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A general Fredholm theory III:
Fredholm functors and polyfolds

HELMUT HOFER
KRIS WYSOCKI
EDUARD ZEHNDER

This is the third in a series of papers devoted to a general Fredholm theory in a new
class of spaces, called polyfolds. We first introduce ep—groupoids and polyfolds. Then
we generalize the Fredholm theory, which for M—polyfolds has been presented in our
paper [22], to the more general polyfold setting. The Fredholm theory consists of a
transversality and a perturbation theory. The results form the basis for our application
to Symplectic Field Theory.

58B99, 58C99; 46T99, 57R17

1 Introduction and survey of results

This paper is the third in a series of papers devoted to a generalized Fredholm theory.
In Part I [21], the “splicing-based differential geometry” is developed. In this theory the
familiar local models for spaces (open subsets of finite-dimensional spaces or Banach
spaces) are replaced by more general local models, namely by open subsets of so-called
splicing cores. Further, the notion of smoothness, as well as the notion of a smooth
map, is generalized from the standard notion in finite dimensions to infinite dimensions
in a new way. This generalization allows to extend the category of manifolds to a
category of new smooth objects which open up the possibility to identify new structures
in situations which could not be handled before. For example, the moduli space in
Symplectic Field Theory (SFT) can be viewed as the zero-set of a Fredholm section (in
a generalized sense) defined on bundles on spaces belonging to our new category. Under
the appropriate transversality assumptions the solution sets are still “old-fashioned”
manifolds or orbifolds and in bad cases branched manifolds or branched orbifolds. It
still makes sense to talk about orientations in all cases and the structures suffice to
establish a theory of integration in which Stokes’ theorem holds true. This is all one
needs in order to define invariants.
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1.1 Background

If one uses the new local models, the recipe for defining manifolds produces so-called
M-polyfolds which are the starting point for further developments. In the following we
assume the reader to be familiar with the concepts and results in [21]. More specifically,
we assume familiarity with the notion of an M—polyfold, its degeneration index, the
notion of a strong bundle splicing and that of a filled section. Moreover, with the
notion of an scT—section of a strong M—polyfold bundle, the notion of linearization,
the notion of being linearized Fredholm, and the definition of the Fredholm index for
an sc—Fredholm operator.

In the first part of the present paper we shall develop the theory of ep—groupoids
and polyfolds. We shall modify the approach to orbifolds based on étale proper Lie
groupoids, as presented in Moerdijk [28] and Moerdijk and Mréun [29], and replace
étale proper Lie groupoids by ep—groupoids which are based on M—polyfolds. In the
second part of the paper we generalize the Fredholm theory in M—polyfolds from [22]
to a theory of Fredholm functors and polyfold Fredholm sections. Fredholm functors
can be viewed as Fredholm sections compatible with local symmetries represented by
the morphisms. In general, it is not possible to bring a Fredholm functor into a general
position by a functorial perturbation. However, if we allow multivalued perturbations
are used this becomes possible. The price to pay is that the solution sets in case
of transversality are neither manifolds nor orbifolds, but merely weighted branched
submanifolds or suborbifolds. Nevertheless these objects have enough structure in
order to establish a well-defined integration theory for so-called sc—differential forms
as demonstrated in our preprint [20]. The integration on a branched ep—subgroupoid in
[20] is used to construct invariants. Our paper extends some of the ideas from Cieliebak,
Mundet i Riera and Salamon [2] to the functorial setting and it is also related to the
recent work by McDuff [26]. The results of the present paper form the basis for the
application to SFT given in our future works [15; 16].

1.2 Survey of the main results

We now describe some of the main results postponing the precise definitions to the
later sections. A manifold is a second countable paracompact space with an additional
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structure (the overhead) of equivalence classes of atlases of smoothly compatible charts.
One can formalize the equivalence of atlases in a category-theoretic way as some kind
of Morita-equivalence. From this point of view the step to an orbifold structure on a
topological space is small. Here again we have an underlying topological space equipped
with an the overhead of a Morita-equivalence class of étale proper Lie groupoids as
described by Moerdijk [28]. Polyfolds are second countable paracompact spaces with an
overhead of Morita-equivalence classes of étale proper M—polyfold groupoids. An étale
proper M—polyfold groupoid, in short an ep—groupoid, generalizes the notion of an étale
proper Lie groupoid. In particular, an ep—groupoid Q is a category and |Q| denotes
the orbit space in which two objects are identified if there is a morphism between them.
In the polyfold theory the role of an atlas for a manifold is played by a pair (Q, ) in
which Q is an ep—groupoid and «: |Q| — Z is a homeomorphism between an orbit
space |Q| and a polyfold Z. However, one needs the whole ep—groupoid to encode
the smooth structure on the polyfold.

