theorem we find two sc-smooth functions f — ¢o(f) and f — t,(f)
defined for f close to fy in E satisfying

(w+ f)(to(f)) € Zu and  (w+ f)(Ro+11(f)) € 5o,

moreover, to(fo) = to and t;(fy) = to. Define the positive number
R(f) = Ro+ [t1(f) — to(f)]. Then the curve to(f) * (w + f) intersects
Y, and X, at the times 0 and R(f). We define r(f) via the formula

(3.19) R(f) = ¢(r(f)).

We look for a pair (h, k) solving the following two equations

Sr(p) (b, k) = to(f) * (w+ f) = Br(p(u,v)  and Sy (h, k) = 0.
Introducing Wg(p) = to(f) * (w + f) — @r(y)(u,v), the solution pair
(h, k) can be represented explicitly as

[ h(s) }_ L {( 7(f) —(1—T(f))]_[@R<f>}

k(s = R(f)] — a(f) [A=7(f)) 7(f) 0

where we have abbreviated 7(f) = 3(- — @) and a(f) =7(f)*+(1—
7(f))%. We denote the solution as (h(f),k(f)). We only consider h(f)
since the results for k(f) are proved in a similar way. We set




96 3. THE SPACE OF CURVES AS AN M-POLYFOLD

and define the map

(3.20) fr=n(f) =~2(f) - [to(f) * (w+ f) = Srep) (u,v)]
from F into E.

LEMMA 3.13. The map (3.20) is sc-smooth.

PROOF. The curves u € X (a,b), v € X (b, ¢) and w € X(a, c) have
the form u = ¢+ h{, v = Y +kj and w = n+ g{, where h(, k; and g, € F
and ¢, 1 and n are smooth functions which are constant outside the
interval [—1,1]. We represent the map under consideration as a sum,

Y(f) - [to(f) = (w+ f) — ®r(u,v)] =7(f) - to(f) * f
(3.21) +(f) - to(f) * g5 — v(f) - ©rep) (ho, ko)
+(f) - [to(f) * 1 — Srep) (6, ¥)]-

The sc-smoothness of the first two maps follows from the sc-smoothness
of the R-action together with Theorem 2.17. The third map is equal
to

Y(f) - TRy ho + () - (1= Trp) - ko (- — R(f)).

Sc-smoothness follows by applying Theorem 2.17 to each of the above
summands. Finally, the last term can be represented as

V() - Tto(f) * 1 — Sre) (6, 9)]
(3.22) = () - 7aep) - [o(f) * n(s) — ¢(s)]
+(f) - (L= Trip) - [to(f) = n(s) — (s = R(f))]-
The maps f + to(f) and f — t;(f) are bounded, hence, R(f) =
Ro + [t1(f) — to(f)] is also bounded. Since ¢(s) =n(s) =a for s < —1

and ¢(s) = b and n(s) = ¢ for s > 1, the first map on the right hand
side can be written as

Y(f) - Trep) - [to(f) * 0 — @l =(f) - Trep) - B(- = C) - [to(f) * 1 — ¢]

where (' is a large positive constant.

Let § : R — E be the map defined by 6(z) = B(-—C)-[n(-—z)—¢(+)].
Since ¢ is sc-smooth, the composition f +— d(¢y(f)) from E into E is
also sc-smooth. Define the function ~v by

B(s)
3.23 v(s) = )
3:29) = B - A
where (3 is the cut-off function from (2.5). With the function ¥ =~ - g3
having its support in (—oo, 1], the map I'(r, g) = 7(- — %) cgforge E
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is sc-smooth by Theorem 2.17. Thus, the composition

f—— (RU), to(£)) 22 (r(£), 8(to(£)) —— T(r(£), 6(tolf)))

is sc-smooth. The first term on the right hand side of (3.22) is precisely
this composition and so it defines an sc-smooth map.

In view of the boundedness of the maps f — to(f) and f — t1(f),
and hence also of R(f) = Ro+ [t1(f) —to(f)], the second term from on
the right hand side of (3.22) can be written as

V()L =7rep)) - [to(f) *n(s) = b(s — R(f))]
=) - (L =7r(p) - B(s = C) - [to(f) *n(s) — P(s — R(f))]
where C' is a large positive constant C'.

The map & from R? to E defined by &(x,y) = (- —C) - [n(- + z) —
(- — y) is sc-smooth implying that f +— &(to(f), R(f)) is also of class

sc™.

The function 5 = - (1 — /) has a compact support so that, in view
of Theorem 2.17, the map I'y(r, g) :==7(- — %) - g is sc-smooth. Thus,
the composition,

f—— (R() to(£)) ~E(r (), €(RUF) to(F))

is sc-smooth. The second term of (3.22) is precisely the above compo-
sition and so the proof of the lemma is complete. |

The lemma holds also true for the map f — k(f). Since the tran-
sition map A,? o A; is given by f + (h(f),k(f)) we conclude that
A5% 0 A; is sc-smooth.

We next consider the transition map A; ' o Ay. Assume that A,(fy) =
Ay(ro, ho, ko) for some fy € O; and for (ro,ho,ko) € 0y C KS with
ro > 0. Then there are curves u € X (a, b) and v € X(b ¢) and
w € X(a,c) and a real number t, satisfying

(324) t0*®30(u+h0,v+k’o) :w+f0
where Ry = ¢(rp). Evaluating both sides at time s = 0 we find
@RO(U + ho, v + ko)(to) = (w + fo)(O) € Xy
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LEMMA 3.14. There exists an sc-smooth map (R, h, k) — t(R, h, k)
defined for R, h and k close to Ry, hg and ko respectively so that at
the parameter value t(R, h, k) the curve ©r(u+ h,v+ k) intersects 3,
transversally and satisfies, in addition, t(Ry, ho, ko) = to-

ProOF. To see this we proceed as in Lemma 1.30 and represent
Y =%, as X = {x € R" Az) = c} for some linear map A : R — R
and some constant ¢ € R, and define the map F': R®(0,00) DEGE —
R by setting

(3.25) F(t,R,h, k) = N@gr(u+h,v+k)(t+t)) —c.

At the point (0, Ry, ho, ko) we have F(0, Ry, hg, ko) = 0. Because of the
Sobolev embedding £ C C*(R) the map F is of class C''. From (3.24)

we conclude that the derivative of F' with respect to ¢ at the point
(0, Ro, ho, ko) is equal to

deF(0, Ro, ho, ko)[0t] = A(w'(0) + £5(0)) - 5]

for all 4t € R. Since the curve w + fy intersects X transversally at
the parameter value 0, the derivative A(w’(0) + f(0)) does not vanish.
So, d;F(0, Ry, ho, ko) : R — R is invertible. Applying the implicit
function theorem, there exist € > 0 and, for every (R, h, k) € (0,00) ®
E @ E satisfying |R — Ry| < € and ||h — hol|, ||k — ko|| < &, a unique
time t(R, h, k) € R solving the equation F(t(R,h,k), R, h,k) = 0. In
addition, the map (R,h,k) — t(R,h,k) is of class C' and satisfies
t(Ro, ho, ko) = to. Thus, ®r(u + h,v + k) intersects ¥ transversally
at the unique parameter values ¢(R, h, k) if |R — Ry| < € and ||h —
holl, ||k — kol| < e. To see that the mapping (R, h,k) — t(R,h, k)
is sc-smooth we define an open subset V of (0,00) ® E@® E by V =
{(R,h,k)||R—Rol, ||h—"hol|, ||k —ko|| < e}, which is filtrated by V,,, :=
VN(R®E,® E,) for all m > 0. The function (R, h, k) — t(R, h, k)
viewed as a function from V,, to R is of class C'. In view of the Sobolev
embedding theorem, F,, C C™%!. and hence the map F in (3.25)
viewed as a map from R & (0,00) & E,, & E,, into R is of class C™ 1.
Then the implicit function theorem shows that (R, h, k) — t(R, h, k)
from V,, into R is of class C™*!. Consequently, Proposition 1.10 implies
the sc-smoothness of (R, h, k) — t(R, h, k) from V into R.

|

If (R, h,k) € V, we define the map f by

(3.26) f(R,h, k) =t(R,h, k)« Br(u+h,v+k)— w.
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Then f(Ro, ho, ko) = fo, in view of Lemma 3.14. Abbreviating
f(s) = f(R, h, k)(s),
(w+ £)(0) = t(R, h, k) * ®r(u+ h,v + k)(0)
= @®r(u+h,v+k)(t(R, h,k)) € Zy.
It follows f(0) € ¥, — w(0) and so f belongs to F,.

LEMMA 3.15. The map (3.26) is sc-smooth.

PROOF. The curves u € )A((a, b), v e )A((b, c) and w € )?(a, ¢) have
the form u = ¢+ hg, v = Y+ ko and w = n+ go where hg, kg and g € E
and ¢, ¢ and 1 are smooth functions which are constant outside the
interval [—1,1]. Using this we represent the map as

t<R7 ha k) * @R(u + h? v+ k) —w= t<R7 h7 k) * EBR(h7 k)
+ [t(Rv h7 k) * @R(h@a kO) - gO] + [t(R7 h? k) * @R((ba w) - 77}
Since the R-action by translation is sc-smooth and the composition of
two sc-smooth maps is again sc-smooth, we verify, by applying Proposi-
tion 2.17, that the first two maps on the right-hand side are sc-smooth.
In order to see that the third term also defines an sc-map we write

t+ ®r(9,¥) —n=1t*[Dr(d,¥) — (=) x1].

Thus it suffices to show that (r, h, k) — ®r(p,v) — (—t(R, h, k)) x1n is
sc-smooth. We write

DSr(9,¥)(s) = (=) xn(s) = Tr(s) - [(s) = nls —1)]

+ (1 =7r(s)) - [¥(s = B) —n(s —1)].
Since the map (r, h, k) — t(R, h,k) is bounded and R is close to Ry
and since ¢(s) = n(s) = a for s < —1 and ¢(s) = b and n(s) = ¢ for
s > 1, the first summand in (3.27) can be written as

(3.27)

Tr(s) - [¢(s) = n(s = )] = Tr(s) - B(s = C) - [#(s) — n(s —1)].
The map 0 defined by =z — [(- — C) - [¢(-) — n(- — x)] from R into
E is sc-smooth so that (r, h, k) — 6(t(R, h, k)) is also sc-smooth as a
composition of sc-smooth maps. With the sc-smooth map I' defined by
['(r,g) = Tr - g, the composition

(1d,to(¢,1d)) (1d,9)
_—

(r,t(R, h, k) —5(r, 0(t(R, h, k))0
— L D(r, 6(t(R, h, k)))

is of class sc¢>. Thus the first summand on the right hand side in (3.27)
is sc-smooth.

(r,h, k)
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Due to the boundedness of (r, h, k) — t(R, h, k) and in view of the
properties of the functions ¢ and 7, and since we consider only R close
to Ry, the second map in (3.27) can be represented as

(1 =7r(s5)) - [¥(s = R) = n(s = 1)]
= (1 =7r(s)) 7r(s = C) - (1 = B(s + C)) - [(s = R) = n(s = 1)]

with some positive constant C'. The map £ from R? to E defined by
{(r,y) = (1= 6(+0C)) - [¥( —x) —n(- —y) is sc-smooth implying
that (r,h,k) — &(R,t(R,h,k)) is of class sc>*. The function v, =
(1—-0)-6(-—C) has a compact support so that, in view of Proposition
2.17, the map T'y(r, g) := 7 (- — g) - g is sc-smooth. Consquently, the
composition

(Id,to(e,1d)) (I1d,€)
e

(r (R, h, k)) —=5(r, £(R, t(R, h, k)))
— DT E(R R, B K)))

(r,hy k)

is sc-smooth. Since this composition is precisely the second summand
in (3.27), the proof of the lemma is complete. [ |

Note that with R = ¢(r) the transition map A; ‘oA, near (Ry, ho, ko)
is precisely the map (3.26). Consequently, it is sc-smooth.

Continuing with the proof of Theorem 3.12 we study finally the
transition map between two charts of type 2. We only need to study
the transition at an element of the form ([ug], [vo]) € X (a,b) x X (b, c).
Indeed, if the element has the form [w] with w € X (a,c), we can
introduce an auxiliary chart of type 1 and represent the transition as
the composition of a 2 to 1 with a 1 to 2 transition which we already
know to be sc-smooth.

We consider two charts @ : U — O and ¥ : U" — O’ of type 2 such
that UNU’ # 0. Themaps A=d1:0 -Uand B=V"1:0" - U’
are given by

A(r,h, k) = [®r(u+h,v+k)] and B(r' b k) = [@r (' +1 0 +E)]

where R = ¢(r) and R’ = ¢(r'). We have to show that the composition
B71o A is sc-smooth. As already pointed out we only have to consider
the special case in which (0, hg, ko) is in the domain of the transition
map, so that

A(07 hOa kO) = ([u0]> [UO]) = B(Ov h(]» k(/))
with (ug,vg) € )?(a, b) X )?(b, ¢). Therefore,
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(3.28) u 4+ hy =to*x (u+ho) and o + ki =1t * (v+ ko)

for uniquely determined real numbers ¢, and ¢;. Evaluating (3.28) at
the parameter value s = 0 we find

(W' +hg)(0) = (utho)(to) € X and (V' +kg)(0) = (v+ko)(t1) € By

Hence applying the implicit function theorem together with the Sobolev
embedding theorem as in Lemma 1.30 we find two sc-smooth maps
h + to(h) and k +— t;(k) defined for h,k close to 0 in E having the
following properties. At ty(h) and (k) the curves u + h and v + k
intersect X, and X/,

(u+h)(to(h)) € Xy and (v + k)(t1(k)) € Xy
In addition, to(ho) = to and t;(ko) = t;. For large R we define

(3.29) R = R'(r,h,k) = R+ [t1(k) — to(h)]
where R = ¢(r). Notice that to(h) * ®r(u + h,v + k)(0) = (u +
h)(to(h)) € Ly and to(h)*@g(ut+h, v+k) (R (r, h, k) = (v+k)(t1(k)) €
Y. We also define r'(r, h, k) via R'(r, h, k) = @(r'(r

,h,k)) so that
r'(r hok) = o (R (r, by k) = o7 p(r) + [t (k) — to(h)]).
Since the map (h,k) — ti1(k) — to(h) is sc-smooth, it follows from
Lemma 3.17 below, that

(r,h, k) — r'(r,h, k)
is sc-smooth. Taking (h, k) close to (ho, ko) in E @& E we now consider
the system of equations for (b, k),
@R/(hl,k‘/) :to(h)*@R(u—Fh,’U—i—k)—@R/(ul,Ul) and @R/(hl,]{/) =0

which has the solution

h'(s) 1 7’ —(1-7)] |w
KFis—R)l o |(1-7) ') 10
where we abbreviated w = to(h) * ®r(u + h,v + k) — ®r(v/,v") and
T =6(—%)and o/ = (7)2+ (1 - 7)%

The solutions h' = h'(r, h, k) and k" = k'(r, h, k) belong to F,, and
F,, respectively. Indeed, evaluating b’ at t = 0 we get h'(0) = (u +
h)(to(h)) € ¥, and evaluating &’ at t = 0 we get £'(0) = kK'(R' — R') =
to(h) * (v+k) (R —R) = (v+k)(t1(k)) € Xy. From Sp/(h, k') =0 we
conclude (h', k') € KS. Moreover, if (h, k) is close to (hg, ko) in E @ E,
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then (R, k") is close to (hy, kj)) € E@ E. Summing up, if (h, k) belongs
to O and is close to (hg, ko), then (h', ¢') belongs to O’ and is close to
(hg, kg). It remains to show that the transition map

(ryh, k) — (r'(r, b, k), 1K)
is sc-smooth. Since we already know that (r, h,k) — 7'(r, h, k) is sc-
smooth, it suffices to show that (r, h, k) — h'(r,h, k) and (r, h, k) —
E'(r,h, k) are sc-smooth. By symmetry we only have to consider the
first map. The solution h' = h'(r, h, k) is given by the formula

/

(3.30) I = %[to(h) s @p(h, k) + to(h) * ©p(u,v) — ©p (U, 0))].

The map A’ is the sum of three summands and we start with the first
summand, namely
!/

(r, h, k) g - [to(h) * @r(h, k).

The R-action is sc-smooth (Theorem 1.38) and h — to(h) is sc-smooth
(Lemma 1.30), so it suffices to show that the map

/

(r, b, k) > (—to(h)) * B : <t0(h) s @p(h, k))}

is sc-smooth. Recalling the function ~ from (3.23), the right hand side
above can be written as

(3.31) (s —to(h) = )+ [B(s = §) - h(s) + (1 = B(s — 5)) - k(s — R)].

Define the map I'y into F by
(3.32) Ly(r,h) = B(-—Z) - h.

2

Because [ has a support contained in (—oo, 1] we may apply Theorem
2.17 to conclude that I'; is an sc-smooth map. Applying Theorem 2.17
again, the map

(3.33) Ti(r,g)=~(—58).g forgeE

is also sc-smooth since 7 has its support in (—oo, 1]. The function o
defined by

o(r, b, k) = o™ (p(r) + ti(k) + to(h))
= ¢ (R+ti(k) +to(h)) = o7 (R + 2to(h))
is sc-smooth by Lemma 3.17 so that the map
(ryh, k) — (o(r,h,k),['1(r, h))

(3.34)
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is also sc-smooth. Consequently, the first part of the map in (3.31) is
sc-smooth since it can be written as a composition of two sc-smooth
maps, namely

(r,hy k) = Ta(o(r, By k), T (r, 1),
Next we turn to the second part of the map (3.31), namely to

(3.35) (r o, k) = (- = to(h) = §) - (1= B(- — §) - k(- — R).

Since v has the support contained in (—oo, 1] and since to(h) + 3R =
$[R + t1(k) + to(h)] and since the maps h — to(h) and k — ¢, (k) are
bounded, the support of the function s — ~(s—ty(h)— %,) is contained
in (—oo, & + C + 1] for some constant C' > 1. Because we also have
that 3(s — & —2C) =1 for all s < & 4+ 2C, the map in (3.35) can be

rewritten as

(3:36) 5 7(s — to(h) — &) 3(s — £ —20) - (1~ B(s — &) - k(s — R).

2

Introduce the function g(s) := (s — 2C) - (1 — 3(s)). It has compact
support so that, in view of Theorem 2.17, the map

Ly (k) gl = ) k(- = R)

2

is sc-smooth. Recalling the sc-maps (r, h, k) — o(r, h, k) and (r,h) —

~

I'y(r, h) from (3.34) and (3.32) we see that
(r,h, k) Ty (o(r, b, k), Ta(r, k))

is sc-smooth as a composition of sc-smooth maps. But this map is pre-
cisely the one in (3.35). Consequently, the map in (3.31) is sc-smooth.
Finally, we consider the two other summands in (3.30), namely,

/

(3.37) (r, h, k) % [to(R) * ®r(u,v) — Ga (u/,0")].

To see that this map is also sc-smooth we recall that u,v,u’,v" are
in £ and are of the form u = ¢ + hy, v = V¥ + ko, v = ¢ + h
and v = ¢ + k{ with the smooth path ¢ connecting ¢ with b and the
smooth path 1 connecting b with ¢. Both ¢ and v are constant outside
of compact subsets of R.

The previous discussion shows that

7_/

(3.38) (r.h k) - [to(R) * @r(ho, ko) — B (o, k)]
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for fixed ho, h{, ko, and kj, is an sc- smooth map. Next we consider the
map

/

(339)  (nhk) = S fro(h) « @6, ) - @r(6.1)].
LEMMA 3.16. The map (3.39) is sc-smooth.

PrRoOOF. The map is sc-smooth for r away from 0. So, we only
consider the case when r is close 0, i.e, when R is large. Recalling that

Tr(s) = B(s — &) and 7 = 7 where R = R + [t1(k) — to(h)], and

abbreviating ty = to(h) and t; = t,(k), we compute
[tox ®r (0,¥) — ©r (9, V)](s)
= 7r(s +t0) - ¢(s +to) + (1 — 7r(s + t0)) - ¥(s + to — R)
—Tr/(8)¢(s) — (1 = () - ¥(s — R')
= Tr(S +to) - [#(s +to) — ()]
+(1—7r(s+1)) - [(s+to— R) — (s — R)]
+ [r(s +to) = Tr(3)] - [#(s) — (s — R)]

Since the maps h — t(h) and k — ¢;(k) are bounded, the support of
the function s — 7r(s+1o(h)) —Tr/(s) = B(s+to(h) — &)= B(s—L[R+
t1(k)—to(h)]) is contained in the interval [—£ —C'—1, £4-C'+1] for some
positive constant C'. If s belongs to this interval, then ¢(s)—¢(s—R') =
0 because ¢(s) = b for s > 1 and ¥(s) = b for s < —1. Thus the last
line of (3.40) is equal to 0 and the map under consideration is the sum
of two maps, namely

Tr(8) - [to * Dr(9, V) (s) — Br(6,9)(s)]
(3.41) = Yr(s) - Tr(s 4+ to) - [¢(s + to) — ¢(s)]
+r(8) - (L= Tr(s +10)) - [Y(s +to — R) — (s — R)],

(3.40)

where we have set yr/(s) = v(s — %/) = 2 We consider the first

ol (s)”
summand and shall represent it as a composition of sc-smooth maps.
Define § : E — E by

6(h)(s) = @(s + to(h)) — &(s).

Then 0 : £ — I is sc-smooth. In view of Lemma 3.17, the function

(3.42) oi(r,h) == o (p(r) — 2ty(h))
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where R = ¢(r) is the gluing profile, is sc-smooth. Recalling the sc-map
map [y defined in (3.32), the composition

(o, 1), 8()(s) = (s — EED) gy s

= B(s +to(h) = &) - [o(s + to(h)) — d(s)]
is sc-smooth. With the function

oa(r, b, k) = ¢~ (p(r) + tu(k) — to(h))
= ¢ (R +ti(k) —to(h)) = ¢ (R)

(3.43)

(3.44)

which is sc-smooth by Lemma 3.17 and with the map fl defined in
(3.33), the composition

Ty (a9(r, b, k), Ty (o4 (r, h), 6(h)))(s)

=7(s = ¢loa(r, h, k) - Ti(o1(r, 1), 5(h))(s)

= (s = %) -Ti(ou(r,h),6(h))(s)

=Y (5) - Tr(s + to(h)) - [¢(s + to(h)) — &(s)].
is also sc-smooth. This composition is precisely the first summand in
(3.41).

To see that the second summand in (3.41) also defines an sc-smooth
map we define £ : E® F — E by

E(h, k)(s) = ¢(s — to(h)) — ¢(s — to(h) — ta(K)).

The map ¢ is sc-smooth. The support of v is contained in the interval
(—o0, 1]. Since h + to(h) and k — t1(k) are bounded, vp(s) = (s —
B = y(s— J[R+t:(k) —to(h)]) has a support contained in the interval
(00, & + C + 1] for some constant C' > 1. The function 7x(s +
to(h) — 3C) = B(s + to(h) — & — 3C) is equal to 1 for all s < £ + 3C.
Thus setting g(s) = (1 — B(s)) - B(s — 3C) so that g(s + to(h) — &) =
(1 = 7r(s+1to(h)) - Tr(s + to(h)) we obtain

(3.45)

V() - (L= Tr(s +to(h)) - (s + to(h) — R) — (s — R)]
=r(s) - g(s +to(h) = 5) - [(s + to(h) — R) — v(s — R)].

Because the function ¢(s) = (1—[(s))-5(s—3C) has compact support,
the map

Ls(r k) = g(-— §) k(- — R)

is sc-smooth. With the sc-smooth function oy from (3.42),
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§(h, k)(s — @(o1(h, k))) = tb(s + to(h) — R) — (s + to(h) — t1(K))
U(s+to(h) = R) — (s — R),
(h

). So, the composition

recalling R = R+ t1(k) — 1o

FS(Ul (7’7 hv k)v‘g(hﬂ k))(S)
= g(s — 5(01(r, h, k))) - &(h, k) (s — @(o1(r, h, k)
= g(s+to(h) = §) - [(s +to(h) = R) = ¥(s — R)]

is sc-smooth. Recalling the map I'; from (3.33) and o5 from (3.44), the
second summand in (3.41) is precisely the composition

Ty (o2(r, h, k), Da(01(r, h), €(h, K)))
and so it is sc-smooth. The proof of the lemma is complete. |

Since the map in (3.37) is the sum of the sc-smooth maps (3.38) and
(3.39), the map (3.37) is sc-smooth. We have proved that the transition
map between two charts of type 2 is sc-smooth. Up to Lemma 3.17
this completes the proof of Theorem 3.12. [ |

It remains to prove the following calculus lemma used in Theorem 3.12.

LEMMA 3.17. Consider the gluing profile

o) =cr —e, z€(0,1].
Define the function B : [0,r") x [-C,C] — R for some 0 < r' < 1 small
by

B(l’,c) — {g_ {90(55) +C] Zzi i (OO.’T/)

Then B is smooth and
D,B(0,¢c) =1

D*B(0,¢) =0

for all multi-indices o = (o, ag) with a; > 2 and ag > 0.

PROOF. The function ¢ : (0,1] — [0,00) is a diffeomorphism. Its
inverse ! : [0,00) — (0, 1] is the function

1
Infe +y]

e ' (y) =
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With B as defined above,

1
[+
To prove our claim we have to show that

B(z,¢) — 0
D,B(z,c) -1 and D"™"B(z,c)—0
as £ — 0 uniformly in ¢, for all n > 2. Writing

In[e!/* 4 ¢] = ln[el/‘/’C (I+c e V)]

B(z,c) if x > 0.

(3.46)

= l—l—ln[l—i—c-e_l/”‘:],
x

we obtain
1

. 1+xln[1+c-e—1/“f

B(z,c) ==z }:x-f(x,c)

where )
flw.e) = 1+ xln[l +c- e*l/z] '

Clearly, f(z,c¢) — 1 as x — 0, uniformly in ¢. Defining the function ¢
by

1
F@0) = T
we see that it suffices to show that D%g(x,¢) — 0 for |a| > 1 uniformly
in c as x — 0. Explicitly, g(z,c) = zIn[l 4+ ce~'/*]. In order to prove
the required properties of g, it suffices to show that the function h
defined by
h(z,c) = ce V/*

satisfies D*h(z, ¢) — 0, uniformly in ¢, as  — 0. This latter assertion,
however, is trivial.

In order to prove the second assertion for B, observe that a deriv-
ative of order n of !/ is a product of e'/* with a polynomial in the
variable 1/x. From this we deduce the desired conclusion. The proof
of Lemma 3.17 is complete. |

3.3. The level-k curves as an M-Polyfold

To be revised later on
So far we have considered level-1 curves connecting two different points
and broken level-2 connecting three different points. We shall now
generalize our previous construction to arbitrary level-k curves. We do
this first in R™ since in case of a manifold M dealt with later on the
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gluing constructions are carried out in local coordinate charts in which
the same formulas are used.

Assume that we are given a countable collection P of distinct points
in R™ so that very compact subset of R™ contains only finitely many
of them. For every point a € P we choose an increasing sequence
of weights o2, m > 0, starting at m = 0 with J§ = 0. We denote by
X (a,b) for a,b € P the collection of equivalence classes [u] of H?-curves
u : R — R" connecting the point a at —oo with the point b € R™ at oo.
The level m consists of the equivalence classes [u] which are represented
by elements u in H ™ and which are of class (m+2,6%) near —oo and

of class (m + 2,4%) near oo. For a finite sequence @ = (ag, ai, . . ., ax)
of mutually distinct points a; € P we introduce the space

X(a) = X(ap,a1) x X(ay,as) x -+ x X(ag_1,ax)

consisting of level-k curves connecting ag with ay.

ay
a2
U2

us

Qg Qg

FI1GURE 3.7. Level-4 curve

Let P be the collection of all such finite sequences of lenght k > 1.
Take the disjoint union over k > 1,

X =]]x@).
acP
For our general gluing procedure it is helpful to first reconsider the
procedure for level-2 curves again.

We choose representatives v : L — R™ and v : N — R™ of curves
connecting a with b and b with ¢, where L = R and N = R. For each
line we have chosen two half lines, a negative one and a positive one.
So far our choice was always (—oo,0] and [0,00). But we can make
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FIGURE 3.8
([u],[v]) € X(a,b) x X(b,c)

different choices and define the negative resp. positive regions of L and
N by pairs of real numbers sy < ¢y and s; < t; as follows.

e — region on L: (—o0, s¢

e -+ region on L: [ty,0)

e — region on N: (—o0, s1]

e + region on N: [t1,00).
In order to reduce the gluing later to the old gluing corresponding to
the choice sg =t = 0 and s; = ¢t; = 0 we introduce the coordinates

@ :10,00) — [tg, 00), s— s+t
(3.47) 0, 00) = fo,o0) A
P (—00,0] = (—00,81], §— 5 +s5

for the + region of L and the —region of N. If R is the gluing parameter
we define the gluing line

L®r N = ((—oo,to + R] H[Sl - R, OO))/s@(S)M/J(S’)'

with the equivalence relation p(s) ~ 1(s') if s € [0, R] and —R+s = 5.
See Figure 3.9.

Hence to+ s ~ s; + &' if and only if s € [0, R] and —R+ s = ¢
The manifold L &g N is diffeomorphic to R and we choose the special
global coordinates

R— L®r N, s+ [s]

induced by

s € (—o0,ty+ R] s<ty+R
S H—
Sl—R+8—t0€[51—R,OO) SZto.
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U to to + S t() + R
1 o 1 1
I [N T |
S0
v b
[ } % [ ......
ss— R s1+¢ S1
FIGURE 3.9

Define the glued curve connecting a with ¢ by
(udprv)([s]) = B(s—to—E)-u(s)+(1—B(s—to— &) v(s1 — R+s—tg)

for all s € R, where the cut-off function (3 is defined in (2.6). Identifying
L ®&r N with R is such a way that L. C R is the inclusion, the glued
curve is, in the global coordinates, given by the formula,

(u@rv)(s) = B(s —to — 5) - u(s)

(3.48) "
+ (1 =B(s—ty—5)) -v(s1 — R+ 5 —tg)

for all s € R. The negative and positive regions of the glued curve
u P v become

e — region of u @g v: (—00, s¢]
e + region u Brv: [tog+ R+t — s1,00)
From the properties of the cuf-off function 3 read off,

u(s s>ty + &
(wenv)(s) = { =hte
v(s; — R+ s—tp) s>to+ 5+ 1

Denote our old gluing defined in (3.1) by @%. It is based on the
negative regions (—oo, 0] and the positive regions [0, 00). Introducing
the elements in £ and E~

uop:[0,00) — R"
vot:(—o00,0] — R"”

we observe that

(3.49) (u@rv)(@(s)) = Br(uop,vot)(s)
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FIGURE 3.10

as the following argument shows,

B(uop,vot)(s)
=fB(s = %) uop(s)+(1—pB(s— %)) -voi(s — R)
= [(s — g)-u(s—i-to)—l—(l—ﬂ(s— g)) ‘v(s+ s —R)
= (u®rv)(p(s)).
Next we consider a level-3 curve.
The negative and postive regions of u, v and w are characterized
by the pairs sg < tg, $1 < t; and sy < 5. Recall that the negative

and positive regions of the glued curve u &g v connecting a with c is
characterized by the pair sy < 7, where

(350) T:t0+R+t1—Sl.
LEMMA 3.18. For gluing parameters R, R > 2

(uBrv) Drp w=1udg (vOr w).
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FIGURE 3.11

Proor. We first verify the associativity of the gluing by a compu-
tation and give afterwards argument which such computations super-
fluous. Recall that the cut-off function g satisfies 5(s) = 0 for s > 1
and [(s) =1 for s < —1. Therefore, if R and R’ > 2,

Bls—m—5) - Bls —to—§) = B(s —to— &)
and hence
(1=Bs—to—5)-1=Bs—7—%)=1-p(s —7— 1),

where 7 =ty + R+t — s1. Using this we compute applying the gluing
formula (3.48) twice,

(u ®rv) Br w)(s)
=05 =7 = E)udrv)(s) + (1= Bls =7 = &) -w(s + s, -7 = R)
=f(s =7 %) B(s —to— %) - uls)
+ﬂ(s—7‘——)) (1=B(s—to— %) -v(s+s1—tg— R)
+(1-BGs—7—)) ws+ss—7—R)
=B(s—to— &) u(s)+ (1 —B(s—to— &) [Bls—7— &) v(s+s —tg— R)
+1-B(s—7=E)) w(s+s—7—R)]
=B(s—to— Fu(s) + (1 = B(s —to — &) - (v ®rw)(s + s1 — to — R)
= (u®r (v&R w))(s).
|

Actually, the associativity of the gluing follows without any com-
putations immediately from the following schematics procedure
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U to R
S0
)
[ 3 t}- t;l + RI
L & ‘ T
. sl . |
| w
. . F 1 f
; : : S2 to
i —_—
R R

FIGURE 3.12

Using our earlier notation and replacing the gluing parameter R by
r related by the gluing profile

1
R=er—e

we shall in the following often write u &, v instead of u ®r v and
introduce the notation

@(7‘1,7‘2)(u7 v, W) = (U By V) B, W =u Dy, (VBr, w).
Consequently, for a level-k curve

([ug], ... [uk]) € X(ag,a1) x -+ x X(ag_1, ag)
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we define the successively by
(3.51)

@(Tl,m,rk)(ul, S ,uk) = ( .. (((’LL1 S U)2) @D, Ug) D, U4) .. ) S, Ug.

a1

Gy
U9 a3
Uy

Uy

us

FIGURE 3.13

In view of the above scheme the gluing is obviously associative and
the following general formula holds

69(7‘1 ,,,,, Tk) (Ul, e ,Uk)
= [@(rl ..... ri_l)(ula s 7ul):| EBH [®(Ti+1 ----- 7"lcfl)(ui? T ,Uk)] :
In order to define the gluing of vector fields along curves we take

u € X(a,b) and v € X(b,c) whose £ regions are characterized by the
pairs sg < tp and s; < t;. Take a vector field h along v and a vector
field k£ along v,

h(s) € TysR" = R"

]{}(Sl) c Tv(s)Rn =R"
for all s € R and s' € R. In order to define the gluing and anti-gluing
near the corner b we take the coordinates ¢ and v in (3.47), so that
uoyw:RT —R" and vo1 : R~ — R™, and consider the vector fields

h+(5) == h [¢] QO(S) & Tump(s) = Rn
k(') = kot(s') € Tooy(sy =R"

Denoting by @%(h", k™) the old gluing formula from Section 3.3 we
define the gluing of vector fields h and k by

(h ®r k)(p(s)) = @g(ho g, kov)(s)
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which leads to the formula
(h@rk)((s)) = B(s —to — &) - h(s)
+(1—ﬁ(8—t0—§)k(Sl—R+S—t0)

for all s € R. The gluing intervals are chosen as in Figure 3.14

(3.52)

h to to+ R
1 |
Z k
E = ......
S1 — R S1
FIGURE 3.14

From the properties of the cut-off function 5 one reads off,

-1
+ 1.

h(s) s <to+
k(Sl—R+S—t0) SZt0+

(h ©r k)(p(s)) = {

[NJl=vEN]lev)

After the gluing, the information about h(s) for s > to+ % —1 and
k(s') for s’ < s; — & — 1 has disappeared. It will be recovered by the
anti-gluing formula for vector fields h and k, defined by

Or(h, k)((s)) = Bp(how,koy)(s)
for all s € R, which leads to the formula

Or(h k)(s) = —(1 = B(s —to — §) - h(s)

(3.53) +0(s =ty — &Y - k(s) + R+ 5 — to)

for all s € R. This time we have glued as in Figure 3.15.
From (3.53) we read off

k(si—R+s—1t)) s<tp+Z-1
—h(s) s>to+ 5+ 1.

(hSrk)(p(s)) = {

Hence the anti-gluing contains the informations about the vector
fields outside of the gluing intervals towards the corner b. In coordinates
in which b = 0, the situation is illustrated by Figure 3.16.
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Ly B

to t0+R

FIGURE 3.16

Denoting by exp the exponential map associated with the Euclidean
matric on R™ we can define curves near v and b by

exp,, (h)(s) = expy () (h(s)) = u(s) + h(s)
exp, (k)(s) = expye (k(s")) = v(s') + k(s)

for all s € R and s’ € R. From the gluing formul (3.48) fro curves and
(3.53) for vector fields we read off the following results.

LEMMA 3.19. If h and k are sections along the curves u € X (a, b)
and v € X (b,c), then

exp, (h) ©r exp, (k) = exp,g . (h ©r k).

The effect of the anti-gluing is illustrated by the next statement.
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PROPOSITION 3.20. Let (u,v) € X(a,b) x X(b,c). Ifw € X(a,c)
is sufficiently close to u @r v, then there exist unique vector fields h
along u and k along v, so that

€XPg, (uw) (Br (7, k))(s) = w(s)
@, (h, k)(s) = 0

The two vector fields h and k are solutions of the two equations,
Sr(u,v)(s) + ®r(h, k)(s) = w(s)
Or(h,k)(s) =0
Consequently, by the gluing formulas (3.48), (3.52), and (3.53), abbre-

viating 7(s) = B(s —to — &) and o = 72 + (1 — 7)?,

T 1l-7| h(s) ~w(s) — Bgr(u,v)(s)
T—1 7 k(si—R+s—ty)| 0
The matrix is invertible. Hence

[k( h(s) ] _ R [ T T 1} . [w(s) - @R(u,v)(s)} 7

s1— R+ s—tp) a \1l—7 7

o

so that the required solution is equal to
h(s) = 7 - [w(s) — @r(u, v)(s)]
k(s1 — R+ s —tg) = =2 - [w(s) — ®rlu,v)(s)].