In the following description of the main results we ignore the all important overhead and
just note that it defines a smooth structure (in some new sense) on an otherwise second
countable paracompact space Z. The topological space Z equipped with this for the
moment suppressed additional structure is called a polyfold. If one accepts a polyfold
as a generalization of a (possibly infinite-dimensional) orbifold the results surveyed in
the following appear familiar. In fact our results can be viewed as generalizations of
known results in Banach manifolds to much more general spaces.

It is a part of its structure that a polyfold Z is equipped with a filtration

Z=20>ZD>Zy>+DZi>Ziy1D D Zeo:=[|Zi
i=0
into subsets Z; of Z which have topologies such that the inclusions Z;4+, — Z;
are continuous and enjoy some compactness properties. Moreover, Zo, is dense in
every space Z;. In fact every Z,, carries some smooth structure (again in the new
sense) as well and smooth maps between polyfolds have to preserve these levels of
smoothness. We can define strong polyfold bundles p: W — Z. The space W carries
a double integer-filtration W), ; for 0 < k <n + 1, where we may view k as the
fiber regularity. A smooth section f of the bundle p: W — Z maps Z,, to Wiy .
The collection of smooth sections is denoted by I'(p). There is an additional class of
so-called sc*—sections. They are smooth sections mapping Zm, t0 Wy, j41. Due to a
compactness property of the fiberwise embeddings Wy, 41 — Wi m, the space of
sct—sections can be viewed as a well-defined universe of compact perturbations. Of
particular importance will be the set of sct—multisections. An sc™—multisection can be
identified with a functor A: W — Q™ such that near every point z € Z there exist a
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finite number of scT—sections s; for i € I, and associated positive rational weights o;
satisfying for w e W,
AMw) = Z o;.

tiel|si(p(w))=w}
The sum over the empty set is defined to be zero. As it turns out two such sct—
multisections A and 7 can be added resulting in the scT™—multisection A @ . Our
notion of multisections generalizes ideas in Cieliebak, Mundet i Riera and Salamon [2]
(where group actions were studied) to a functorial context. In [22] we have introduced
Fredholm sections which now will be generalized to the polyfold context. For a pair
(f,A) in which f is a Fredholm section and A an sct—multisection, we define the

solution set S( f, A) to be the set

S(f.h)={ze Z|M(f(2)) >0}
By S(f)={zeZ]| f(z2) =0}

we shall denote the solution set of the Fredholm section f: Z — W where 0 is the
zero section of the bundle p. We should point out that the fiber of a strong polyfold
bundle does not have a linear structure but it has a preferred section 0. We also define
the notion of an auxiliary norm N: Wy 1 — RT in order to measure the size of an
sct—section or scT—multisection. (It is not a real norm but related to a norm in the
overhead).

Theorem 1.1 (Compactness) Let p: W — Z be a strong polyfold bundle possibly
with boundary with corners and let | be a proper Fredholm section of p. Then, given
an auxiliary norm N for the strong bundle p, there exists an open neighborhood
U of the solution set S(f) so that the solution set S(f,\) is compact for every
sct—multisection A having its support in U and satisfying N(A) < 1.

We should point out that the boundary of a polyfold has very little to do with the set
theoretic boundary of the underlying topological space (whatever it means in any given
context). For example, the subspace Z of R? given by

Z = ((—00,0) x R) U ([0, 1] x {0})

with the induced topology admits a smooth polyfold structure without boundary. (One
might think that (1, 0) is a boundary point!)

The next result shows that we can perturb the multisections to obtain as a solution set
a branched suborbifold of Z. The advantage is that we can integrate over branched
suborbifold, once they are equipped with an orientation, as is demonstrated in [20].
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Theorem 1.2 (Perturbation) Let f be a proper (oriented) Fredholm section of the
strong polyfold bundle p: W — Z with boundary with corners and assume that the
polyfold structure for Z is built on separable Hilbert spaces. Let N be an auxiliary
norm for p and U an open neighborhood of the solution set S(f)={ze€ Z | f(z) =0}
so that the pair (N,U) controls compactness. Then for every sct -multisection A
having support in U and satistying N(A) < % and every ¢ € (0, %), there exists an
sct—multisection t having support in U and satisfying N(t) < &, so that the pair
(f,A & t) is in general position. In particular, the solution set S(f,A @ t) is an
(oriented) compact branched suborbifold with boundary with corners. The solution set
S(f,A®1) is equipped with the natural weight function w: S(f,A® 1) — (0,00)NQ
defined by
w(z) =A@ ®1)(f(2)

A branched suborbifold is essentially a pair (S, w) in which S is a subset of Z as
the above set S(f,A & 1) and w is a map associating with a point in S a positive
rational weight. If f is a proper Fredholm section and A;, i = 0, 1, are generic
scT—multisections, then there exists a generic family A, interpolating between them
so that the solution set {(z,z) € [0,1] x Z | A;(f(z)) > 0} is a smooth branched
suborbifold with boundary with corners interpolating between the solution sets Sg
and S;. Next assume 0Z = @. Using determinant bundles one can introduce the
notion of an orientation o for a Fredholm section f leading to the notion of an oriented
Fredholm section ( f, 0). We summarize the results needed in the Appendix, Section
5.4. The constructions of determinant bundles are in principle well-known (see for
example Donaldson and Kronheimer [4] and Floer and Hofer [6]), however, in the
polyfold context they are not entirely standard since the linearized Fredholm sections
do not depend continuously as operators on the points at which they are linearized.
This requires some extra work carried out in [17]. Transversal pairs ( f, 1), pairs in
good position, and pairs in general position occurring in the following result are defined
in Definition 4.7 below.

Theorem 1.3 (Invariants) Let f be a proper oriented Fredholm section of the strong
polyfold bundle p: W — Z without boundary and assume that the polyfold structure
for Z is based on separable Hilbert spaces. Assume that N is an auxiliary norm for p
and U an open neighborhood of the solution set S( f) so that the pair (N, U) controls
compactness. Then there is a well-defined map

®s: Hp(Z,R) >R

defined on the deRham cohomology group Hj,(Z,R) and having the following prop-
erty. For any scT—multisection A having support in U and satisfying N (1) < 1 so that

Geometry & Topology, Volume 13 (2009)



2284 Helmut Hofer, Kris Wysocki and Eduard Zehnder

(f, ) is a transversal pair (in particular, the associated solution set S = S(f,A) is an
oriented compact branched suborbifold), the map ® is represented by the formula

o= [ o=ufVs)
S,w)
The weight function w: S — Q™ is defined by w(z) = A(f(z)). Moreover, if t — f;
is an sc—smooth proper oriented homotopy of Fredholm sections, then
Qfy = Dpy

Here Mﬁf’“’) is a natural signed measure associated with an sc—differential form w
on the polyfold Z and the branched suborbifold (S, w) (of course the measure can
only be nonzero provided the degree of the form and the dimension of S match). The
underlying measure space is (S, £(S)). The o—algebra L£(S) of subsets of S is a
natural generalization of the Lebesgue o —algebra on a smooth manifold. We refer to
[20] for more details.

For example, as sketched in Section 1.3, the disjoint union of the Gromov-compactified
moduli spaces of pseudoholomorphic curves with varying arithmetic genus and rep-
resenting the various second homology classes in a compact symplectic manifold
(Q, w) can be viewed as the zero set of a Fredholm section f* of some strong polyfold
bundle p: W — Z, which in every connected component is proper. The evaluation
map ev;: Z — Q at the /-marked point is smooth (in the new sense) and pulls back
every differential form on Q to an sc—differential form w on Z. Also the map which
associates with a point in Z the underlying stable part of the domain defines a smooth
map into the Deligne-Mumford stack and pulls back differential forms on the stack
to sc—differential forms w on Z. Wedges of suitable forms can be integrated over a
(generic) branched suborbifold which is the solution set for a suitable sc™—multisection
perturbation, and organizing the data in the usual way we obtain the GW-potential as
defined in McDuff and Salamon [27]. That the GW-theory fits into our framework
will be shown in detail in [15], though the main point of [15] is the construction of the
polyfold structures in the presence of nodes. The understanding of the nodes presents
already all the analytical difficulties related to the phenomenon called breaking of
trajectories occurring, for example, in Floer theory and in SFT.

Using the previous theorem one can associate with a proper Fredholm section a Q-
valued degree as follows. If f is an oriented proper Fredholm section of Fredholm
index 0 we can integrate the class [1] € HG?R(Z ,R), ie the cohomology class of the
constant 1-function. Then we define the degree of f by

deg(f) = @, ([1].
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This degree takes, as one can show, values in Q and has the usual properties of a
degree.

There is also a version for the boundary case. Consider the inclusion j: 0Z — Z
which restricted to the local faces is sc—smooth. We can introduce the notion of an
sc—differential form on dZ by taking sc—differential forms on the local faces which
are compatible at their intersections. Let us denote by QK () the collection of pairs
(w,7) € QX(Z) ® Q¥~1(3Z). The Cartan derivative d is defined as d(w,t) =
(dw, j*w —dt) and the associated deRham cohomology group Hj; (/) is denoted by
H}(Z,07).

Theorem 1.4 (Invariants in case of boundary) Let f be a proper oriented Fredholm
section of the strong polyfold bundle p: W — Z with boundary with corners and
assume that the polyfold structure for Z is built on separable Hilbert spaces. Assume
that N is an auxiliary norm for p and U an open neighborhood of the solution set
S(f) so that the pair (N, U) controls compactness. Then there exists a well-defined
map
Ve Hip(Z,0Z) >R

having the following property. For any scT—multisection A having support in U and
satisfying N(A) < 1 so that (f, A) is in general position (in particular, the associated
solution set S( f,A) is an oriented compact branched suborbifold with boundary with
corners), the map Wy has the representation

Vi (lw, 7)) ::/ a)—/ T.
(S(fiM)Ap) (0S(f,A),Ar)

Moreover, if t — f; is an sc—smooth proper oriented homotopy of Fredholm sections,
then

Ve, =Yy,

As already mentioned there are approaches to the structure of moduli spaces of stable
maps which are different from ours. In some approaches so-called Kuranishi structures
are used; see Fukaya and Ono [8], Fukaya, Oh, Ohta and Ono [7] and Lu and Tian [24].
We would like to point out that it is quite straightforward to construct a “forgetful”
functor from the polyfold Fredholm theory to a class of Kuranishi structures; see
Hofer [14].