PRrOOF. We observe that the vector fields h along u and v along v
satisfy, in particular,

hs) = 10— Br(wo)s) s <ot g
0 s>t + 841

< R
k:(s’)—{o S

w(s’) = Br(uv)(s) 8= -5 +1

Using the gluing construction one defines as in Section 3.1 a second
countable topology on the set X which induces the original topology
on its corresponding parts.

In order to define a polyfold structure on the space X we look at a
smooth representative

(ug,...,ux) € )?(ao,al) X e X )?(ak_l,ak)

of a level-k curve connecting ag with ay. For every curve u; € X (a;_1, a;)
we fix a distinguished negative region (—oo, s;] and the positive region
[t;,00) so that w;(s;) is close to aj_y and wu;(t;) is close to a;. Since
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aj_1 # a; we find 7; € (s;,t;) such that the tangent vector 1;(7;) does
not vanish. Following the Recipe 1.37 we now find an sc-Banach space
F,; of vector fields along the smooth curve u; and an open neighbor-
hood O,; C F,; of the origin, such that the map

Auj :Ou]. — X(a]-_l, a]‘)
h = [exp,, ()]
defines a homeomorphism onto some open neighborhood U; of [u;] in

the quotient space X(aj_1,a;). Next we shall define the sc-smooth
splicing projection m,. on the sc-smooth Banach space

(3.54) E=F,®F,® - -®F,,

for the gluing parameter r = (ry,...,74_1) € [0,1)*~L. For simplicity
we look at a level-3 curve again.
|

FIGURE 3.17

Associated with u, v and w we have the positive regions defined by
the pairs so < tg, 51 < t; and sy < t5. We first focus in a neighborhood
of the point b. If h is vector field along h and k a vector field along v
we consider, in coordinates ¢ and ¢ from (3.47), the vector fields

hoy:[0,00) — R"
ko :(—o0,0] — R™

In the notation of Section 2.2 we have hop € E* and ko € E~.
We denote the old splicing from (2.8) by

w(ho g, ko) = (hopkod).
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Then the splicing for the two vector Eelds h and k along the curves
u and v are the two vector fields h and k along u and v defined by

(3.55) m(h, k) = (h, k)
where (E,E) is given by
(Bo @,Eow) =7(hop, ko).

Therefore, explicitly, with 3 denoting the cut-off function and a =
p+ (1= 8%,

~ B(s —to— %) R

h(s) = m' [B(S_to —3) h(s)
+(1=Bls—to— L)) k(s — R+ 51— t5)]

74}\(/5) _ ﬁ(_s +S_§) ) [(1—ﬁ(—5l—|—8—§))-h(5’/+81— g)

a(—s +s— %)
+ (=" +5— & k(]

for all 5,5 € R.

In view of the properties of the cuf-off function § we obtain, in
particular,

0 s>to+ 4 +1

~ < g B
IC(S/):{O § = %0 2

7 {h(s) s<to+2 -1

k(s') s>s—2+1

We see that outside of the gluing intervals the vector fields vanish
towards the corner b but remain unchanged towards the other side.
This defines A completely. For k, however, there is second condition
comming from the other end of the curve v, namely, form the point c.
Denoting by p a vector field along the curve w, we apply the definition
(3.55) to the vector fields k and p along the curves v and w and obtain

(3.56) o (k,p) = (k. P),

where
~ B =t =) / / /
- 2 5
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In particular,

z k(s") s’§t1+%—1
0 s>t + &+ 1
Summarizing, the vector field ¥ along the curve v connecting two points

where gluing takes place is determined by the two conditions 7, (h, k) =
(h,k) and 7. (k,p) = (k,D), and satisfies, in particular,

(e}

s < s — g —1
k() =<Qk(s) si—f4+1<s<t+5-1
0 th+E+1<4.
The situation is illustrated by Figure 3.18.

b Sl—R

t + R
C

FIGURE 3.18

Tterating this construction we obtain the sc-smooth projection map
7. B — E satisfying 7, o m, = m,.. One finds ry € (0,1) such that for
r=(ry,...,r,—1) € [0,1)*! the map
0,00)* 'aUialUi& - aU, — X
(’I",hl,' .. ,hk) — [@T(’Lu +h1,...,uk +hk)]
if restricted to the splicing core, i.e., to the open set

O:=([o,r) P U @ - ®U,) N KT,

is a homeomorphism onto the open neighborhood U of ([uq], ..., [ug]) in
X. The inverse of the map defines a polyfold chart for X. The transi-
tion maps between these charts are sc-smooth and we have constructed
a polyfold structure for X.
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3.3.0.1. The Manifold Version. Assume that we are given a mani-
fold M together with a countable collection of distinct points, say P,
so that every compact subset of M only contains finitely many. For
every a € P fix a sequence if weights 0%, starting at 0 and which is
increasing. We denote by X(a,b) the collection of equivalence classes
of H?-curves R — M, connecting at —oo the point a with the point
b at +o0o. We define the level m to consist of equivalence class [u]
represented by elements u which are in H, lzotm and which are near —oo
of class (m + 2,6%) and of class (m + 2,8%,) near +oo. For a finite
sequence a of mutually different points @ = (ao, a1, .., a;) in P consider

X(a) = X(ag,a1) X .. x X(ag,,ar).

We call k the length. Let P the collection of all such sequence of finite
length £ > 1. Define

X = ]_[X(a).

If we consider a smooth level-k-map represented by (uy, ..., u;) we fix
for every wu; a distinguished negative interval (—oo,t;] (if ¢ > 0) and
a distinguished positive interval [s oo) (if i < k)). Let us denote the
sequence of asymptotic limits by ao, ..., ax so that [u;] € X(a;_1,a;).
Fix a chart ¢; for i = 1,..,k — 1 around a; so that ¢;(a;) = 0. We
assume that the closures of their domains are disjoint and that their
images contain the closed 2-balls around 0 € R”. We may assume
that the image of (—o0, s;] under ¢; 1 o u; 1 is contained in the %—ball
and that the same holds for [t;,00) under the map ¢; o u;. Since the
image of the wu; connects two different points we can find a number
7; € (si,t;) where 4;(7;) # 0. Here we put s = —oo and t;, = +o0.
We can pick charts around the ¢; mapping 7; to 0 and having disjoint
domains from the other charts so that the image again contains the
closed 2-ball around 0. Pull-back the standard Riemannian metric on
the 2-ball. Then we obtain a partially defined flat metric on M which
we can extend smoothly. Following Recipe 1.37 we can define charts
around the individual u; of the form

hi = lexp,, (ha)];

where h;(7;) € H; C T,,)M is the constrained transversal to the
derivative of w; at that point. Here h; lies in some O,,. We assume
that all the properties hold as stated in Recipe 1.37.

Let us restrict for simplicity of notation to the case of a level-2-
curve. The following procedure can be carried at every a; with 0 <4 <
k. Let u = u;, v = u;41 and 1 = ¢;. The (nonlinear) gluing is defined
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as follows:
V(@r(W, V) = &R ou Y or)
for ' close to u and v’ close to v. Here &% denotes the R™-gluing, i.e.
the model gluing. Since the exponential map comes from a metric flat
near a = a; the following holds. Take H? sections h and k along v and
v which are sufficiently small so that the following formula make sense.
Denoting by di the map pry o T, i.e. the principal part we see
w(@R(eXpu( ) eva( ))

= @r(Y(exp,(h)), (exp,(k)))

= @R(U(u), ¥(v)) + Bp(dp(h), dy(v)k)

= Y(Br(u,v)) + Sp(dv(u)h, d(v)k)

= OXPy(e p(un)) (DR(AY(W)h, dip(v)k))

= (XD y(u) (TU(BR(u, ) (BR(dY(w)h, Ay (v)k))).

Let us define linear gluing as follows
Dr(h, k) = TY(@r(u,v))) " (Sg(d (u)h, d(v)k)).
Then @gr(h, k) is a section along @ g(u,v). Using these definitions we

have the following nice formula

LEMMA 3.21. For h and k being sufficiently small sections along u
and v we have

(357)  ©r(exp,(h), exp, (k) = expg, () (Br(h, k).

Let us define next the anti-gluing ©g(h, k). This will be a map
R—T,M
defined by
Or(h, k) := T(a) " (SR(dp(u)h, dip(v)k)).

LEMMA 3.22. Assume that u and v are as described above. Con-
sider &, (u,v) and assume that w is sufficiently close. Then there exists
a unique pair of sections (h,k) of w*TM and v*TM so that

©r(h, k) =0 and expg, (. (©r(h, k)) = 0.
Proor. This is a system of two equations. Using the definitions it
is equivalent to
Sq(dp(uh, di(u)k) =0
Sh(dy(wh, db(u)k) = p(w) — ¥ (@, (u,v))
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By the properties of the R"-gluing and anti-gluing we see that di)(u)h
and di(v)k are uniquely determined. Hence the same is true for (h, k).
|

Next we have a look at the construction of charts. We have a
suitable neighborhood O, around zero in F,, and similarly O, around
0 € F,. The data is assumed to have the properties described by Recipe
1.37. Then define for a sufficiently small ro > 0

A:[0,r9) 0,0, — X
by
A(’I”, h, k) - [EBT (expu(h), eva(k))]'
Observe that if A(r, h, k) = A(r’', k', k") then there exists ¢ with

©yr (exp,, ('), exp, (K)) = t * ©,(exp,, (), exp,(k)).

By the properties of the charts for X(a,b) and X (b,c) given by the
Recipe, we see that t = 0 and R = R’ as before. If we know in addition
that ©,(h, k) = ©,(W, k) it follows that the two pairs are equal. Let
us define the associated splicing projection m, via the already studied
model splicing which we denote by 7°. The obvious definition is given
by

o (h k) = (b, k),
with (h, k), (h, k) € F, ® F,, where (h, k) are defined by
(dp(h)h, dp(v)k) = m,(dip(u)h, dip(v)k).
From this we deduce that
N 7(s)(1 = 7(s))
a(s)

There is a similar formula for k. It follows immediately from the defi-
nition that =, is sc-smooth. In fact, the map

dip(u(s) rdyp(v(s — R))k(s — R).

F,®F, — E:(hk)— (d(u)h,dy(v)k)

is a linear sc-isomorphism and therefore sc-smooth. Then 7° is a sc-

smooth splicing projection on E. Then this is followed by the inverse
of the linear sc-operator. Hence (7, F,, @ F,,[0,7)) is a sc-smooth
splicing. Then the restriction to the splicing core gives a chart and all
these charts are smoothly compatible. Hence we have proved:
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THEOREM 3.23. The space of level-k-curves X in the manifold M
has for given sequence 6* = (0%) for every a € P a natural M-polyfold
structure where the charts have the form

(7’1, ey T—1, h17 ey hk) — [exp@(rl,u,rkfl)(ulv--vuk)(@(Tl""rkfl)(hl’ ey hk))]



CHAPTER 4

M-Polyfold Bundles

4.1. Local Strong sc-Bundles

Prompted by constructions of pull back bundles later on we continue
with the conceptual framework and consider two Banach spaces £ and
I equipped with the sc-smooth structures defined by the filtrations
E,,, resp. F,, for m > 0. Their <-product

E<F
is the Banach space E & F equipped with the double filtration
(E<9F )y = En @ Fy,

where m>0and 0 < k <m+ 1.
Similarly, if U C E is an open subset, then U < F' is the open set
U & F equipped with the double filtration

(U<1F)m7k:Um@Fk

forall m > 0and 0 <k <m+ 1. Here U,, = U N E,,, as introduced
in Section 1.1. With the canonical projection map

U<«F —U

we obtain a bundle, called a local strong sc-bundle . The <—tangent
bundle of the product U < F' is defined as

T.(U < F) = (TU) < (TF).

Recalling the tangent bundle from Section 1.1, the <-tangent bundle is
equipped with the double filtration,

Ty(U<F)pr=(TU), ® (TF)y,
= (Um+1 ©® Em) @ (FkJrl ® Fk)'

forallm>0and 0 <k <m+ 1.
Recall the notation Fy = F'. Associated with the product U < F one
has the derived sc-spaces

U F and U@ F!
125
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for every n > 0. They are equipped with the standard (simple) filtra-
tions

(UH@F)m: n+m@Fm7 m >0
(Un@Fl)m: n-l—m@Fm-i-la m 2> 0.
DEFINITION 4.1. I[fU<F — U and V<G — V are two local strong
sc-bundles, then a sc3—map is a map
f:U<qF =-V«(@G

of the form
fu, h) = (a(u),b(u, h))
which induces C-maps
U, ®F,—V,dF,
forallm>0and 0 <k <m+1.
Recalling Definition 1.3 of a sc’-map we note that the map f of
class sc? induces sc’-maps between the derived sc-spaces
U@ F' - V"G
for every n > 0 and i = 0, 1. Recalling Definition 1.6 of an sc'-map we
introduce the next smoothness concept.
DEFINITION 4.2. The scd-map f : U< F — V <G is called of
class sc:1 if it induces sct-maps between the derived spaces
U@ F' - V"G
for everyn >0 andi =0, 1.

The tangent map associated with the sc!-map f is the sc’-map
Tof :TJ(U<F)— TV <G)
defined by
(Taf)(u, hyv, k) = (a(u), Da(u)h, b(u,v), Db(u,v)[h, k)

where (u,h,v,k) € Upi1 ® Ep @ Fryg @ Fy with 0 < kB < m + 1.
From the chain rule for sc'-maps (Theorem 1.13) one easily deduces
the following chain rule for sc!-maps.

THEOREM 4.3. Assume the maps f : U< F — R<G and g :
VaG — W H are of class scl, where U C E and V C R are
open subsets equipped with the induced sc-structures. Assume also that
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g(U<F) C (V<@Q). Then the composition go f is also of class sc. and
the tangent maps satisfy

To(go [) = (Tag) o (Taf).
Moreover, Ty(g o f) is sco.

An sck—vector bundle map is an sct-map & : U<E — V< F of
the form

®(z, h) = (a(x),b(x, h))
which is linear in h. The map ® is called an scy-vector bundle isomor-
phism, if it is sc-smooth and if the same also holds for the inverse
map.
We distinguish between two different classes of sc-smooth sections
of the local strong sc-bundle U < F' — U.

DEFINITION 4.4. An sc—smooth section f is a map of the form

u— (u, f(u) EUSF

so that the principal part f : U — F is sc-smooth. An sc-section
f is called an S£+ — smooth section if its principal part induces an
sc-smooth map f: U — F*.

The tangent map T'f of a sct-section f is a sct-section of the <-
tangent bundle TU «TF — TU. Let us denote the space of sc-smooth
sections by I'(U < F') and that of sc™-sections by I't (U < F'). Assume
that ® : U< F — V <G is an scg-vector bundle isomorphism. Then the
pull back maps induce linear isomorphisms

T(VaG) — DU <G)
and
IV«G) -THU<G).

The same, of course, holds true for the push-forward.

4.2. Strong sc-Vector Bundles

We use the discussion in Section 4.1 to define a useful class of sc-
bundles over an sc-manifold. We consider two sc-manifolds X and Y
sc-manifolds together with a surjective sc-smooth map

p:Y — X.
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We assume that every fiber p~!(z) C Y has the structure of a Banach
space. To define an additional structure we now assume that we can
cover Y with scy-charts. An scq — chart is a tuple

(»~'(0),®,U<F)
where O C X is an open subset and
d:pHO)—UBF
is a homeomorphism which is fiber-wise linear and covers an sc-smooth
chart
p:0—-U
so that pr; o ® = pop. In addition, we assume that all transition maps
between our sc-charts

Vod':pONO)<F —yp(ONnO)<G

are scq-smooth vector bundle isomorphisms. Recall that this requires
the following. The transition map I' = W o ®~! necessarily has the form

T(u,h) = (¥ o o~ (u),b(u, h))
and is linear in h. In addition,
L:pONOY"@F' —p(0ONO)" &G
is sc-smooth for all the derived spaces with n > 0 and « = 0,1. Sum-

marizing, we have constructed a strong sc-vector bundle structure for
p:Y — X according to the following definition.

DEFINITION 4.5. A strong sc-vector bundle structure for a
surjective sc-smooth map p : Y — X between sc-manifolds consists of
the following data. FEvery fiber has the structure of a Banach space.
There is a maximal atlas of smoothly scy-compatible scy charts.

We point out that the postulated compatible sci-charts define a
double filtration Y, on Y where m > 0 and 0 < k < m + 1. The
map p : Y — X maps Y, onto X,,. An element z € X contained in
X, is called of regularity m. The points y € p~!(x) C Y1 have fiber
regularity k, where k is restricted to 0 < k < m + 1.

We remark that the tangent bundle p : TX — X! is in general not!
a strong sc-vector bundle for its natural structure (at least not in a
natural way).

Clearly p is sc-smooth and surjective and the fibers have a Banach
space structure. The transition maps for sc-charts T and T have
the form

T(Woo¢™):p(ONOY BE —w(ONO) @F.
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Let us write this for convenience shortly as
rwerE—-VaerFr

It is straightforward to verify that the sc-smoothness implies that the
induced maps

F:W1+n@E_>V1+n@F
are sc-smooth. In general the maps do not induce sc-smooth maps
T W1+n @ El N V1+TL @ Fl.

In fact this will, in general, not even be the case for n = 0. However, if
we restrict the tangent bundle TX to X2, then TX|X? — X? admits
a natural sce-structure.

4.3. Example of a Strong Bundle over X (a,b)

Let X (a,b) be the sc-manifold consisting of the equivalence classes
of maps R — M connecting the points a and b as introduced in Section
1.5. We will construct a strong sc-vector bundle Y (a,b) over X(a,b).
Choose [u] € X(a,b). Then take a representative u and consider the
pull back bundle «*TM — R. If u is on level m, that is of class
H™ 2% it makes sense to talk about H"*-sections along u. By
using trivialisations near a and b coming from charts we can define
for every € > 0 sections which in local coordinates near the ends have
weak derivatives up to order m which if weighted by el*! belong to
L% 1f 0 < k < m+ 1, the space H*"19% (u*T' M) is well-defined. Now
consider pairs (u, h) of level (m, k) which by definition consist of a path
u € X(a,b) of class m and h € H¥19%(y*TM). Two such pairs are
equivalent if they lie in the same orbit of the obvious R-action. Let
us denote the whole collection by Y'(a,b). Clearly we have a canonical
map

Y(a,b) — X(a,b).
Also observe that at this point we have the double filtration Y (a, b), 1, —
X(a,b),, with 0 <k <m+1. Let us define next strong sc-vector bun-
dle charts. They will be constructed out of our charts in the way as

we are familiar from the usual constructions of manifold of maps, see
[12]. We give the inverses of the charts

(h, £) = [(exp, (h), Va exp, (h)0)].