1.3 Sketch of the application to Gromov—Witten

As an illustration of the new concepts in this paper, we sketch an application to the
Gromov—Witten (GW)—invariants referring to [15] for the details and the proofs. The
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GW-invariants are invariants of symplectic manifolds deduced from the structure of
stable pseudoholomorphic maps from Riemann surfaces to the symplectic manifold. The
construction of GW—invariants for general symplectic manifolds goes back to Fukaya
and Ono [8] and Li and Tian [23]. Earlier work for special symplectic manifolds are
due to Ruan [31; 30]. Recently, Cieliebak and Mohnke [1] proved the genus zero case
using Donaldson’s theory [3] of codimension two symplectic hypersurfaces in order
to establish the crucial transversality property. Our approach is quite different. As a
consequence of general principles, compact smooth moduli spaces are produced over
which one can integrate. In the GW—case, the theory applies for arbitrary genus and
since the theory also solves all the smoothness problems automatically, many results,
as for example the composition formula for the GW—invariants, do not require extra
work.

We start our sketch recalling some concepts from the theory of Riemann surfaces. Nodal
Riemann surfaces show up in the compactification of the moduli space of compact
Riemann surfaces S. A nodal Riemann surface is a multiplet

(S.j. M, D)

in which the pair (S, j) is a closed, not necessarily connected, Riemann surface S
equipped with the complex structure j. So, S is the disjoint union of finitely many
connected compact Riemann surfaces. The set M C S is an ordered finite subset of
points, called marked points. The unordered set D consists of finitely many unordered
pairs {x, y} of points in S satisfying x # y and called nodal pairs. Moreover,
{x,y}N{x’, y'} # @ implies that the two sets are equal. The points of a nodal pair
may belong to the same component or to different components of .S'. Denoting by |D|
the collection of all the points of .S contained in the set of nodal pairs D, we assume,
in addition, that |D| N M = @. We call | D| the nodal set and the points in | D| the
nodal points. A special point of the nodal Riemann surface is a point in S which is
either a nodal point or a marked point. The nodal Riemann surface (S, j, M, D) is
called connected if the topological space obtained by identifying x = y for all nodal
pairs {x, y} € D is a connected space. In this terminology it is possible that the nodal
surface (S, j, M, D) is connected but the Riemann surface S has several connected
components C, namely its domain components. The arithmetic genus g, agrees with
the genus of the connected compact Riemann surface obtained by properly gluing the
components C of .S at all the nodes. The arithmetic genus g, of the connected nodal
Riemann surface (S, j, M, D) is the nonnegative integer g, defined by

ga=1+1D+) (g(C)-1)
C
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where f{D is the number of nodal pairs in D and where the sum is taken over the
finitely many domain components C of the Riemann surface S. Two connected nodal
Riemann surfaces

(S,j,M,D) and (S',j',M', D)
are called isomorphic, if there exists a biholomorphic map
9: (S.7) = (8" /"),

(ie, the map ¢ satisfies Tpo j = j’ o T'¢), mapping marked points onto marked points
(preserving the ordering) and nodal pairs onto nodal pairs. If the two nodal Riemann
surfaces are identical, the isomorphism above is called an automorphism of the nodal
surface (S, j, M, D). In the following we denote by

[(S.]. M, D)]

the equivalence class of all connected nodal surfaces isomorphic to the connected nodal
Riemann surface (S, j, M, D).

A crucial role play the so-called stable nodal surfaces.

Definition 1.5 The connected nodal Riemann surface (S, j, M, D) is called stable,
if the group of its automorphisms is finite.

One knows that a connected nodal Riemann surface (S, j, M, D) is stable if and only
if every connected domain component C of S satisfies

2g(C)+fMc = 3,

where g(C) is the genus of C and where M¢c = C N (M U|D]|) are the special points
lying on C.

After having recalled the concepts from Riemann surface theory we start with the
analytical set up of our approach to the GW—invariants. We consider a symplectic
manifold (Q, w) and assume, for simplicity, that dQ = &. We study maps u: S — Q
defined on Riemann surfaces S into the symplectic manifold having special regularity
properties introduced below. By

u: 0(S,z) > Q0
we shall denote a germ around the point z € S defined on a piece of the Riemann

surface S.
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Definition 1.6 Let m > 2 be an integer and § > 0. The germ of a continuous
map u: O(S,z) — Q is called of class (m,§) at the point z if for a smooth chart
¢: U(u(z)) = R2" of Q mapping u(z) to 0 and for holomorphic polar coordinates
0:[0,00) x S! — S\ {z} around z, the map

v(s,t) =pouoa(s,t),

which is defined for s large, has partial derivatives up to order m, which if weighted
by %5, belong to L2([R, 00) x S, R2") if R is sufficiently large. The germ is called
of class m around the point z € S, if u belongs to the class H". near z.

The above definition does not depend on the choices involved, like charts on Q and
holomorphic polar coordinates on S'.
We next consider multiplets

a:=(S,j,M,D,u)
in which (S, j, M, D) is a connected nodal Riemann surface and

u: S —Q

is a continuous map.
Definition 1.7 Let m > 2 be an integer and § > 0. The multiplet « = (S, j, M, D, u)
is a stable map of class (m, 8), if it satisfies the following properties:

e The map u is of class (m, §) around the points belonging to the nodal set | D|
and of class m around all the other points of S'.

¢ For every nodal pair {x, y} € D, u(x) =u(y).

e If a connected component C of S has genus g¢ and M special points, and
satisfies 2-gc + M¢ < 2, then

/ u o > 0.
C

Two stable maps « = (S, j, M, D,u) and o’ = (S’, j/, M', D', u’) are called equiv-
alent if there exists an isomorphism ¢: (S, j, M, D) — (S’, j', M’, D’) between the
connected nodal Riemann surfaces satisfying

u'op=u.

An equivalence class [«] = [(S, j, M, D, u)] is called a stable curve of class (m,6).

The following space Z will be equipped with a polyfold structure.
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Definition 1.8 Fix 3y € (0,27). The collection of all equivalence classes [a] =
[(S, j, M, D,u)] of class (3, dg) is called the space of stable curves into the symplectic
manifold Q of class (3,d¢p), and is denoted by Z.

In [15] the following result is proved for the set Z of the stable curves of class (3, dg).

Theorem 1.9 (1) The space Z has a natural second countable paracompact topol-
0gy.

(2) Given a strictly increasing sequence (8y,) starting at the previously chosen &
and staying below 27 and given the exponential gluing profile ¢: (0, 1]— [0, 00)
defined by ¢(r) = e'/" —e, the space Z has a natural polyfold structure where
the m—th level consists of equivalence classes [(S, j, M, D,u)] in which u is
of class (m + 3, 8,).

Formulated in the technical terms introduced below, given the sequence (§;) and the
exponential gluing profile ¢, there exists a natural collection of pairs (X, §) in which
X is an ep—groupoid and B: | X | — Z is a homeomorphism from the orbit space | X|
of the ep—groupoid onto the topological space Z, so that for any two pairs (X, ) and
(X', B’) there exists a third pair (X”, 8”) and equivalences F: (X", ") — (X, B)
and F': (X",B") — (X', B’) satisfying

B"=PBo|F|=p"o|F].

Such pairs define the smooth structure on the topological space Z. The construction
of the natural polyfold structure is carried out [15].

There are natural maps which play an important role in the GW—theory. Let us first
note that Z has many connected components. If g,k > 0 are integers we denote by
Zgq i the subset of Z consisting of all classes [o] = [(S, j, M, D,u)] of arithmetic
genus g and k& marked points. This subset is open in Z and therefore is equipped
with the induced polyfold structure. If 4 € H,(Q, Z) is a homology class, we can also
consider the open subset Z 4 ¢ x consisting of elements in Z, ;. for which the map u
represents A. Now we consider for the fixed pair (g, k) the space Zg4 ;. For every
i =1,...,k, we define the evaluation map at the i —th marked point by

evi: Zgg — Q: [a] =[(S,j, M, D,u)] — u(m;).

If 2g + k > 3, the forgetful map associates with [«] the underlying stable part of the
domain S. It is obtained as follows.

We take a representative (S, j, M, D, u) of our class [«] and first forget the map u.
Now we take a component C satisfying 2g(C) + #f(C N (M U |D|)) < 3. Since,
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by definition, our nodal surface (S, j, M, D) is connected, the following cases arise.
Firstly, C is a sphere with one node. In this case we remove the sphere and the node.
Secondly, C is a sphere with two nodal pairs {x, y} and {x’, y'}, where x and x’
lie on the sphere. In this case we remove the sphere but shortcut the two nodes by
removing the two nodal pairs but adding the nodal pair {y, y’}. Thirdly, C is a sphere
with one node and one marked point. In that case we remove the sphere but replace the
corresponding node on the other component by the marked point. Continuing this way
we end up with a stable nodal Riemann surface whose biholomorphic type does not
depend on the order we weeded out the unstable components. The procedure leads to
the forgetful map

0: Zgg = Mgp, [(S.j,M,D,u)]—I[(S,j, M, D)sa]

where M ¢,k 1s the standard Deligne-Mumford compactification of the moduli space
of marked stable Riemann surfaces.