Here h belongs to the usual neighborhoods of 0 € F,, and ¢ € H'. The
transition maps are clearly sc-smooth.
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4.4. Strong M-Polyfold Bundles

4.4.1. Spliced Fibered Scales. Next we introduce a spliced ver-
sion of our fibered scales. We take an open subset V of a partial
cone and two sc-smooth Banach spaces F and H, and consider two
sc-smooth splicings Sy = (m, E,V) and S; = (0, H,V) as defined in
Section 2.1. The parameter set V' is the same for both splicings.

In the following we denote by

[k, m]
a pair of integers satisfying 0 < k < m + 1.

DEFINITION 4.6. A spliced sc-fibered Banach scale is the triplet
S.=(II,E<H,V)
where 11, = (m,,0,) : E<H — E < H is the family of projections
parametrized by v € V.

Taking two splicing cores Ky = K% = {(v,e) € V @ E| m,(e) = e}
and K; = K = {(v,h) € V@ H| 0,(h) = h} we can construct their
<-product

KS = Ky <y K,

having the double filtration defined by

(Ko v K1)y, = {(v,e,h) €V & B, @ Hy, | mp(e) = e and 0, (h) = h}.

The canonical projection
(Vo E)<H—-Va&EFE
induces the natural sc-smooth projection
pr, @ K8 — K,

As before we can define a tangent splicing 7'S, and the associated
splicing core K75 so that T pr, induces the projection

Tpr,: TKS — TK®.

We are interested in pairs (K50, S.), where S, is a spliced sc-fibered
Banach scale (I, £ < H, V) and where

K50
stands for the the preimage under the canonical projection

KSq N KS()
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of an open subset O of K% C V @ E. A smooth morphism
(K50, 8) — (K%|0',8%)
is an sc-smooth map
KS“]O N KS<,1|O/

of the form
(v,e,h) = (p(v,m(e)), D(v, mu(e), 00(h)))

where (v,e,h) € O @ H and o(v,m(e)) € O C V'@ E' and where
O (v, my(e),0,(e)) € H'. Moreover, the fiber map ® is linear in the
last argument. Recall from Section 2.3 that the subset O is open in
V & E and defined by O = {(v,e) € V& E | (v,7,(e)) € O}. Simi-
larly we can define the sc-sections and sc*-sections I'(S,, K5<|0) and
(S, K540). In future, if irrelevant, we might suppress the S, in
the notation and simply write for example I'(KS<|O). We also consider
sce-smooth vector bundle morphisms which are linear on the fibers.

4.4.2. M-Polyfold Bundles. Let Y and X be M-polyfolds and
p:Y — X a surjective sc-smooth map so that the preimage of every
point carries the structure of a Banach space.

DEFINITION 4.7. A M-polybundle chart forp : Y — X is a
triple (U, ®, (K%|0,8.)), where U is an open set in X and ® is a
homeomorphism

:p I (U) — K%|O
which is linear on the fibers and is covering a homeomorphism

0:U—0OcK®

so that prio® = pop. Moreover, ® and p are smoothly compatible with
the M-polyfold structures on'Y and X. Two M-polybundle charts are
called scq4 — compatible provided the transition maps are scq-smooth
local polyfold-bundle morphisms. A M-polybundle atlas consists of
a family of M-polybundle charts so that the underlying open sets U
cover X and so that the transition maps are scq-smooth. A maximal
smooth atlas of M-polybundle charts is called a M-polyfold bundle
structure.

The situation of an M-polyfold bundle chart is illustrated by the
following diagram.
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Y o pHU) —2— KS¢|O C K5

|» [

X >U —s OcCK®
Y

Here O is an open subset of the splicing core
K% ={(v,e) e V®E |m.(v) = e},

where V' is a partial cone in a finite dimensional vector space W and
F is an sc-Banach space.

K‘SQ\O: {(v,e, ) eVBEDF |(v,e) €0 and o,(f) = },

where F' is an sc-Banach space. The fiber over (v, e) € O is the Banach
space

pri ' (v.e) = (v.e) x {f € Flow(f) = f}.

4.4.3. A Strong M-Polyfold Bundle over X. We have previ-
ously introduced the strong sc-vector bundle Y (a,b) — X(a,b). Let us
first study the case where the underlying manifold is R™ and consider
the M-polyfold of level-k-curves. We define ¥ — X in the obvious
way and will show that it carries the structure of a strong M-polyfold
bundle.The local coordinates are constructed using a splicing core as-
sociated to the strong local bundle

(Fu, ®.0F,)<H (WTM)® .0 H' (W;TM) - F,, ®..® F,,

with sco-structure given by quality ((m + 2,6,,), (K + 1,0x)). In local
coordinates the splicing projections for fiber and basis are given by
the same formulas as before. If this splicing is denoted by S, with
underlying splicing Sy we see that the inverse of charts have the form

(11, o h—1s Py oy g by, b)) — [@0(Vaexpy, (R)by, ., Vs eXpuk(hk)bk)],

where the data ranges in K5¢|O and O is ithe mage of the chart in K<,
and where V5 denotes the fiber derivative of the exponential map.



CHAPTER 5

Local sc-Fredholm Theory

We begin with a version of the implicit function theorem in our
“sc-context”.

5.1. An Infinitesimal sc-Implicit Function Theorem

In order to study the local behavior of functions near a point we
make use of the concept of germs. If E is a Banach space with the
sc-smooth structure

FE=FEDFE DFED>---DE,D:---

we denote by O(F,0) an sc-germ of neighborhoods of 0 consisting of a
decreasing sequence

UyoU;D2U;,D2---DU,, D"

where U, is an open neighborhood of 0 in E,, for every m > 0. We
point out that in contrast to the notation in Chapter 1, it is not required
that U, is induced from Uy as U, = Uy N E,,.

If F'is a second Banach space with the sc-structure F' = Fy D F; D
Fy,D>---D>F, D---, then an sc’- germ

f:O(E,0) — (F,0)
is a continuous map f : Uy — Fj satisfying f(0) = 0 such that
f:Un— Fp

is continuous for every m > 0. The sc-tangent germ O(E,0) associ-
ated with the neighborhoods U, belonging to O(F,0) consists of the
decreasing sequence

Um+1 @ Em; m Z 0

of open subsets of E,,.1 ® E,,. An sc’- germ F : O(E,0) — (F,0) is
an sc’-germ which, in addition, is of class sc! in the sense of Definition
1.6 or Proposition 1.7, however, this time with respect to the nested
sequence U, of the sc-neighborhood germ O(F,0).

133
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DEFINITION 5.1. Consider a finite dimensional space V' and an sc-

Banach space E. Then an sc®-germ f: O(V x E,0) — (E,0) is called

an sc® — contraction germ if it has the form

f(v,u) =u— B(v,u)

so that the following holds. For every m > 0 there is a constant 0 <
Pm < 1 such that

1B(v,u) = B(v, w)llm < pm - [ = t[m

for (v,u) and (v,u’) close to 0 in' V x E,,. Here the notion of close
depends on m.

We start with the following trivial consequence of a parameter de-
pendent version of Banach’s fixed point theorem.

THEOREM 5.2. Let f: O(V & E,0) — (E,0) be an sc®-contraction
germ. Then there exists a uniquely determined sc”-germ § : O(V,0) —
(E,0) so that the associated graph germ gr(d) : V. — V@S E, v
(v,0(v)) satisfies

fogr(d)=0.

Our main concern now is the regularity of the solution ¢.

THEOREM 5.3. If the sc®-contraction germ f : O(V&E,0) — (E,0)
is of class sct, then the solution germ 6 : O(V,0) — (E,0) in Theorem

5.2 is also of class sct.

Proor. We fix m > 0 and show first that the set
1

(5.1) Eﬂﬂv+®—5wwm

is bounded for v and b # 0 belonging to a small ball around zero in V'
whose radius depends on m. Since the map B is of class sc!, there exists
at (v,u) € Uyq1 a bounded linear map DB(u,v) € L(V @ E,,, F,),
and we introduce the following notation,
DB(v,u)[v,u] = DB(v,u)[v,0] + DB(v,u)|0, U]
= Dy B(v,u)[0] + D2 B(v, u)[ul.

Since v — J(v) is a continuous map into F,, 1 and since the map B is
of class C'' as a map from an open neighborhood of 0 in V @ E,,,4; into
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E,,, we have the identity
1
B(v +b,6(v + b)) — B(v,6(u+ b)) = U DyB(v + sb, 6(v+ b))ds | 1.
0
AS a consequemnce,

hi LB +b,6(0+ b)) = B(v, (0 + )
(5.2)

1
< [ 1DB(+ sb,5(0 + B)]ds < G
0

Recalling §(v) = B(v,d(v)) and 6(v + b) = B(v + b, (v + b)) we have
the identity,
d(v+0b) —0o(v) — [B(v,0(v+ b)) — B(v,(v))]

(5.3) = B(v+b,6(v+b)) — B(v,0(v +b)).

From the contraction property of B in the second variable one concludes

(5.4)  [IB(v,6(v + b)) = B(,0(0))lm < pmll6(v +b) = 6(0)[|m-

Now, using 0 < p,, < 1 one derives from (5.3) using (5.2) and (5.4) the
estimate

willo +b) = ()|
1
1 - Pm |b

1
-C,,
1 Pm

as claimed in (5.1). Since B is of class C! from V & E,,,,; into E,, and
since ||0(v + b) — 0(v)||m < C!, - 0] by (5.1), the estimate

| ||B(v +b,0(v+b)) — B(v,6(v+0b))|m

(5.5)  d(v+b)—d(w)— DB(v,6(v))-[b,d(v+b) —(v)] = 0,n(b)

holds true, where o,,(b) € E,, is a function satisfying ﬁom(b) — 0 in
E,, as b — 0in V. We next prove

(5.6) 1D2B(0,6(v)hllm < pim - [|Plm

for all h € F,,,1. Fixing h € E,, 1, we can estimate
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[D2B(v,6(v))hllm
L

i 1B(v,6(v) +th) — B(v,6(v)) = D2B(v,6(v))[th][|m

1
ar |1B(v,6(v) 4 th) = B(v,6(v))|[m-
In view of the postulated contraction property of B, the second term is
bounded by py, - |||, while the first term tends to 0 as t — 0 because
B is of class C''. Hence the claim (5.6) follows. Using (5.6) and the fact
that F,,.1 is dense in F,,, we derive for the continuous linear operator
DyB(v,6(v)) : E,, — E,,, the bound

(5.7) [ D2B (v, 6(v))hllm < pum - || 7llm
for all h € E,,. Thus, in view of p,, < 1, the continuous linear map
L(): E, — E,
L(v) :=1d — DyB(v,d(v))

is an isomorphism and we conclude from (5.5) the estimate in E,,,
§(v4b) —6(v) — L(v) ' D1B(v, §(v))b = 0,,(b).

Therefore, the map v — §(v) into E,, is differentiable and its derivative
8 (v) € L(V, Ey,) is given by the formula

(5.8) §'(v) = L(v) "Dy B(v,d(v)).

It remains to show that v — ¢'(v) € L(V, E,,) is continuous. To
see this we define the map F': (V& V) @ E,, — E,, by setting

F(v,b,h) = Dy B(v, 5(0))[b] + DsB(v, 5(v))[1].

The map F' is continuous and, in view of (5.7), it is a contraction in
h. Applying a parameter dependent version of Banach’s fixed point
theorem to F' we find a continuous function (v,b) — h(v,b) from a
small neighborhood of 0 in V & V into E,, satisfying F(v,b, h(v,b)) =
h(v,b). Since we also have F(v,b,0'(v)b) = ¢'(v)b, it follows from the
uniqueness that h(v,b) = 6’(v)b and so the map (v,b) — & (v)b is
continuous. Using now the fact that V' is a finite dimensional space we
conclude that v — ¢§'(v) € L(V, E,,) is a continuous map. The proof of
the theorem is complete. |

Theorem 5.3 shows that the sc’-contraction germ f which is also of
class sc! has a solution germ ¢ satisfying f(v,d(v)) = 0 which is also of
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class sc'. We shall show next, that if f is of class sc?, then ¢ is also of
class sc2. To do so we define the sc’-germ (V) by

fY 0TV ®TE,0 —TE
fY,b,u,w) = (u— B(v,u),w— DB(v,5(v))[b, w])
- (u> UJ) - B(l)(v) b7 u, w)7
where the last line defines the map BM". For v small, the map B(") has
the contraction property with respect to (u,w). Indeed, on the m-level
of (TE),, = Epny1 © Ep, ie., for (u,w) € Epy @ E,, and for (v,b)
small we can estimate, using (5.6),
|BY (v, b4/, w") — BY (v, b, u, w) ||
= [|B(v,v') = B(v,u)|lm+1
+ [[DB(v,6(v))[b, w] — DB(v,6(v))[b, w]|lm
< Pttt = ullmsr + [ D2B(v, 6(0)) [w" — w][lm

/

< max{per. pun} - (o = ullos + 0 = )

- maX{pm+17 pm} ’ H(ulv wl) - (uv w)Hm'

Consequently, the germ f() is an sc’-contraction germ. If now f is of
class sc?, then the germ f() is of class sc', as one verifies by comparing
the tangent map 7'f with the map f() and using the fact that the
solution 4 is of class sc!. Hence we deduce from Theorem 5.3 that the
solution germ 6V of f() is of class sc'. It solves the equation

(5.9) fY (v, b,6W (v,)) = 0.

But also the tangent germ 7' defined by T'6(v,b) = (6(v),d'(v)b) is a
solution of (5.9). From the uniqueness we conclude §!) = T'§ so that
T6 is of class sc!, and hence § of class sc?, as claimed. Proceeding
inductively one verifes the following result.

THEOREM 5.4. If f: O(V @& E,0) — (FE,0) is a contraction germ
which is, in addition, of class sc*, then the solution germ

J:0(V,0) — (E,0)

satisfying
fv,0(v)) =0

is of class sc”.

PROOF. The proof is a consequence of the statements (k) below
which we prove by induction. In the following we denote by §7(v;) :
V@ @V — E the j-th derivative of 6 : V' — FE at the point v;. It
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is a multilinear map (vg,- -+ ,vj11) +— 07(v1)[va, - -+ ,vj41]. Moreover,
D, ;jB(xy,--- ,x;) denotes the linearization of the function B with re-
spect to the first variable z; and the last variable z;. .

(k) Let f: O(V @ E,0) — (F,0) be a contraction germ of class sc”
and let 6 : O(V,0) — (E,0) be a solution germ. Then § is of class sc.
Set B = B and define fM (v, h) = h—BW (v, h) for (v, h) € VB E.
Then for every 2 < j < k there exists a map

(5.10) f9:vevVe  -eVeE—E

of the form

(511) f(j)(Ul, s, Uy, h,) =h-— B(j)(i}h cr Uy, h,)
where

B(j)<1)17 T 7Uj7h)

(5.12) — DlﬁjB(j’l)(vl, e ,vj_l,dj’z(vl)[vg, e 71,]._1])[7)].7}4
having the following properties. If 1 < j <k, the germ (vy,- - ,v;) —
671 (vy)[va, - - -, vj] solves the equation

(513) f(j)(Ul, te ,Uj, (Sjil(’Ul)[Ug, cee ,Uj]) =0.

Moreover, every map fU) is multilinear with respect to (vg,v3,- -+ ,v;,h)

and is a contraction germ with respect to h.

The statement (k) for & = 1 is just the conclusion of Theorem
5.3. Now assume the statement to hold true for £k > 1. We shall
prove that it holds true also for k 4+ 1. Let f be of class sc**'. By
assumption (k), the solution germ v — d(v) from V to E is of class
sc¥. Since f is of class sc¥, the map B® is of class sc? so that the
map (v, Vg1, b1, h) = Dy B®(v1, -+ vp, ha)[ogga, h], where
(v1, - U1, hi, h) EVAV - - VO E'® E, is of class sc'. Composing
this map with the sc!-map

(vla c Uk, h) = (U17 sy Uk, 6/6—1(1)1)[1)27 e 7Uk}7 h)
we define the scl-map
BED gy, oo vgi, b
(5.14) (01 ’”(Z) ) -
:Dl,k+lB (vla"' 7Uk75 (/Ul)[/UZ;”' 7vk})[vk+17h]

and introduce

(5.15) FED (oo, h) == h = B¥ (v, g, R).
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Abbreviating for the moment w = (vy, -+, vy, ¥ (v)[vg, - -+, vp])
and using the fact that B®*) is linear with respect to h we obtain for
the linearization in (5.14),

Dy 1 B¥ (w)[vgy1, b = Dy B (w)[vg 1] + Do B® (w) (]
= DlB(k)(w)[ka] + B(k)(’l)l, e, Uk, h)

This shows that f*#*1 is a contraction germ because, by assumption,
B®)(vy,--- v, h) is a contraction with respect h. In addition, we
see that f*+1 is linear with respect to the variables (vo, - - - , vgy1, ).
Applying Theorem 5.3 to the map f**+, we find a unique map

(v1, 02, Op1) = h(vr, o V)
from V@V @ --- @V to E which is of class sc!, solves the equation
h(vi, -+ opgn) = B (w, h(or, -+ op)),
and satisfies h(0,---,0) = 0. On the other hand, by assumption (k),
F ) vy, - -+, v] = B(k)(vl, oo, 0T () g, -, k))

for (vy,vg, - vx) € VBV & ---@ V. Differentiating this identity with
respect to v; we find

8" (v1)[va, -+, 1] = DiB® (v, -+ v, 65 () [va, - -+, o)) [
+ Dk+1B(k)(U17 s, Uk, 5k71(v1)[v27 Tt 7vk])[6k(v1)[v2’ e ,Uk+1”
= B(kﬂ)(vh T ,Uk+175k(v1)[v27 T 7'Uk+1])'
Hence, by uniqueness, 6*(vi)[va, -+, vp11] = h(vi, -+, vps1). Since
(01, Up1) — h(vy, -+, vgpyr) is of class sct, the map (vq, -+, vp41) —
8 (v1)[vg, - -+, vpy1) is also of class sc!. This implies that the map

k+1

v — §(v) is of class sc""' as claimed. The proof of the theorem is

complete.
[ |
5.2. sc-Fredholm Germs and Perturbations

After some preparation we shall introduce the crucial concept of a
germ of an sc-Fredholm section.