Figure 1: The forgetful map o: Zgx — My

Theorem 1.10 The evaluation maps ev;: Zg , — Q and the forgetful map o: Zg j —
Mg k. are sc—smooth.
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As a consequence, we can pullback the differential forms on Q and on M ¢,k to obtain
sc—differential forms on the polyfold Z, ; which can be, suitably wedged together,
integrated over the smooth moduli spaces obtained from transversal Fredholm sections
of strong bundles over Z, using the branched integration theory from [20].

Next we introduce a strong polyfold bundle W over Z. The objects of W are defined
as follows. We consider multiplets

a=(S,j,M,D,u,k)

in which the underlying stable map « = (S, j, M, D,u) is a representative of an
element in Z and £ is a continuous section along # such that the mapping

£(2): T;S — Tu(z)Q

is complex antilinear at every z € S. The domain S is equipped with the complex
structure j and the target Q is equipped with the almost complex structure J. We
require that the map z > £(z) is of class H2, on S\ |D| and it is of class (2, 8)
at the points in the nodal set | D|. The last requirement means, taking holomorphic
polar coordinates o around a nodal point z and a smooth chart iy around its image

u(z) € Q, that the map
0
(500 = pry o T Y o 5. 0)E 0 5.0 (620

and all its partial derivatives up to order 2, if weighted by edolsl belong to the space
L?([R,00) x S!,R?") for R large enough. The definition does not depend on the
choices involved.

We call two such tuples (S, j, M, D,u,&) and (S, j', M’', D', u’, &) equivalent if
there exists an isomorphism

¢: (S.j, M, D)~ (S, j',M', D')
between the nodal Riemann surfaces satisfying
wWop=u and & oT¢p=E.

We denote an equivalence class by [@] = [(S, j, M, D,u,&)]. The collection of all
such equivalence classes constitutes the space W .

We have defined what it means that an element « represents an element on level m. Let
us observe that if u has regularity (m + 3, 8,,), it makes sense to talk about elements &
along u of regularity (k 4+2,68;) for 0 <k <m+ 1. In the case k = m + 1 the fiber
regularity is (m + 3, §,,41) and the underlying base regularity is (m + 3, 8;,)-

Geometry & Topology, Volume 13 (2009)



2292 Helmut Hofer, Kris Wysocki and Eduard Zehnder

The requirement of an exponential decay in the fiber towards a nodal point which is
faster than the exponential decay of the underlying base curve is well-defined and
independent of the charts picked to define it. Our conventions for defining the levels are
governed by the overall convention that sections should be horizontal in the sense that
they preserve the level structure, ie an element on level m is mapped by the section to
an element on bilevel (12, m). Hence if the section comes from a first order differential
operator we need the convention we have just used. Therefore it makes sense to say
that an element

a=(S,j,M,D,u,§)

has (bi)regularity ((m + 3, 8,), (k +2,6;)) as long as k satisfies the above restriction
0 <k <m+ 1. The equivalence class [@] € W is said to be on level (m, k) provided
the pair (u, £) has the above regularity. One of the main consequences of [15] is
the following theorem in which Z denotes the space of stable curves introduced in
Theorem 1.9 and W is the space defined above.

Theorem 1.11 (1) The set W has a natural second countable paracompact topology
so that the natural projection map

p:W—Z, J[a]l+ o]
(forgetting the & —part) is continuous.

(2) If Z is equipped with its polyfold structure, then the bundle p: W — Z has the
structure of a strong polyfold bundle in a natural way.

Finally, we can introduce, for a compatible smooth almost complex structure J on the
symplectic manifold (Q, w), the section d; of the strong polyfold bundle p: W — Z
defined by

37((S. j, M, D)) =[(S, j, M, D,u,dy,j(u))]

where 0 J,j 1s the Cauchy—Riemann operator defined by

- 1
8J,j(u):§(Tu+J0Tuoj).

Let us call a Fredholm section of a strong polyfold bundle component-proper if the
restriction to every connected component of the domain is proper. Then the following
crucial result which is a special case of results proved in [17; 18] holds true.

Theorem 1.12 The section 3 is an sc—smooth component-proper Fredholm section
of the strong polytfold bundle p: W — Z having a natural orientation.
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Applying Theorem 1.3, one derives the following invariants. We abbreviate by (9, w)=
(S (5 T, A), AgJ) the oriented and weighted solution set of the pair (d7,A) where A is
an scT-multisection and where the solution set is given by S(d;,A) ={z € Zgx |
A(37z) > 0} and the weight function w is defined as w(z) = A(3sz). The set 901 is
an oriented compact branched suborbifold of Zg  provided A is generic, ie, @7.))
is a transversal pair.

Theorem 1.13 Let (Q, w) be a closed symplectic manifold. Then given a homology
class A € H,(Q) and natural numbers g, k > 0 there exists a multilinear map

qj/?,g,k: H*(O;R)®k g H*(Mg,k;R) —R

which on H*(Q; R)®k s supersymmetric with respect to the grading by even and
odd forms. This map is uniquely characterized by the following formula. For a given
compatible almost complex structure J on Q and a given small generic perturbation
by an scT—multisection A we have the presentation

\Dﬁg’k([cxl], s laxli ) = /( evi(ag) A= Aevy(ag) Ao (PD(17)).

M, w)

Here PD denotes the Poincaré dual.

The a priori real number \IIE, ek ([a1], ..., [ak]:[t]) is called a GW—invariant. It is
zero unless the Fredholm index and the degree of the differential form which is being
integrated are the same. One can show that the numbers \I’g 2k (a1l ... [kl [t]) are
rational if the (co)homology classes are integer. The defining integral can be interpreted
as a rational count of solutions of some nonlinear problem. The integration theory used
above is the “branched integration” introduced in [20].

The various maps \Ilj)“’g’  are interrelated by the so-called composition law, which
also forms the basis for the Witten—Dijkgraf—Verlinde—Verlinde equation for which we
refer to Manin [25], McDuff and Salamon [27] and Tian [32] and we would like to
mention that the composition law follows readily from our transversality theory as will
be shown in [15].

2 Ep-groupoids and generalized maps

In this section we shall introduce the concept of an ep—groupoid. Ep-groupoids
will serve later on as models for polyfolds which is the central topic of this paper.
Ep-groupoids are generalizations of proper étale Lie groupoids in which the local
models for the object and morphism sets are M—polyfolds instead of finite-dimensional
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manifolds. Different ep—groupoids can serve as models for the same polyfold. This
leads to the study of equivalences between ep—groupoids. We shall also introduce the
concept of a generalized map and describe a construction for inverting equivalences. Our
presentation of ep—groupoids follows the presentation of Lie groupoids in Moerdijk [28]
and Moerdijk and Mrcun [29]. The ideas go back to A Haefliger and we refer to [10;
11; 12; 13].

2.1 Ep-groupoids
We begin by recalling the notion of a groupoid.
Definition 2.1 A groupoid & is a small category whose morphisms are all invertible.

Recall that the category & consists of the set of objects G, the set G of morphisms
(or arrows), and the five structure maps (s, 7,7, u,m). Namely, the source and the
target maps s,¢: G — G assign to every morphism, denoted by g: x — y, its source
s(g) = x and its target t(y) = y, respectively. The associative multiplication (or
composition) map

m: Gyx;G—> G, m(h,g)=hog

is defined on the fibered product
Gsx/G ={(h.g) e GXG|s(h) =1(g)}.

For every object x € G, there exists the unit morphism 15: x — x in G which is a
2—sided unit for the composition, that is, go 1, = g and 1, o & = & for all morphisms
g, h € G satisfying s(g) = x = t(/). These unit morphisms together define the unit
map u: G — G by u(x) = 1. Finally, for every morphism g: x — y in G, there exists
the inverse morphism g~ !': y — x which is a 2—sided inverse for the composition,
thatis, gog™! =1 y and g ! og =1,. These inverses together define the inverse
map i: G — G by i(g) = g~!. The orbit space of a groupoid &,

6] =G/ ~,

is the quotient of the set of objects G by the equivalence relation ~ defined by x ~ y if
and only if there exists a morphism g: x — y. The equivalence class {y € G | y ~ x}
will be denoted by
Ix|={yeG|y~x}
If x, y € G are two objects, then G(x, ) denotes the set of all morphisms g: x — y.
In particular, for x € G fixed, we denote by G(x) = G(x, x) the stabilizer (or isotropy)
group of x,
G(x) = {morphisms g: x — x}.
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For the sake of notational economy we shall denote in the following a groupoid as well
as its object set by the same letter G' and its morphism set by the bold letter G.

A homomorphism F: G — G’ between two groupoids is, by definition, a functor. In
particular, the two induced maps F: G — G’ and F: G — G’ between the object sets
and the morphism sets commute with the structure maps

sSoF=Fos t'oF=Fot
i"oF=Foi uoF=Fou
m'o(FxF)=Fom.

Ep—groupoids, as defined next, can be viewed as M—polyfold versions of étale and
proper Lie-groupoids discussed eg in [28] and [29].

Definition 2.2 An ep—groupoid X is a groupoid X together with M—polyfold struc-
tures on the object set X as well as on the morphism set X so that all the structure
maps (s,t,m,u,i) are sc—smooth maps and the following holds true:

o (Etale) The source and target maps s and ¢ are surjective local sc—diffeo-
morphisms.

e (Proper) For every point x € X, there exists an open neighborhood V(x) so
that the map ¢: s~ (V(x)) — X is a proper mapping.