5.2.1. Linearized sc-Fredholm Germs. Consider two sc-smooth
Banach spaces F and I’ and a strong sc-bundle

b:U<xF —U
where U is an open subset of E. If ¢ is a smooth point, i.e., if
€U =UNUx
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then we denote by [b, q] or [U < F, ¢] the germ of b around the point g.
Similarly, [f, ¢] denotes the germ of an sc- smooth section of the bundle
[b, ¢] around the point ¢. If

V.U <«F —U
is a second strong sc-bundle with the open set U’ of E’, we also choose
a smooth point ¢’ € U’, take the germ [0/, ¢/] around the point ¢’ and

consider a germ of an sc-smooth section [g,¢’] of the bundle [V, ¢].
Assume that

[©,q] : [b,q] — [V, ]
is a germ of a strong sc-vector bundle isomorphism covering the germ
[0, q] of the sc-diffeomorphism satisfying o(q) = ¢’. It is of the form

O(z,h) = (o(z), p(z)[h])

where our notation indicates that the fiber maps h — ¢(z)[h] from
F to F’ are linear sc-isomorphisms. Now define the germ [g,¢'] of a
smooth sc-section of [V, ¢/] as the push-forward of the germ [f,q] of
section of the bundle [b, ¢|, as usual, by

g=0,.f:=Pofoo .
If f:U — Fis the principal part of the section f and §: U’ — F’ the
principal part of the section ¢, then
g(a) =prso®o foo () = p(z)[foo™(z)]

Linearizing g at the smooth point ¢’ = o(q) we obtain by the chain
rule the formula

Dg(q)h = ¢(¢)[Df(q) o Da(q)~'h] + A(q)[1],
where A(¢')[h] is the linearization of the map

(5.16) z — o(@)[f(9)] € (F)!

at the smooth point ¢’ in the direction h € E'. Now, since ® is a strong
sc-vector bundle map, and since ¢ and hence also T(q) are smooth
points, the map (5.16) is an sc-smooth map U’ — (F’)!. Therefore,
the linear map A(¢') : E' — F” is an scT-map in the sense of Definition
1.20. The linear map

h— o(q)[Df(q) o Do(q)~" - h]

from E’ to F’ is sc-Fredholm in the sense of Definition 1.18 if and only
if Df(q) : E — F is an sc-Fredholm map. If this is the case, then we
conclude from the stability of the Fredholm property in Proposition
1.21 that the linear map Dg(q¢') : E' — F’ is also an sc-Fredholm map.
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As a consequence we can define the following intrinsic property of the
germ [f, q].

DEFINITION 5.5. If q is a smooth point, then an sc-smooth section
germ [ f, q| of the strong sc-germ [b, q] is called linearized sc—Fredholm,
if the linearization Df(q) of its principal part at q is sc-Fredholm in
the sense of Definition 1.18.

In view of the above discussion, the property of being linearized sc-
Fredholm is invariant under (germs) of coordinate changes for strong
sc-bundles. We summarize this fact as a proposition.

PROPOSITION 5.6. If q is a smooth point, and if [f,q] is an sc-
smooth germ of a section of a strong sc-vector bundle and [g,p] is the
push-forward by a strong sc-vector bundle isomorphism germ P, then
[f,q] is linearized sc-Fredholm if and only if this holds true for [g,p].

From the stability of the Fredholm property under perturbations,
formulated in Proposition 1.21, we deduce the following result.

PROPOSITION 5.7. Let U be open in the sc-Banach space E and
U<F — U be a strong sc-vector bundle. Assume that ¢ € U is smooth
and [f,q| is a sc-smooth germ. Assume that [s,q| is a sc™-smooth germ.
If [f,q] is linearized sc-Fredholm, then so is [f + s, q|.

PRrROOF. Taking the principal parts f and 5 we know that D5(q) is
an scT-operator in the sense of Definition 1.20. Hence if D f(g) is an
sc-Fredholm operator so is D f(q) + Ds(q) by Proposition 1.21 . W

5.2.2. sc-Fredholm Germs. Given the strong sc-smooth bundle
b:U<F — U,

where U C F is open, and given the smooth point ¢ € U, we consider
the germ [f, q] of an sc-smooth section around g.

DEFINITION 5.8. The sc-smooth germ [f, q| of the strong sc-bundle
germ [b, q] is an sc—Fredholm germ, if the following two properties
hold true.
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1) Regularizing property: for everym > 0, there is a smooth open
neighborhood O,, C U,, of q so that if p € O,, and f(p) €
(U < F)m,m-‘rl; thenp € Um+1-

2) Contraction property: there exists a partial cone V' in R™, an
sc-smooth Banach space W, and a germ of a strong sc-vector
bundle isomorphism

U:OWU<aF,q) —O(VaW)dRYoW),0)
which covers the sc-diffeomorphism germ o : O(U,q) — (V &
W,0) satisfying o(q) = 0 and which has the following property.
IFpry: VOW)a(RVNGW) —» RYGW and P: RN @W — W
denote the canonical projections, then the sc-smooth germ

v(f): OV ew,0) — (W,0)

U(f)(v,w) = Popryo[Wofoo(v,w)—¥(f(g))

0

s an sc’-contraction germ in the sense of Definition 5.1.

PROPOSITION 5.9. The sc-Fredholm germ [f,q] is a linearized sc-
Fredholm section in the sense of Definition 5.5.

PROOF. By assumption, the sc-smooth germ W(f) is of the form
U(f)(v,w) =w — B(v,w). Linearizing at the point (v, w) = 0 we find
DY(f)(0)[v,w] =w — DyB(0)w — Dy B(0)7.

As in the proof of Theorem 5.3 one verifies that the linear opera-
tor DyB(0) : W,, — W, is a contraction for every m > 0, i.e.,
| D2B(0)]|,n, < 1. Consequently,

Id—DyB(0): W — W

is an sc-isomorphism. Since V' is finite dimensional and since P projects
onto a subspace of finite codimension, it follows that the linearization
of the principal part of the push-forward of the section [f,q],

(v,w) — Wo foo (v, w),
at the point (0,0) is an sc-Fredholm operator. From Proposition 5.6

we conclude that [f, ¢ is a linearized sc-Fredholm section, as claimed
in Proposition 5.9. |

Clearly, the property of being sc-Fredholm is also invariant under
coordinate changes of strong sc-bundles.

PrRoOPOSITION 5.10. Let f be an sc-smooth section of the bundle
U<F — U. Assume that ® : O(U < F,q) — O(U' < F',p) is a germ
of an sc-smooth vector bundle isomorphism. Then the section [f,q]
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is an sc-Fredholm germ if and only if the push-foward [®.f,p| is an
sc-Fredholm germ.

Finally, we are able to introduce sc-Fredholm sections.

DEFINITION 5.11. An sc-smooth section f of the strong sc-vector
bundle U <« F — F' is called sc— Fredholm if at every smooth point
q € U, the germ [f,q] is a an sc-Fredholm germ.

In view of the invariance under coordinate changes of strong sc-
bundles, the definition immediately generalizes to strong sc-bundles
over sc-manifolds.

5.3. Fillers and Local M-Polyfold Fredholm Germs

Recalling the cumulating notations first we consider the two splic-
ings So = (m, £, V) and S; = (0, F, V) having the same parameter set
V' which is an open subset of a partial cone in R™. The spaces E and
I are sc-smooth Banach spaces and

., E—FE and o,: F — F
are the projections parametrized by v € V as introduced in Section
2.1. For fixed v we shall abbreviate the image of the projection 7, in
E by

Ko, ={e € E|m,(e) =€}

and its complement in E by

K§,={e€ E[(Id—m,)(e) = e}
so that for every v € V
(5.17) E =Ko, ® Kg,.
Every e € E splits accordingly to the splitting (5.17) into the sum

e= ei b ef,.

Similarly, the projection o, : F' — F' defines the splitting
(5.18) F=Ky,®Kj,

Associated with the splicings Sy and Sy the spliced sc-fibered Ba-
nach scale
S<1 = ((71.70-)7E<F7V)
has been introduced in Section 4.4. The <-product £ < F' is the Banach
space E @ F equipped with the double filtration (E® F),,x = E,, ® F},
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form > 0 and 0 < k < m + 1. The splicing cores associated with Sy
and &) are the image bundles of the projections,

Ky=K% ={(v,e) e V@ E| m,(e) = ¢}
Ky =K% ={(v.f) eV&F|o(f)=f}
The total splicing core K< is their <-product
K% = Kya K,
which as a set is equal to {(v, e, f) € (VBE)<F| m,(e) = e and 0,(f) =

f}. The projection
VOE)<F - VoE

induces the sc-smooth projection
K% — K.

If O C K be open subset of the splicing core, we shall study the
bundle

(5.19) b: K90 — O

which is the local model for a strong M-polyfold bundle according to
Definition 4.7. A section

(5.20) f:0 — K50

is of the form
(v,e) = ((v,ey), f(v.e,))

where f(v,el) € K1, C F. We use the same letter for the section
and the principal part of the section. According to Definition 2.8, the
section f is called sc-smooth if the extension

ff{OCV®E—>F
(5.21) jj

f(va 6) = f(v,wv(e))

is sc-smooth on the open subset O of V & E defined by O = {(v,¢) €
V@ E| (v,m,(e)) € O}. In the following we shall use the same letter f
also for the extended function f. An sc-smooth section germ [f, g] of

the bundle (b, ¢) consists of a smooth ¢ € O and an sc-smooth germ f
of section of the bundle b : K5<|O — O.

DEFINITION 5.12. A filler for the sc-smooth section germ [f, ¢|
near a smooth point ¢ € V& E of the bundle (b,q) consists of an sc-
smooth section germ [f, q] of the bundle (V & E)<F — V & E whose
principal part has the form

o~

(5.22) Fw,e) = fv,e) + f(v,e).
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Moreover, f¢ is defined on an open neighborhood of ¢ in V@& E, mapping
its points (v, e) into K{, in such a way that the mapping

c c
KO,v - Kl,v

5.23
o & Foeod)

is a linear sc-isomorphism for every v and el, where e = el @ €2 is the
decomposition with respect to the splitting Ko, ® K, = E.

By definition, f(v,e) € Ky, and f%(v,e) € Kf,. Hence one con-
cludes from

f(v.e)+ f(v.e) =0

that f(v,e) = 0 and f°(v,e) = 0. Consequently, €2 = 0 so that e =
m,(e) = el and we see that the solution sets of the sections [f, q] and
[f,q] are naturally the same.

DEFINITION 5.13. The sc-smooth germ [f,q] of a section of the
local M-polyfold bundle (b, q) is called a polyfold Fredholm germ if

it possesses a filler f having the property that [f p| is an sc-Fredholm
germ in the sense of Definition 5.8 at every smooth point p near q.

We point out that in dealing with germs around a smooth point
¢ we may always assume by means of a germ of an sc-diffeomorphism
that ¢ = 0.

Setting ¢ = 0 we consider the sc-smooth section germ f of the bun-
dle (b,0) defined in (5.19) and assume that its principal part satisfies
f(0) =0. At v = 0 we have the sc-smooth Banach spaces

KO,O = {6 € E’ 7To(€) = 6}
Kio=A{f € Floo(f) = [}

Recalling the splitting £ = Koo @& K, and the corresponding de-
composition e = ej + ef we observe that f(0,ef) = 0 for all ef € K.
Therefore, the linearization of f at the point 0 = (v, e) is the sc-linear
map

Df(O) . T()V D F— KI,O
(@.€) = Df(0)[D, ],

where ToV = R™. Now assume that the section f possesses the filler
f- Then the linearization of f at the point 0 is the sc-linear mapping



146 5. LOCAL SC-FREDHOLM THEORY

o~

Df(0): T,VoFE — F
D (0)[B, e)] = DF(0)[B, €] + f(0,¢})

where again e = ej + ef corresponds to the splitting £ = Koo & K.
Since f°(0,¢5) € Kf, we see that Df(0) is surjective if and only if the

~

linearized filler D f(0) is surjective. Because f¢(0,e3) = 0 if and only if
ez = 0, we conclude

(5.24)

~

ker Df(O) - T()V ) KO,O

and

~

ker(Df(0)|ToV & Koo) = kerD f(0).

5.4. Local solutions of polyfolds Fredholm germs

We shall demonstrate that the solution set of f = 0 of a polyfold
Fredholm germ near a transversal smooth point carries in a natural way
a smooth manifold structure. Using the infinitesimal implicit function
theorem from Section 5.1, we shall reduce the problem by means of a
Lyapuonov-Schmidt type construction to a finite dimensional problem.
We distinguish between the interior and boundary case.

5.4.1. Interior Case. We consider the polyfold Fredholm section
germ [f, 0] according to Definition 5.13. Its principal part

(525> f(U, 6) - f(U, Wv(e))
is sc-smooth in a neighborhood of 0 in V' & E. We assume
f(0)=0

and first study the special case in which the parameter set V' of the
splicing is an open neighborhood of the origin in R¥. By the definition
of a polyfold Fredholm germ there exists a filler f of f which is a
smooth section

f:O(VaE0 —O(V®E)aF,0)
whose principal part is of the form
flo,e) = fv,e) + f(v,e) + e3),
the sum e, 4 €2 corresponding to the splitting £ = Ko, ® K, intro-

duced in (5.17). We shall assume now that the point 0 = (v,e) is a
transversal point of the section f requiring the linearisation of f at 0,

Df(0):T,Ve E—F
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to be surjective. Note that T,V = R*. Equivalently, the linearisation
of the filler f at 0,

-~

Df(0): T\WV® E — F

is surjective. Since [f, 0] is, by assumption, an sc-Fredholm germ there
exists a germ of a strong sc-vector bundle diffeomorphism

d:0(VaOE)<F,0)— O(R"@W)<RY @ W),0)
so that the push forward section ¢ = <I>*f, if composed with the
projection pr, onto its principal part and the natural projection P :

RY @ W — W, is a contraction germ according the Definition 5.1.
Hence, for (a,u) € R™ @ W near the origin,

(5.26) Popryog(a,u) =u— Bla,u).
Explicitly, if
(527) (I)(Uaevh) - (U(U,e),gp(v,e) ’ h)
with a diffeomorphism germ o : O(V@ E,0) — O(R" & W, 0) satisfying
0(0) = 0, the section has the principal part g : O(R* @ W,0) —
O(RY @ W,0) denoted by the same letter and defined by
gla,u) = p(o™ (a,u)) - fo™ (a, ).

It satisfies g(0) = 0. Abbreviating

d(a,u) = (o~ (a,u))

7(a,u) = o *(a,u),
the principal part becomes
(5.28) gla,w) = d(a,u) - f(r(a,u)).
Using f(0) = 0 the linerization of g at 0 = (a,u) is the sc-linear
mapping

-~

Dg(0)[b, h] = ¢(0) - Df(0) o D7(0)[b, ]
for (b,h) € R™ @ W. By the assumption of transversality, the linear

~

operator D f(0) and hence also D f(0) is surjective. Since D7(0) and
¥ (0) are linear isomorphisms, the map

Dg(0):R*"@W — RY oW
is also surjective. The solution set for g solves the equation
gla,u) =0

or, equivalently, the two equations
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Pg(a,u) =0
(5:29) (Id — P)g(a,u) = 0.

Since Pg(a,u) = u — B(a,u), the solutions of the first equation near
0, are, in view of Theorem 5.3, represented as the graph of a function
6 :R™ — W so that

(5.30) Pg(a,d(a)) = 0.

In fact these are all the solutions of the first equation locally near
0 = (a,u). The function ¢ satisfies 6(0) = 0 and possesses, in view
of Theorem 5.4, the following regularity properties. Given any level
m and any integer j > 0, there exists an open neighborhood O =
O(m,j) C R™ of the origin so that if a € O, then §(a) € W, and the
map d : O — W, is of class C7. It remains to solve the second equation
in (5.29) which becomes

(Id — P)g(a,d(a)) = 0

and which is to be solved for a near the origin in R". We define the

mapping N
G:R"—R

near 0 € R" by
(5.31) G(a) = (Id — P)g(a,d(a)).
Given an integer j > 1, there exists an open neighborhood O of the
origin in R™ on which G € C7(O,R").
LEMMA 5.14. The map DG(0) € L(R",RY) is surjective.

PRrooOF. The linearization of G at the point 0 is equal to
(5.32) DG(0)[b] = (Id — P)Dg(0) - [b, 0" (0)d]
for b € R™. Given (r,0) € RY @& W we can solve the equation
(r,0) = Dg(0)[b, h]

for (b, h) € R" @ W, in view of the surjectivity of Dg(0). Equivalently,
there exists (b, h) € R" @ W solving the two equations

r = (Id — P)Dg(0)[b, h]

0= PDg(0)[b, h).
Explicitly, the second equation is the following equation
(5.33) 0=—-D1B(0)-b+[Id— DyB(0)] - h
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Recalling the proof of Theorem 5.3, the operator Id—DyB(0) : W — W
is a linear isomorphism. Therefore, given b € R™ the solution h of the
equation (5.33) is uniquely determined. On the other hand, linearizing
Pg(a,d(a)) = 0 at the point a = 0 leads to PDg(0)[b,d'(0)b] = 0 for
all b € R™. Hence, by uniqueness h = §'(0)b, so that the linear map
DG(0) in (5.32) is indeed surjective. [ |

We denote the kernel of DG(0) by C' and take its orthogonal com-
plement C* in R™, so that

CoCt=R"
Then G : C&C*+ — RY becomes a function of two variables, G(cy, ¢3) =
G(c; + ¢y) for which D;G(0) = 0 while D,G(0) € L(C*+,RY) is an
isomorphism. By the implicit function theorem there exists a unique
map ¢ : C'+— C* solving
(5.34) G(r+c¢(r))=0
for r near 0 and satisfying

c¢(0) =0, Dc(0)=0.

Moreover, given any j > 1, there is an open neighborhood U of the ori-
gin in C such that ¢ € C7(U, Ct). Summarizing we have demonstrated
so far that all solutions (a,u) € R* @ W of g(a,u) = 0 near the origin
are represented by

g0+ (), 0(r +c(r))) = 0

for r in an open neighborhood of 0 in C' = kerDG(0) € R". Con-
sequently, in view of formula (5.28), all solutions (v,e) € V @& E of

f(v,e) = 0 near the origin are represented by

f(B(r)) =0
where 3 : C' — RF @ E is defined near 0 by
B(r) =7(r+c(r),d(r+c(r))).

The function [ satisfies 3(0) = 0 and, of course, for every level m and
every integer j > 1, there exists an open neighborhood U of 0 € C such
that if r € U, then 8(r) € R*® E,, and 8 € C/(U,R*® E,,). From the
definition of the filler it follows that 5(r) € Ky. From the regularizing
property in Definition 5.8 of an sc-Fredhom germ we conclude §(r) €
R* @ E., so that

B(r) € (R" @ Ex) N K.
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Since the solution set of the filler f and of f are the same, all the
solutions (v, e) of f(v,e) = 0 near the origin are also represented by

f(B(r)) =0

for r near 0 in C. In order to represent the solution set as a graph over
the kernel of the linearized equation at 0 we introduce

~

N :=kerDf(0)

(5.35)
= keer(O)]TOV @ K()’().

In view of Proposition 5.9, the linear operator D]?(O) € LR*
E,RY @ W) is an sc-Fredholm operator in the sense of Definition 1.18.
Hence dim N < co and N C R¥ @ E,, and we have an sc-splitting

Ne& N =R'®E.
By construction, the image of the linearization D3(0) € L(C,R*® E) is

equal to the kernel of D]?(O). Moreover, from D3(0)-r = dr(0)[r, 6'(0)7]
it follows that D3(0) is also injective, so that D3(0) : C' — N is a linear

isomorphism. We define the map o : N — R*¥ @ E near 0 € N by
a(n) = B(DAO) ).

The solution set is now parametrized by f(a(n)) = 0 for n near 0 € N.

Let @ : N ® N° — N be the natural projection and consider the

map Q oa : N — N near 0. Since D(Q o «)(0) = Id, it is a local

diffeomorphism leaving the origin fixed. We denote by ~ the inverse

of this local diffeomorphism satisfying ) o a(y(n)) = n for all small n.
Then

a(y(n)) = Qo a(y(n)) + (Id = Q)a(y(n))
=n+ (Id = Q)a(y(n)).
The map
A:N — N°¢
near the origin in N is defined by A(n) = (Id — Q)a(y(n)). It satisfies
A(0) =0 and DA(0) = 0 and a(y(n)) =n + A(n) so that
f(n+ A(n)) = 0.

In addition, given any level m and any integer j there exists an open
neighborhood U of 0 in N such that if n € U, then A(n) € N, and A €
CI(U, N¢,). We have demonstrated that the solution set of f(v,e) =0
near the transversal point 0 is represented as a graph over the kernel
of the linearized map D f(0) of a function which is smooth at the point
0.
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PROPOSITION 5.15. Let V. C R¥ be an open neighborhood of the
origin and let [f,0] be a polyfold Fredholm section germ according to
Definition 5.13 satisfying f(0) = 0. Let N be the kernel of D f(0)|T,V @
Koo. Then dim N < oo and N C R* & E,, and there is an sc-
complement N¢ so that

NN =R'qp E.

If Df(0) is surjective, then there exists a germ A : O(N,0) — O(N€,0)
near 0 € N satisfying A(0) = 0 and DA(0) = 0 such that for n near 0,

F(n+A(n)) =0
n+ A(n) € (R*® E,) N K.

All solutions of f(v,e) = 0 in a sufficiently small neighborhood of the
origin in R* @ E are in the image of the map n — n + A(n). In
addition. given any level m and any integer r j, there exists an open
neighborhood U = U(m,j) C N of the origin on which A € C?(U, N¢,).

So far we have only used the fact that the filler f induces an sc-
Fredholm germ [f, 0] in the sense of Definition 5.8 at the point 0. We
next make use of the assumption that []?, q] is an sc-Fredholm germ at
every smooth point ¢ in an open neighborhood of 0 in order to show
that the map n +— n+ A(n) is smooth on an open neighborhood of the
origin in V. We fix a level m and a sufficiently small neighborhood
O of the origin in N on which the map A : O — N¢ is of class C*.
Choose a point ng € N near 0 and set

do = Mo + A(no)

Then ¢ is a smooth point and we shall apply Proposition 5.15 to the
point ¢g replacing the point ¢ = 0 in there. This is possible in view of
the next lemma.

~

LEMMA 5.16. If ng is small enough, the linearization D f(qo) :
RF® E — F is surjective and Fredholm. Moreover, dim [kerD f(qy)] =

dim [ker Df(0)] = dim N. Setting N' = kerD f(qo) the natural projec-
tionp : NON¢ = REQE — N induces an isomorphism p|N' : N' — N.

PRrROOF. We use the notation in the proof of Proposition 5.15 and

consider equivalently the section g(a,u) defined in (5.28) and its lin-
earization

(5.36) Dg(q) - R"e&W — RY oW
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at the point gy = (a,d(a)). In order to prove surjectivity we consider

the equation Dg(qo)[h,b] = [w,r] which in matrix notation according
to the splitting in (5.36) becomes
A Al h w
5.37 . —
o0 5 &) )T

with the linear operators
Ah = [Id — DyB(a,6(a)] - h
Ab = D1B(a,d(a))-b
Ash = (Id — P)Dsg(a,6(a)) - h
Asb = (Id — P)Dyg(a,d(a)) - b
where (b,h) € R" ® W and (r,w) € RY @ W. In view of the proof of

Theorem 5.3, the linear operator A : W — W is an sc-isomorphism.
Hence the equation (5.37) for (h,b) becomes

h=A" w—A"Ab
[Ag AT AL — Aglb = AgA™ w41
We abbreviate the continuous family of matrices
M(a) := [AyA71 A — A3] € L(R™,RY).

By assumption, Dg(0) is surjective. Therefore, if a = 0, then the
matrix M (0) is surjective. Consequently, for small a the matrix M (a)
is also surjective and so is the linear operator Dg(a,d(a)). Choosing
w =0 and r = 0 in (5.38), the kernel of Dg(qo) is determined by the
two equations

(5.38)

h - A_lAlb
[A AT A — Ag)b = 0.

Consequently, the kernel is determined by the kernel of the matrix
M(a). Setting K’ = kerDg(qo) and K = kerDg(0) we conclude from
the surjectivity of M(a) for small a that dimK’ = dimK. In addi-
tion, the natural projection p : K & K¢ = R* & E — K induces the
isomorphism p|K’: K" — K and the lemma follows. [ ]

Introducing

~

N' = kerDJ(qo)

we have dimN’ = dim/N and Proposition 5.15 guarantees a map n’ —
n' +A(n'): N — N' & (N')¢ defined for n’ near 0, satisfying A’(0) =0
and DA'(0) = 0, and solving

flgo+n"+A'(n')) = 0.
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Moreover, given integers m and j there is an open neighborhood U of
the origin in N’ on which A" : U — (N)¢, is of class CV. Denote by

p: N N — N

the natural sc-projection. Then p|N’: N' — N is an isomorphism if ¢
is sufficiently close to 0, and we define the map « : N’ — N near the
origin by

a(n') =plg +n' + A'(n')].
Then a(0) = ng and, by the uniqueness of the solution set of f =
0 near the origin, we have a(n') + A(a(n')) = g +n' + A'(n'). In
addition, Da(0)h = p(h) for h € N’. Consequently, Da(0) € L(N', N)
is an isomorphism and hence the map « is a local diffeomorphism. In
addition, given any integer j there is an open neighborhood U of 0 € N’
on which o € C?(U, N). From the identity

n+ A(n) = plgo + o~ (n) + A'(a”'(n))]

for n near ng we conclude for given integers m and j that there is an
open neighborhood U(ng) of ng € N on which the map n — n + A(n)
belongs to C¥(U(ng),R¥ @ E,,). In particular, at the point ng, the
map is smooth. The arguments apply to every ng in a neighborhood of
the origin in N. Therefore, we have demonstrated the following result,
where in abuse of the notation we simply write

Df(0) = Df(0)|ToV & Koy

and use the same letter f for the section and for its principal part.

THEOREM 5.17. Let [f,0] be a polyfold Fredholm germ as defined
in Definition 5.13. Assume f(0) = 0 and denote by N the kernel of the
linearization D f(0). Then dim N < oo and N C R* & E, and there
exists an sc-smooth complement N¢ so that

No N =R'QE.
If Df(0) is surjective, there exists an open neighborhood O of the origin
in N and a smooth map A : O — N°¢ satisfying A(0) =0 and DA(0) =
0 such that
fn+An)) =0
n+ An) € (R*® E,) N K,
ifn € O. Moreover, A € C>®(O, Nt,) for every integer m. All solutions

of f(v,e) = 0 in a sufficiently small neighborhood of the origin in REOE
are in the image of the map n — n + A(n).
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5.4.2. Boundary Case. So far, the parameter set V' has been an
open neighborhood of the origin in R™. In this subsection we consider
the case in which V' is an open neighborhood of the origin in the partial
cone

C =[0,00)" x R*™*
in R". There are many possible concepts for a submanifold in the pres-
ence of boundaries or, more generally, of boundary with corners. Later
on we shall use a relatively strong concept called neat submanifolds.
It has the advantage of a high degree of compatibility with the corner
structure.

We consider the polyfold-Fredholm germ [f, 0] of the bundle O( Ko<y
K1,0) satisfying f(0) = 0, and abbreviate the linearization at 0 by

Df(0) = Df(0)|R" @& Kop.
Note that R™ = TV is the tangent space of the parameter set V' at the
origin. The kernel
N = ker Df(0)
is a finite dimensional subspace of R" @& Ky . We denote by
p:R"® Koo — R"

the canonical projection.

DEFINITION 5.18. The polyfold-Fredholm germ [f, 0] is called neat,
if the kernel N of the linearization D f(0) has the property

R* x {0} C p(NV).

We note that the subspace R* x {0} is the tangent space at 0 of the
part of V' containing the corner.

DEFINITION 5.19. If [f,0] is neat and N the kernel of Df(0) in
R™ @ Koy, then an sc-complement R of N,

R" @ Koo =N @ R,

is called neat, if
R C ({0} X Rn_k) S5 Ko,o.

Such a neat sc-complement does always exist. Indeed, take a k-
dimensional subspace Z C N satisfying p(Z) = R¥ x {0}. Then the
subspace Z¢ C N, determined by Z° = N N (({0} x R"™*) & Koy)
has dimension dim N — k and satisfies Z & Z¢ = N. Let R be an
sc-complement of Z¢ satisfying Z¢® R = ({0} x R" %) & Ky. Then
R"® Koo =N @ R as claimed.
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THEOREM 5.20. Let [f,0] be a neat polyfold Fredholm section germ
of a strong local M-polyfold bundle satisfying f(0) = 0. If N is the
kernel of the linearization D f(0) in R" & Ko, then dim N < oo and
N CR"® E,, and there exists a neat sc-complement R such that

N@&R=R"® Ky.

If Df(0) is surjective, then there exists an open neighborhood U of the
origin in N N (C & Koy) and an sc-smooth map

A:U—R
satisfying A(0) = 0 and DA(0) = 0 such that
fn+A(n)) =0
n+An) € KoN (R"® Ey)

for all n € N. Moreover, A € C®(U,R,,) for every level m. All
solutions of f(v,e) =0 in a small neighborhood of the origin in C & E
are in the image of the map n — n + A(n).

PROOF. In view of the neatness requirement and recalling the lin-
earization concept in the presence of corners from Remark ??, the proof
follows the lines of the proof of Theorem 5.17 with minor modifications.
We keep the same notation as in the proof Theorem 5.17. Since this
time we are interested in parametrizing solutions (v,e) € V & E of
f(v,e) =0 where (v, e) is near the corner 0, we have to make sure that
the maps defined in the proof of Theorem 5.17 are defined on open
neighborhoods of 0 whose projections onto R¥ are open neighborhoods
of 0 in [0, 00)*. Then the partial derivatives of these maps in the direc-
tion of ey, - - - , e of the standard basis for R¥ are defined, and so these
maps have well-defined linerizations at 0.

This time the diffeomorphism germ 7: O(R" & W,0) — (V & E,0)
which enters the definition of the sc-strong bundle diffeomorphism @
(5.27) and the definition of the map ¢ in (5.28), is a map

7:00,00) x R™ @ W — [0,00)f xR"* @ E

satisfying 7(0) = 0. Since 7 is a diffeomorphism, it follows that k = [.
We abbreviate C' = [0, 00)* x R"* and Cj = [0, 00)F x R™~*. Setting
7 = (711,72, 73) where 71,75, and 73 take their values in [0, c0)¥, R"*
and E respectively, the derivative of the map 7, : [0,00)% x R™* &
W satisfies Do71(0) = 0 and D37(0) = 0. Moreover, the derivative
Dy71(0) : R¥ — R* is an isomorphism. In addition, since 7 > 0, we
conclude that D;7(0)[0, 00)* = [0, 00)* so that

Dr(0)(Co® W) =C & E.
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We are interested in solutions (a,u) of the equation g(a,u) = 0 for
(a,u) € C @ W close to 0. As before g(a,u) = 0 is equivalent to the
two equations

Pg(a,u) =0
(1 - P)g(a,u) =0

where P : RN @ W — W is the canonical projection. In view of
Theorem 5.3, the solutions of the first equation are of the form (a, d(a))
with § : Cy — W. The map ¢ has, by Theorem 5.4, the following
smoothness property. For all integers m and j there is a neighborhood
O depending on j and the level m such that § is of class CV(O,W,,).
We introduce the map G : Cy = [0, 00)F x R™* — RN defined by

G(a) = (I - P)g(a,d(a))

for a € Cy and close to 0. As in the proof of Lemma 5.14 the linear
map DG(0) : RF x R™* — RY is surjective. Its kernel K C R™ has
dimension equal to N — m and is isomorphic to the kernel N of the
linearization Df(()) :R"@®E — RY@W. The isomorphism between K
and N is provided by the linear map h — D7(0)[h, ' (0)h] for h € K.
The linear map

DG(0) : R* x R™™* — RY

is a surjection and so there are N columns j; < jo < ..., jn of DG(0)
which are linearly independent. The vectors Dy71(0)ey, - -+ Dy71(0)ey,
where {e1,--- e} is the standard basis of R*¥ span R* and we con-

clude, in view of the neatness assumption, that j; > k. Write the
set {1,...,m} as the disjoint union of J = {ji,...,jn} and I =
{i1, . im-n} with 43 < 9 < -+ < dp_n. Since j; > k, we have
i = 1,49 = 2,--+,ip = k. Define R = A} x --- x A,, and R/ =
By x -+ B, where A; = R and B; = {0} if 1 € [ and A; = {0} and
B; =R ifi ¢ I. Consider the map Q- (R' N Cp) x RY — RY defined
by
G(Cl, Cg) = G(Cl + CQ).

The linearization of G at the point (cy, c2) = (0,0) with respect to the
variable co, D,G(0) : R — RV is given by DG(0)h = DG(0)[0, h])
for all h € R’, and so it is an isomorphism. Applying the implicit
function theorem, we find open sets Uy C R! N Cy containing 0 and
Vo C R7 containing 0, and a map ¢ : Uy — Vj such that ¢(0) = 0 and

~

G(r,c(r)) = G(r 4+ ¢(r)) = 0. Hence all the solutions (v,e) € C'@ E of

~

f(v,e) = 0 near the origin are of the form

Br) = 7(r+c(r),o(r + c(r))
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with r € Uy € R' N C. Since the zero set of the filler fcoincides with
the zero set of f we see that

f(B(r)) =0
for all7 € U. Now the linearization D3(0) : Rl — C@F is clearly injec-
tive, and maps R! onto the kernel N of the linearization Df(O). Hence
DB(0) : R — N is an isomorphism. In addition, if p : RExR" *QF —
R is the canonical projection, then p(D3(0)Cy) = [0, 00)*. Hence set-
ting Uy = DF(0)Uy C N we see that p(U;) is an open neighborhood of
0 in [0, 00)*. Then we introduce the map a : U; — C' @ E by

a(n) = B(DB(0)"'n).

So that the zero set of f is parametrized by a(n) for n € U;.

In view of the neatness assumption there is a neat complementary
subspace R € R"® Ky so that NOR = R"® Ky . With the canonical
projection @ : N @ R — N we have Q o a(n) = n for n € U; and
D(Q o «)(0) = Id. Hence there is an open neighborhood U of 0 in
C & Koo and map v : UNN — U; such that (Q o «)(y(n)) = n for all
n€UNN. The map A: N — R takes the form

A(n) = (1= Q)(ao7)(n)
defined for n € U N N. The solution of f = 0 near the corner 0 are of
the form n + A(n) so that

J(n+ A(n)) = 0

forn e UN N. Clearly, A(0) =0 and DA(0) = 0. Moreover, the map
A has the following smoothness property. For every integers j and m
there is an open neighorhood O (depending on j and m) of 0in C& K g
such that A € C7(ONN, R,,). In particular, A is smooth at the corner
0. Summing up, we have shown that the solution set (v,e) € C' @ Ko
of f = 0 near the corner 0 is represented as a graph of a map A defined
on an open set in Uy NN and taking values in R. The set U, is an open
neighborhood of 0 in C'® K. Moreover, the map A is smooth at 0.
To finish the proof it remains to show that the map A is smooth at
any other point of U N N which is close to 0. Fix a level m. Without
loss of generality we may assume that A is of class C! on Uy N N. If
g € C @ E is close to the origin and f(q) = 0, then ¢ = n + A(n)
for the unique n € Uy N N. There is a € Cj so that ¢ = 7(a,d(a)).
Abbreviate by K (a) be the kernel of DG(a) and let N(a) be the kernel

o~

of Df(q) where ¢ =n+ A(n) = 7(a,d(a)). We already know that the
map h — D7(a)lh,d'(0)h] is an isomorphism between K (a) and N(a).
We will show that if @ € C'is close to 0, then N & R = N(a) & R and
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R* x {0} C p(N(a)) where p : RF x R"* & K5 — R* x R"*. Indeed,
the columns j; < -+ < jy with & < j; of the matrix DG(0) are
linearly independent. So the matrix M (0) formed by these columns
has non zero determinant. In view of the continuity of DG(a) with
respect to a, the matrix M (a) formed by the same columns of the
matrix DG(a) has non-zero determinant for a in Cjy and close to 0.
Hence the linearlization DG(a) : R™ — R¥ is surjective for a € C and
close to 0. Moreover, if ¢y,...,¢n_n is a basis for K = K(0), then
using the implicit function theorem we find a basis ¢i(a),. .., c,_y(a)
for K(a) depending continuously on a and such that ¢; = ¢;(0) for
1 <4 <m — N. The corresponding basis ny(a),...,n,_y(a) for N(a)
depends continuously on a. Arguing now as in the proof of Lemma
1.22, we obtain that N@® R = N(a)® R for a € C and close to 0. From
this and our neatness assumptions we deduce that R¥ x {0} C p(N(a))
where p : R" ® K — R" is the canonical projection. In addition, the
fact that N @ R = N(a) ® R implies that if p : N @ R — N is the
canonical projection, then p|N(a) : N(a) — N is an isomorphism.

Fix a point ng € Uy NN and let gy = ng+ A(ng). We will show that
A is smooth at ng. There is a point ag € C' satisfying qo = 7(ag, d(ag)).
We start with the case that some of the k first coordinates of p(qo)
are equal to 0 where p : R" @ Ky9 = N ©& R — R" is the canonical
projection. Without loss of generality we may assume that the first
j coordinates of p(qy) are equal to 0. Then the first j coordinates of
p(ng) are also equal to 0 in view of the neatness assumption. Hence
qc[0,00) @RV B E and qo = 7(ag, §(ap)). Since 7 is a diffeomorphism,
the first j coordinates of ag are equal to 0 so that ag € [0, 00)7 x R™.
Abbreviate by K’ = K (ag) the kernel of Dg(ag) and by the N' = N (ag)
the kernel of Df(qo) which is the same as the kernel of D f(qo)|R"® Ko p.
The above discussion shows that R* x {0} C p(N’) and since j < F,
we see that the polyfold Fredholm germ [f, o] is neat and there exists
a complementary neat subspace R’ so that N' & R' =R" & K.

Thus, we may apply the previous arguments and show the existence
of an open neighborhood U’ of 0in C& Ky and amap A" : UNN' — R’
such that all solution ¢ of f(g) = 0 near gy are of the form

q=qo+n' + A ).

Moreover, the map A’ satisfies A'(0) = 0, DA’(0) = 0, and is smooth
at the point n’ = 0.

Making U’ smaller if necessary and recalling that the restriction of
the projection p: N@® R — N to N, p: N’ — N, is an isomorphism,
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we define the map a: U'N N — U N N by setting
a(n’) = plgo +n' + A'(n')].

We have «(0) = ng and conclude that

(5.39) a(n')+ A(a(n') =g +n' + A'(n)

for all n’ € U' N N'. The linearization Da(0) : N' — N is well-defined
and is an isomorphism. This implies that « is a local diffeomorphism
between some open neighborhood of 0 in U'N N’ and an open neighbor-
hood of ng in U N N. We may assume that these open neighborhoods
are equal to U'N N and U N N. The map « has the following smooth-
ness property. For every integer j there exists an open neighborhood
O of 0in U’ N N’ is of class C7 on O. Since

n+ A(n) = plgo + o~ (n) + A'(a”"(n))]

for n € U N N, we conclude that for given integers m and j there
exists an open neighborhood of O = O,,,, C U N N of ny such that
n — n+ A(n) from O into R" & (Ky),, on which is of class C7. In
particular, the map n +— A(n) for n € U N N and is smooth at 0 as
claimed.

Finally, if none of the the first coordinate of p(qy) is equal to 0, then
Qo is an interior point of C' @ E. Then go = 7(ag, d(ag)) with ay being
an interior point of Cy. Moreover, if N’ is the kernel of D f(qo), then,
in view of Theorem 5.17, there is a map A’ : N’ — R’ defined on an
open neighborhood of 0 in N’ such the solutions of f = 0 near ¢q are
of the form n’ + A’'(n/). Again we we have R* x {0} C p(N') if qp is
close to 0 and so the map « in (5.39) is well-defined. The rest of the
proof is the same as above. The proof of the theorem is complete. W

5.4.3. Stability of local Fredholm sections. We shall demon-
strate the useful fact that Fredholm sections are stable under appro-
priate perturbations. As before we consider the local polyfold bundle

b: K%°0 — O
where O C Ky is open. The bundle
b (K9°|0) — O
is defined over the level 1 open set O' C O, and the set
K% ={(v,e, f) € (V@& E)<aF|m,(e) = e and 0,(f) = f}
has the double filtration
(VO E) 1 ® Fri
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forallm >0 and 0 < k <m+1. If ¢ is a smooth point, then a section
[f, q] of the bundle [b, ¢] induces a germ [f, q]* of the bundle [b*, ¢]. From
Definition 4.4 we recall that an sc'-section [s, g] of the bundle [b, ¢| has
the property that the principal part is an sc-smooth map O — F*.
Hence, for all m > 0 we have s(v,e) € F, 41 if (v,e) € (V & E),,. The
stability result is now as follows.

PROPOSITION 5.21. Suppose the section [f, q] is a polyfold Fredholm
germ of the bundle [b,q| in the sense of Definition 5.13. If [s,q| is an
sct-section of [b,q], then [f + s,q| is a polyfold Fredholm section germ
of the bundle [b',q].

PROOF. Denote by [f, q] the filler of [f, q] at the smooth point q.
We shall show that [f—i— s,q] is a filler for the germ [f + s, q] of the
bundle [b', ¢]. We have to verify for f+ s the two properties of an sc-
Fredholm germ in Definition 5.8. We first observe that f+ 5 possesses
the regularizing property because the section s is sc™-smooth. In order
to verify the contraction property for f—i— s we use the fact that J?is a
filler. Hence there exists a partial cone V' in R", an sc-smooth Banach
space W and a germ of a strong vector bundle isomorphism

V:0UaF,q) — O(VeW)x®RYoWw),0)

which covers the sc-diffeomorphism germ o : O(U,q) — (V & W,0)

satisfying o(q) = 0 and which has the property that the map W(f) :
OV @& W,0) — (W,0) defined by

U(f)(a,w) = Popryo[Wo foo ' (a,w)—U(fg)),

O_contraction germ in the sense of Definition 5.1. Abbreviate

1S an sc

~

g(a,w) = ¥(f)(a,w)
we have the contraction representation
g(a,w) =w — B(a,w).
Replacing fby the section s we define
S(a,w) = ¥(s)(a,w).
Then S is an sc*-section. Abbreviating the linearization
Aw = D,S(0,0)w,

w € W, at the point (a,w) = (0,0) in the direction of the second
argument. Then A : W — W is, on every level m > 0, a compact
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operator. Therefore, Id+ A : W — W is a linear sc-Fredholm operator
of index 0. The associated splitting of W,

[d+A:W=CeX —-W=R&Z

with C' = ker (Id + A) and R = range (Id + A) satisfies dim C' =
dim Z < oo. Since S is of class C* on every level m > 1 we have the
representation

S(a,w) = Aw + G(a,w)

where DyG(0,0) = 0. Hence G is a contraction with respect to the
second variable on every level m > 1 if only a and w are small enough
(depending on the level m). Consider the sum

g(a,w)+ S(a,w) =w — B(a,w) tAw - G(a,w)

= (Id 4+ A)w — B(a,w),

where

B(a,w) = B(a,w) + G(a,w).

The map B is a contraction in the second variable on every level m > 1
as long as a and w are sufficiently small. Define the canonical projec-
tions

Q:W=CasX—-X
E:-W=R&Z— R,
and introduce
®(a,w) == BoPopryo[U(f+s)oo (a,w)— U((f+5)(q))
=FEol(id+ A)w — B(a,w)]
=FEo(id+ A) o Q(Qw) — E o B(a,(Id — Q)w + Qu).

Using the sc-isomorphism L := (Id + A)| X : X — R we obtain

L' o®(a, (Id — Q)w+ Qu) = Qw+ L™ o Eo B(v, (Id — Q)w + Quw).

We shall view the set (a,(Id — Q)w) as the new parameter set and
define

B((a, (1d - Q)w), Q) := L™ 0 Eo B(a, (Id — Qw + Qu).

Then B possesses the required contraction property with respect to the
variable Qw on all levels m > 1 provided a and w are small enough. It
remains to identify the above expression as obtained from an admissible
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coordinate change. For this we take any linear isomorphism 7: Z — Z
and define the fiber transformation
UV=[L'oE)@&ro(ld—E)oU.
With the projection
PR'oW=R"9CPpX - X
Pla,w) = Quw

we finally obtain, setting (a, (Id — Q)w + Qw) = (a, (Id — Q)w, Qu),
the formula

Popryo[Uo(f+s)oo  (a,(Id—Q)w,Quw) — Vo (f+s) (0 (q))]
= Quw — E(a, (Id — Q)w, Q).

We have proved that [f—FS, q] is a polyfold Fredholm germ of the bundle
[b',q] in the sense of Definition 5.13. The proof of Proposition 5.21 is
complete. [



CHAPTER 6

Global sc-Fredholm Theory

This chapter is devoted to the Fredholm theory in M-polyfold bun-
dles.

6.1. Fredholm sections
Given the M-polyfold bundle
b:Y — X

according to Definition 4.7 we denote by I'(b) the space of sc-smooth
sections and by T'"(b) the space of scT-sections.

DEFINITION 6.1. Fredholm section. A section f € I'(b) of the
M -polyfold bundle b : Y — X is called Fredholm, if at every smooth
point ¢ € X there exists an M-polyfold bundle chart
b1 (U) - K50

around ¢ € U C X in the sense of Definition 4.7 in which the section
germ [f,q] is a local polyfold Fredholm germ according to Definition
5.13. The collection of all Fredholm sections is denoted by F(b).

Recall that Definition 5.13 requires that [f, ¢] possesses a filler f
which is an sc-Fredholm germ in the sense of Definition 5.8, and so
possesses the regularizing property and the contraction property.

From the local stability result in Proposition 5.21 one deduces im-
mediately the following global version.

PROPOSITION 6.2. The map
L'(b) x Tt (b) — ()
(f.s)—= f+s

induces a map

F(b) x TT(b) — F(b).

For the deeper study of Fredholm operators it is useful to introduce
first some auxiliary concepts.

163
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6.2. Mixed convergence and auxiliary norms

We begin with a notion of convergence in the bundle b : ¥ — X
called mixed convergence, referring to a mixture of strong convergence
in the base space X and weak convergence in the level 1 fibers Y1,
assuming the fibers are reflexive sc-Banach spaces.

6.2.1. Mixed Convergence. We start with the local definition
in an M-polyfold bundle chart and consider the M-polyfold bundle
K%|O — O
where O is an open subset of the splicing core
Ky =K% ={(v,e) € V& E| m,(e) =e}
and where
K% ={(v,e,y) €0 D F| o,(y) =y} = O < K.
Abbreviating the elements in O by z = (v, e) we consider a sequence
(Tr, yx) € O < (K1),
where (K7); refers to Fi, the level 1 space of the sc-Banach space F.

DEFINITION 6.3. Mixed convergence. The sequence (T, yr) €
O < (Ky)y is called m-convergent to (z,y) € O ® F if

(1) zp—xin O

(2) yr —yin Fy.
Symbolically,

(s ) = (2,9).

LEMMA 6.4. If (z,yx) € O < (K1) and (z,yr) — (x,y), then
(x7y) € Oq(Kl)l'

PROOF. By assumption, zy = (v, e;) and m,, (ex) = e;. Moreover,
0u,. (Yr) = yg. Since the inclusion map [ : Fy — Fj is a compact map,
one concludes from the weak convergence of y, — y in F} that y, — v
in Fy. With & = (v, e) it follows from the continuity of the projections
(v,y) — o,(y) in F that 0,(y) = y in Fy. Since y € F} one concludes
o,(y) =y in Fy so that (z,y) € O < (K); as claimed in the lemma.

[ |

We must demonstrate that the concept of m-convergence is compat-
ible with M-polybundle maps provided the fibers are reflexive spaces
according to the following definition.
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DEFINITION 6.5. An sc-Banach space F' is called reflexive if all
the spaces F,,, m >0, of its filtration are reflexive Banach spaces.

We consider now an sc-smooth polybundle map
UV:0<«K —0O<K'

assuming that the underlying sc-Banach spaces F' and F” are reflexive.
With & = (v, e) the map v is of the form

U(z,y) = (o(x), ¥(z,y))-
The maps o : O — O" and ¥ are sc-smooth and linear in y. Consider
a sequence (zy, yx) € O < (K1)1. If (xp, y) = (2,y), then (z,y) € O <

(K1); in view of Lemma 6.4, and o(xy) — o(x). From (x, yx) — (z,v)
in O < (K1) it follows that ¢ (zg, yx) — ¥(x,y) in O’ < (K1), so that

U (@, yu) = V(z,y) in O < (K.

By Definition 4.2 of sc-smooth bundle maps, the map ¥ : O < (K;); —
O’<(K7)q is continuous. From the continuity limy o (2, y) = ¥(x, y)
in (F'); for all y € Fy, we deduce by means of the uniform boundedness
principle that the sequence of bounded linear maps ¥ (zy) € L(Fy, FY)
defined by ¢(zy) -y = (z, y) has uniformly bounded operator norms,
[||¥(x)||] < C for all k. Consequently, ||¢(zg, yi)|l1 < C - ||yk||1. From
the weak convergence y, — y in F| we know that [|yxl/; is also a
bounded sequence. Hence ||¢)(zk,yx)|l1 is a bounded sequence. Be-
cause F] is a reflexive Banach space, every subsequence of the bounded
sequence (g, yx) in F] possesses a subsequence having a weak limit
in FJ. The limit is necessarily equal to 1 (x,y).
Summarizing we have proved that

o(zy) — o(x) in O
and
pry o W(wg, yr) — proo ¥(x,y) in (Ki)
i.e., on level 1. The discussion shows that the mixed convergence is in-
variant under M-polyfold chart transformations and hence an intrinsic

concept for M-polyfold bundles having reflexive fibers so that we can
introduce the following definition.

DEFINITION 6.6. Ifb:Y — X is an M-polyfold bundle with reflex-
ive fibers, then a sequence y, € Y is said to converge in the m-sense
toy € Y, symbolically

Y >y in Y
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if the underlying sequence xy, = b(yx) € X converges in X to an element
x and if there exists an M-polyfold bundle chart ¥ around the point
x € X satisfying

pry o W(wy, yr) — pryo V(z,y)

weakly in (K{)1, i.e., on level 1.

As shown above, the definition does not depend on the choice of
the local M-polyfold bundle chart.

6.2.2. Auxiliary Norms. For the general perturbation theory we
introduce some auxiliary concepts to estimate the size of perturbations.

DEFINITION 6.7. An auxiliary norm N for the M-polyfold bundle
b:Y — X consists of a continuous map N : Y' — [0,00) having the
following properties.

o For every x € X the induced map N|Y,} — [0,00) on the fiber
V! =0b"Y(x) is a complete norm.
e For every m-convergent sequence iy — 1y we have

N(y) < liminf, N (yx).

o If N(y) is a bounded sequence and the underlying sequence xy,
converges to x € X then yi has a m-convergent subsequence.

In view of the open mapping theorem the complete norm N|Y* is
equivalent to the original 1-norm. Using the paracompactness of X we
can easily construct auxiliary norms.

PrROPOSITION 6.8. Let b : Y — X be a M-polyfold bundle with
reflexive fiber. Then there exists an auziliary norm.

Proor. Construct for every z € X via local coordinates a norm
Ny for YU (z) where U(z) is a small open neighborhood of z € X.
This is defined by Ny (y) =|| pr2 o ¥(y) [|1, where ¥ is a local m-
polybundle chart and prs is the projection onto the fiber part. Observe
that m-convergence of y to some y in Y!|U(z) implies weak conver-
gence of pro o U(y;). Using the convexity of the norm and standard
properties of weak convergence we see that

Ny (y) < liminfy, oo Ny (e )-

We have at this point local expressions for auxiliary norms which cover
X. Using the paracompactness of X we can find a subordinate partition
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of unity (xx)rea and define

N = Z XoaNVU (2,)-

If N(yx) is bounded and the underlying sequence zj, converges to some
x € X it follows in local coordinates that the representative of y; is
bounded on level 1. In view of the reflexivity, the sequence ¥, possesses
a m-convergent subsequence. |

The following result will be useful in compactness investigations.

THEOREM 6.9 (Local Compactness). Consider the M -polyfold bun-
dle b :Y — X having reflexive fibers and let f be a Fredholm section
of b . Assume that an auziliary norm N : Y1 — [0,00) is given. Then
there exists at every smooth point ¢ € X an open neighborhood U(q) in
X so that the following holds.

o The set Z defined by

Z ={x € U(q)| f(z) €Y' and N(f(z)) <1}

is a compact subset of X.
o Every sequence (xy) in U(x) satisfying

h,?iinf N(f(xzg)) <1

possesses a convergent subsequence.

PrRooOF. The statement is local and, using in local coordinates the
translation u — u — ¢ which is sc-smooth since ¢ is a smooth point, we
may assume that the filler fof the section f is defined near 0. Moreover,
after a change of coordinates as in the definition of a contraction germ.
we may assume that

Fvew -RVew
is defined near 0, where V' C R" is a partial cone. Denoting by P :
RY @ W — W the canonical projection, the contraction germ is given
by
P[f(avw) - f(O)] =w— B(a,w).

It is defined on a sufficiently small closed neighborhood U of the origin
on the level 0 on which it has the contraction property. The auxiliary
norm N is defined on Uy @ (RN @ W) and, possibly choosing a smaller
neighborhood, we may assume that it is equal to the 1-norm so that
N(z,h) = ||h||;. We now consider the set of (a,w) € Uy satisfying
fla,w) € (RN @ W)! and

1/ (@, w)l[y < 1.
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The section f splits according to the splitting of the tangent space into

fow) - [19=P)@w] _[ (d=P)f(a,v)
’ Pf(aaw) ’LU—B(CL,'LU)—f—Pf(O) .
Using the contraction property one finds for given u € W close to
Pf(0) and given a € V close to 0 a unique w(a,u) € W solving the
equation Pf(a,w(a,u)) = u. Moreover, the map (a,u) — w(a,u) is
continuous on the 0-level. Now, given a sequence (ay,uy) € Uy such
that

flaw, wy) =: (bg, ux)
belongs to (RY @ W)l and satisfies | f(ax, wi)||i < 1, we have the
equations
Pf(amwk) = Ug
(Id —P) f (ax, wx) = bg
wy, = w(ag, ug).
We shall show that (ag,w;) possesses a convergent subsequence in Ul.

By assumption, (RY @ W)! is a reflexive Banach space so that going
over to a subsequence,

(bpyug) — (V) in (RN @ W)?
(b, ug) — (U, ) in (RN @ W),

and ||(V,u)|| < 1. In RY we may assume a, — a’ € V. Conse-
quently, wy = w(ag, ux) — w' = w(d',u’). Hence f(d',w') = (V',u)
and ||f(a’,w")||y < 1. The proof of Theorem 6.9 is complete. [ |

6.3. Proper Fredholm Sections

In this section we introduce the important class of proper Fredholm
sections.

DEFINITION 6.10. A Fredholm section f of b :' Y — X 1is called
proper provided f~*(0) is compact in X.

The first observation is the following.

THEOREM 6.11 (co-Properness).  Assume that f is a proper Fred-
holm section of the M-polyfold bundle b : Y — X. Then f~1(0) is
compact in X,

PROOF. Properness implies by definition that f~1(0) is compact
on level 0. Of course, f~1(0) is a subset of X* since f is regularizing.
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Assume that zj is a sequence of solutions of f(z) = 0. We have to
show that it possesses a subsequence converging to some solution g
in X°°. After taking a subsequence we may assume that z, — xg on
level 0. We choose a contraction germ representation for [f, o). After
a suitable change of coordinates the sequence (ag, wy) corresponds to
xy and the point (0,0) to xy, and

Wy = B(ak,wk),
with (ag,wi) — (0,0) on level 0. Consequently,
Wy = 6(ak)

for the map a — d(a) constructed in Section 5.1 using Banach’s fixed
point theorem on level 0. We know from Section 5.1 that for every level
m there is an open neighborhood O™ of 0 so that d,, : O™ — W™ is
continuous and given by Banach’s fixed point theorem on the m-level.
We may assume that O™ € O™. Fix a level m. For k large enough,
we have ap € O™. Then §,,(ax) is the same as d(ax) = wy. Hence
ar — 0 implies wy — 0 on level m. Consequently, (ay,wy,) — 0 on
every level, implying convergence on the oo-level. Hence x;, — z( in
X as claimed. n

As a consequence of the local Theorem 6.9 we obtain the following
result for proper Fredholm sections.

THEOREM 6.12. Let b : Y — X be an M-polyfold bundle with re-
flezive fibers and assume that f is a proper Fredholm section. Assume
that N is a given auxziliary norm. Then there exists an open neigh-
borhood U of the compact set S = f~1(0) so that the following holds
true.

e For every section s € TH(b) having its support in U and sat-
isfying N(s(z)) < 1, the section f + s is a proper Fredholm
section.

o Every sequence (xy) in U satisfying f(zy) € Y and

lilgninf N(f(zp)) <1
possesses a convergent subsequence.

Proor. We know from the local Fredholm theory that f + s is
Fredholm if s is a sc™-section s. For every ¢ € S = f~1(0) there exists
an open neighborhood U(q) having properties as in Theorem 6.9. Since
S is a compact set we find finitely many ¢; so that the open sets U(g;)
cover S. We denote their union by U. Next assume that the support of
s € T'H(b) is contained in U. If f(z)+ s(x) = 0, then necessarily x € U
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because otherwise s(z) = 0 implying f(x) = 0 and hence z € S C U,
a contradiction. Consequently, the set of solutions of f(z) + s(z) =0
belongs to {z € U| f(x) € Y and N(f(z)) < 1} which by construction
is contained in a finite union of compact sets. The proof of Theorem
6.12 is complete. |

6.4. Transversality and Solution Set

From our local considerations in the previous chapter we shall de-
duce the main result about the solution set of Fredholm sections.

THEOREM 6.13. Consider a proper Fredholm section f of the M-
polyfold bundle b: Y — X. Assume that for every point g € f~(0) the
linearization D f(q) is neat and surjective. Then the solution set f~1(0)
carries in a natural way the structure of a smooth compact manifold
with boundary with corners.

PRrOOF. Choose a point ¢ € X satisfying f(q) = 0. Then ¢ is a
smooth point, and there is a special M-polybundle chart (U, @, K°¢|O)
as in Definition 4.7, where U, is an open neighborhood around ¢ in X
and ¢ a homeomorphism

d:p Y (Uy) — K590
which is linear on the fibers and which covers a homeomorphism
0:Uy— O C K>,
so that pry o ® = ¢ o b. Here O is an open subset of the splicing core
K% = {(v,e) € Vo @ E| m,(e) = e} where Vj = [0,00)F x R"* is a
partial cone, and E is an sc-Banach space. We may assume ¢(q) = 0.
Let g be the push-forward of the section f under ® and let g be its
filler. Then the linearization Dg(0) is by assumption surjective and
neat. Denote by N the kernel of Dg(0). In view of Theorem 5.20,

dimN < oo and N C R" @ E,. Moreover, there exists a neat sc-
complement R such that

N@R:Rn@KOVO.

In addition, there exists an open neighborhood V' of zero in a partial
cone of N and an sc-smooth map A : V' — R satisfying A(0) = 0 and
DA(0) = 0 such that the map

v:V—-N®R, ~(n)=n+A(n)
parametrizes all the solutions of g = 0 near the origin,

g(n+ A(n)) =0.
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Further, n + A(n) € N @ R, N Ky. Composing the map « with the
coordinate map ¢ we define the map 37 :V — X by

B7H(n) = ¢ (n+ An)) = ¢~ o (n).
It parametrizes all solutions of f(z) = 0 near the point q. Denote by
U C X the image of 37, so that
U=p"'V).

The pair (U, 3) will be a coordinate chart for the solution set f~1(0)
and we shall show that all coordinate charts constructed this way are

smoothly compatible. Assume that (U’, ') is a second such chart so
that UN U’ # () and consider

Bopt:pUNU)— B UNU.

By construction 5" maps U’ onto an open set V' of a partial cone in
the kernel N’ which has neat sc-complement R and

(B)7H() = (&) (' + A ().
Take p € UNU'. Then fB(p) = Poy(p) = P(n+ A(n)) = n and
B'(p) = P'oy!(p) = P'(n'+ A'(n)) = n' with the canonical projections
P:N®R— N and P': N@® R — N’. Consequently,
n/ _ 5/ oﬁ_l(n)

= Plogof(n)

=Poy oy (n+ An))

=P'o (¢ op™!)oq(n).
Since, by Theorem 5.20, the map + is sc-smooth, and since the transi-
tion map ¢’ o =1 is, by definition, an sc-smooth map, the composition
(3" o 7! is sc-smooth and hence is a smooth map between open sets

of partial cones in Euclidean spaces. The proof of Theorem 6.13 is
complete. |

6.5. Perturbations

Let us next prove some perturbation results.

THEOREM 6.14. Assume that f is a proper Fredholm section of the
M-polyfold bundle b: Y — X. Let us assume that 0X = (0. Let N and
a be auziliary norm and bounds, respectively. Assume that U is the
open neighborhood of f~(0) so that for every s € T (b) with support
in U and N(s(z)) < a(zx) the section f + s is proper. Denote the
space of all sections in I'" as just described by O. Then there exists for
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t €10 and e € (0,3) a section s € O with s —t € €O so that f + s
has for every solution of f(q) + s(q) = 0 a surjective linearization.

PROOF. The set = of all z € X with N(f(x)) < a(r) and x € U is
compact in X. Clearly = C X! by the regularizing property. Consider
for given t the solution set S of f +t¢ = 0. This set is compact in
X, For every x € S consider the linearisation (f + ¢)'(x) which is
sc-Fredholm. We find finitely many sections si, .., s, in I'"(b) with
support in U so that

ALy Ao B) = (f 4+ 1) (2)h + Z Aisi(z)

is onto. The same is true for all y close to z in X*°. By a finite
covering argument we can find finitely many section so that for every x
with (f +t)(z) = 0 the linearization (f +t)’(z) has a cokernel spanned
by the s1(z), ..., si(z). We may view Y as a M-polyfold bundle over
R¥ @ X. Then the map

k
(A1, o Mgy x) = (f+E+ Z)\isi)(:t)

gives a Fredholm section of Y! — RF x X' which has the property
that along S the linearization is surjective. Let L be the solution set
near {0} x S. This is a smooth manifold and the projection L — R* is
smooth. Take a small regular value near 0. Then the associated section
s* has the property that f + s* is transversal to the zero-section. M

6.6. An Example of a Fredholm Operator

We begin by proving some estimates which will be useful in showing
that the operator [u] — [2 + f’(u)] induces a Fredholm section of the
bundle p: Y — X.

6.6.1. An a priori estimate. We start by recalling the definition
of the Sobolev weighted spaces H™°(S,R"). If § is a real number and
I is an interval in R, then H™°(I,R™) consists of functions w whose
weak derivatives D’w up to order m belong to L*(I) if weighted by
edlsl. The H™?(I)-norm is defined by

Jol2msy = 3 / | DFw|2e2el s,
k<m I

In the following A : R — R™ is a symmetric linear isomorphism
having the eigenvalues \;, 1 < i < m. As in Section 2.2 we work with
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the sc-smooth Banach spaces E = ET @& E~ consisting of pairs (u,v)
of maps

(u,v) € BT ® E~ = H*([0,00),R") @ H*((—00,0],R™).

The sc-structure is defined by the weighted Sobolev spaces EEX =
H™20m(R,) for all m > 0, having the norms

lwt I = 32 [ Dt (s) Penllas

The norm on FE,, is defined as

1(; 0l = [l + [[0]m-

Here 6,,, m > 0 is a strictly increasing sequence starting at dg = 0
but this time restricted by the condition

(6.1) O < min{|\;],1 <7 < n}.

Similarly, F' = F* @ F~ is the sc-smooth space consisting of pairs
(h, k) of maps

(h,k) e Fr @& F~ = H'(R,)® H'(R.)

with an sc-structure defined by the Sobolev spaces Ff = H™+10m(R,).
We also recall from Section 2.2 the total gluing operation H, asso-
ciating with (u,v) the pair of functions

(62) EET(U,U) = (@T(uﬂv)7@T(u7v))‘
If r > 0, it is explicitly given by

Tr(s) =1  7r(s) v(s — R)

for 0 < s < R. Here 7g(s) = (s — &) with the cut-off function 3 from
(2.5) and

63)  B(wo)=| 1—73(5)]_[ u(s) ]

R = o(r)
with the gluing profile ¢ from (2.6). We next introduce the 1-parameter
family of sc-continuous linear operators

(6.4) L.:E—F
defined, if r = 0, by
(6.5) Lo(u,v) = (4 + Au, 0 + Av)
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and if r € (0,1), by

d
(6.6) Ly(u,v) =81 K% + A) (@ (u,v), 8, (u,v))].
Explicitly, taking the derivative in s in the definition (6.2), a cal-
culation shows that
(6.7) L.(u,v) = Lo(u,v) + Fr(u,v)
where Fr(u,v) = (Fg (u,v), F (u,v)) is defined by the formulae

Fig (u,v)(s) = % [(27(s) = 1) - u(s) — v(s — R)]

for all s > 0, and

[u(s' + R) + (1 = 27(=5)) - v(s)]

for all s < 0. We have abbreviated 7(s) = 7r(s) and 7(s) = £7(s).
Moreover, a(s) = 7(s)? + (1 — 7(s))%. Due to the definition of 7, the
support of the function F (u,v) is contained in the interval [% -1, %

1] C R, while the support of F}} (u, v) is contained in [-£—1, =& +1] C
R_. By Rellich’s compactness theorem, the linear operator Fr : £ — F
is compact. In view of Theorem 2.17, the maps (r,u,v) — F(u,v)
resp. (r,u,v) — Fp (u,v) from [0, 3)&E — F* resp. from [0, )& E —
F~ are sc-smooth. We formulate this fact as a proposition.

PROPOSITION 6.15. The map
L:[0,1)®E—F
s sc-smooth.

We shall need in the following the well-known Fredholm properties
of the linear operator L, defined in (6.6).

LEMMA 6.16. The operator Lg is sc-Fredholm with index 0 and with
n-dimensional kernel and cokernel.

We denote by E the Sobolev space H%(R,R™) of maps defined on

all of R. The sc-structure is given by the spaces H™*2%(R). By I
we denote the sc-smooth space H™ 19 (R) whose sc-structure is given
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by the spaces H™19m(R). On these spaces we introduce the sc-linear
continuous operator

L:E—>F
Lw = i + Aw.

We will also need the sc-smooth space £ = H?*(R,R") with the sc-
structure given by E,, = H™*>7%(R), and the space F' = H'(R) with
the sc-structure defined by F,, = H™ 7% (R). On these spaces we
have the sc-linear continuous operator L : E — F defined by Lw =
W+ Aw. In view of restriction (6.1) one verifies the following statement.

LEMMA 6.17. The sc-linear operators L and T are sc-isomorphisms.

The above lemmata 6.16 and 6.17 are well-known and we refer, for
example to [19] and [26]. The aim of this subsection is the proof of
the following a priori estimate.

THEOREM 6.18. For every m > 0 there exists a constant ¢,, > 0 so
that

1L (w, 0) [l + [u(0)] + |0(0)] = e - [[(w; 0) ||m

for allr € (0, 3] and (u,v) € E™.

PROOF. Arguing indirectly we assume that on some level m there
are sequences 1, — 1o and (ug,vy) € E™ satisfying ||(ug, vg)|lm = 1
and

(6.8) I(Lo + Fry ) (k, &) lm + [uk(0)] + [0x(0)] — O

as k — oo, where Ry = ().

We consider two cases depending on whether the limit rg is equal
to 0 or different from 0. We start with the case rq > 0. In this
case Ry — Ry. The operator L is Fredholm with index 0 and Fg, is a
compact operator, hence Lo+ Fr, is Fredholm with index 0. Denote by
X the finite dimensional kernel of Lo+ Fg, and by Y the complementary
subspace in E,, so that E,, = X @Y. The restriction (Lo + Fg,)|Y —
F,, is injective. We split the sequence (uy,vy) accordingly into the
sum (Uk,?}k) = (ﬂk,ﬁk) + (ﬂk,i}k) with (ﬂk,ﬁk) € X and (@k,ﬁk) eyY.
It follows from the definition of the operator Fg that || Fg, (ug, vi) —
Fr,(ug, vg)||m — 0 and since (Lg + Fr,)(tx, Ux) = 0 we conclude from
(6.8) that

(6.9) (Lo + Fry) (tr, O lm — 0.
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The injectivity of (Lo + F),)|Y — F,, implies (ug,vx) — 0 in E,,.
Since the kernel X of Ly + F}, is finite dimensional and the sequence
(U, Uk ) bounded, we may assume without loss of generality that (T, Ty)
converges in E,, to (u,v) € X. Consequently,

Lo(u,v) + Fry(u,v) = 0.

This together with (u,v)(0) = 0 imply, in view of the uniqueness of
initial value problem for differential equations, that (u,v) = 0. Hence
we have proved (uy,vy) — 0 in E,, contradicting ||(u,v)|/, = 1.

We next turn to the case ro = 0. Again we shall reach a contra-
diction by proving (ug,vy) — 0. We first show that we may assume
ur = 0 and v, = 0 on the intervals [0, 1] and [—1, 0] respectively. In-
deed, the sequence u;, considered over the interval [0, 2] is bounded in
H™%2([0,2]). Thus, in view of Rellich’s compact embedding theorem,
we may assume without loss of generality that u, converges to u in
H™1([0,2]). In particular, |luy — u|/g1(o2) — 0. From (6.8) we con-
clude that ||ux + Akl goo,2)) — 0 so that @+ Au = 0 on [0,2]. This
together with w(0) = 0 imply u = 0. Thus, [Jug||gm+1(02) — 0, hence

||| 1 o,2) < [k + Al e o,2)) + || At || w1 o,2)) — 0,

showing ||ug || gm+2(j0,2)) — 0. By the same argument, ||vgg2+m(—20)) —
0. Set A(s) = (s — 2) where 3 is the cut-off function introduced in
(2.5). Then, || Aug|| grm+2(jo,27y — 00 that [|(1—X)ug, vg)||m > 2 for large
k. Because the support of Fjg (uy, vy) is contained in [ —1, &4 1] x
[~ — 1, =% + 1] we have Fj} (1 — A)ug, vp) = Fy; (g, vi) so that

(1 = Nup)+A(L = Nug + F (1= Nk, 0)|Im
= [[(1 = N[t + Aug, + Ff}, (g, 0)] = Mgl
< C- (L, (e v6) [l + 1Atz o,2)] — 0.

Similar reasoning applies for the sequence v, so that indeed we may
assume that (uy,vy) satisfies ||(ug, vg)|lm > & and that the supports of
uy and vy, are contained in [1,00) and (—oo, —1].

To proceed further we need some preparation. For the rest of the
proof we only consider pairs (u,v) € E of functions for which there
exists sop > 0 such that u(s) = 0if s € [0, so] and v(s) = 0if s € [—s0, 0].
Setting u(s) = 0 for s < sy and v(s) = 0 for s > —sy we consider these
functions as defined on all of R. Hence also the glued and anti-glued
functions are defined on all of R. We shall abbreviate them by

(610) <Qap) - (@T(uv U)a @7"(“7 U))
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and introduce the shifted functions

(6.11) (ar(s), pr(s)) = (a(s + 3),p(s + §))

defined for all s € R. Equation (6.11) becomes

(6.12) IQR :[ g 1—51. U(5+§)
PR p-1 p v(s —3)

where qg, pr and 3 are evaluated at s. For convenience we introduce
the following abbreviations for the components of the map L, : £ — F
defined in (6.7).

L (u,v) = u+ Au+ Fi (u,v
(619 o) Z A ey
Ly(u,v) =0+ Au+ Fg (u,v).

By an easy calculations one verifies the formula
dr + Agqr )

(6.14) .
Pr+ Apr

g-1 L (u,v)(s —
where qr, pr and 3 are evaluated at s. In the following we abbreviate

§ = d,, and write ||w||; for the L2 -norm of a function w over the interval
I'cR.

NJl=viS] Iy

LEMMA 6.19. There exists a constant C,, depending only on the
cut-off function (B such that

ldr + AqrllEmie-s@) < Ce™ [ ILE(u, v)ll7, + [ Lz (w07, |
1P + Aprlltpesm < Ce™ [ IILE(w, v)II7, + 1L (u, v)II7, ]

PROOF. We only consider the first estimate since the proof of the
second is similar. To simplify the notation we drop the functions u
and v together the index R in L} (u,v)(s) and Lp(u,v)(s), writing
L*(s) and L™ (s) instead. Using (6.14) we have the following pointwise
inequality for 0 < j < m + 2,

1D (Gr + Aggr)|?
<SC-[|D(B-LH(s+ 5P+ [D((1=8)- L (s = §)I*].

In view of the properties of 3, and since LT(s + £) = 0if s < —£&

and L™ (s — &) = 0if s > £, the first summand on the right hand side
above is supported in the interval [—g, 1] and the second in the interval
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—24]s

[—1, &]. After multiplying both sides above by e | and integrating

over R we find
11D (4r + Agr)le™""!||7
<O [IIDLH (s + BIIP gy + DL (5 + By
+ID7L™ (s = e (119 + DL (s = eI g |-
We estimate each of the terms on the right hand side.
IDPL* (s + §)e” | _n.g = e 2D LH (s + 5 Dl g
< e "3 [[D7 L (5)]e™ | s
and
IDPL* (s + §)elloay = €% - [[DLF (s + )’ e o
< e |[LY (s + )P gy < e - ||LH(s)e™ s,
Similarly
I[D7L (s = B))e™ ([0 < e 22 (DL (s)]e |
1L (s = §)le ™ llg,my < €% - (DL ()]e™ s
Summing from j = 0 to j = m + 1 we obtain
ldr+ Agallmsa sy < Ce LI, + L2, .
as claimed. The proof of the lemma is complete. |

Multiplying the matrix equation (6.12) by the inverse matrix one
u(s+ &)

obtains the formula
1o os-1] [m
v(s —3) a |[1-8 ¢ PR

where 3, qr and pgp are evaluated at s and where a@ = % + (1 —
(). Proceeding as in the proof of Lemma 6.19, using (6.15) and the
properties of 3 as well as the facts that gr(s) = 0 for s < —£ and

2
pr(s) =0 for s > &, one proves the following lemma.

(6.15)

-

)

LEMMA 6.20. There exists a constant C,, > 0 depending only on
the cut-off function B such that

||U||72n < Ce‘;RU|qR||12qm+2,,5(R) + ||PR||12L1m+2,6(R)]

HUH?n < CeéRU|QR||12qm+2,—6(R) + HpRH%]m*-?vJ(R)]'
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Having Lemma 6.19 and Lemma 6.20 at hand we can finish the
proof of Theorem 6.18. We set

i, () = O, (we,vi) (s + &) and  pr,(s) = O, (ur, vp) (s + ).

Recalling the operators L : E,, — Fy, and L : E,, — F,, from Lemma
6.17, we conclude from Lemma 6.19

L(e™ 0 and ||L(e"% 0
I1L(e”2 qry) || m+2-s ) — and [|L(e"2 pr, )| mv2sw) — 0.
as k — 0o. The operators L and L are isomorphisms, hence

R o
6" an,llmszs = 0 and e p,|

HnL-f—Q,é(R) — O.
Applying Lemma 6.20,
[urlm — 0 and  [[vg[lm — 0.

Recalling § = d,, this means that (uy,vx) — 0 in E,, in contradiction
to || (ug, vx)|[m > . This finishes the proof of Theorem 6.18.
[ |
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