We point out that if X is a groupoid equipped with M—polyfold structures on the object
set X as well as on the morphism set X, and X is étale, then the fibered product
X %X has a natural M—polyfold structure so that the multiplication map m is defined
on an M—polyfold. Hence its sc—smoothness is well-defined. This is proved in Lemma
2.8 below.

In an ep—groupoid every morphism g: x — » can be extended to a unique local
diffeomorphism ¢ os~! satisfying s(g) = x and #(g) = y. The properness assumption
implies that the isotropy groups G(x) are finite groups.

The local structure of the morphism set of an ep—groupoid in a neighborhood of an
isotropy group is described in the following theorem whose proof can be found in the
Appendix, Section 5.1.

Theorem 2.3 Let x be an object of an ep—groupoid X . Then every open neighborhood
V C X of x contains an open neighborhood U C V of x, a group homomorphism

¢: G(x) — Diff(U), g+ ¢g,
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of the isotropy group into the group of sc—diffeomorphisms of U, and an sc—smooth
map
I'G(x)xU —-X

having the following properties:

e I'(g,x)=g.
e s(I'(g.y)=yand t(T'(g,y)) = ¢g().

e If h: y — z is a morphism between two points in U , then there exists a unique
element g € G(x) satisfying I'(g, y) = h.

The group homomorphism ¢: G(x) — Diff.(U) is called a natural representation
of the isotropy group G(x) of the element x € X. The diffeomorphism ¢, is given
by t os~! where s(g) = t(g) = x. We see that every morphism between points in
U belongs to the image of the map I" and so has an extension to precisely one of the
finitely many diffeomorphisms ¢y of U where g € G(x).

An M—polyfold X is, in view of its definition in [21], equipped with a filtration

X=XoD>X1DX,D---DX :=ﬂXk
k>0

into subsets such that the injection maps Xy 41 — Xj are continuous and X is dense
in all the sets X} . Points or subsets contained in X are called smooth points or
smooth subsets. On the space X}, there is the induced filtration X D X341 D+ D Xoo.
This M—polyfold structure of X; will be denoted by X*.

If x € X', we denote by ml(x) € Ny U {oo} the largest nonnegative integer m or oo
so that x € X,,. We call m(x) the maximal level of x.

In an ep—groupoid the object set X as well as the morphism set X are M—polyfolds
and hence are both equipped with filtrations. Since the source and the target maps are
local sc—diffeomorphisms and therefore preserve by definition the levels, we conclude
that

mi(x) = ml(y) = mi(g)
if g: x — y is a morphism. Consequently, the filtration of the object set X induces
the filtration
| X| =|Xo| D X1 D+ D [ Xoo| = () X
k=0
of the orbit space |X|= X/ ~.
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2.2 Functors and equivalences

In this section we introduce the notion of an equivalence which plays an important role
in the construction of polyfolds later on.

Definition 2.4 A functor F': X — Y between two ep—groupoids is called sc—smooth
provided the induced maps between object- and morphism- spaces are sc—smooth.

In view of the functoriality of F', the two induced maps commute with the structure maps
and therefore an sc—smooth functor F: X — Y induces an sc’—map |F|: |X| — |Y|
between the orbit spaces. A continuous map is called sc® if it preserves the natural
filtrations. An important class of sc—smooth functors are the equivalences defined next.

Definition 2.5 An sc—smooth functor F: X — Y between two ep—groupoids is called
an equivalence provided it has the following properties:

e The map F is a local sc—diffeomorphism on objects as well as morphisms.

e The induced map |F|: |X| — |Y| between the orbit spaces is an sc—homeo-
morphism.

e Forevery x € X, the map F induces a bijection X(x) — Y(F(x)) between the
isotropy groups.

Clearly, if F: X — Y and G: Y — Z are equivalences, then the composition G o
F: X — Z is also an equivalence.

In general, an equivalence is not invertible as a functor. Later on, we will discuss a
general procedure of inverting arrows in a category by only changing the morphism set
but keeping the object set. This “inverting of arrows” for a given class of arrows is a
standard procedure in category theory and we refer to Gabriel and Zisman [9].

Definition 2.6 Two sc—smooth functors F: X — Y and G: X — Y between ep—
groupoids X and Y are called naturally equivalent, if there exists an sc—smooth map
7: X — Y which associates with every object x € X an arrow 7(x): F(x) = G(x)
in Y and which is “natural in x” in the sense that for every arrow /: x — x” in X the
identity

t(x")o F(h) = G(h) o t(x)

Geometry & Topology, Volume 13 (2009)



2298 Helmut Hofer, Kris Wysocki and Eduard Zehnder

holds. The map t is called a natural transformation.

Flx) —95 G(x)

lF (@) iG(h)

F(x') Y% G

Two naturally equivalent functors F: X — Y and G: X — Y induce the same map
between the orbit spaces,
|[Fl=1G|: |X[—>|Y].

From the definitions one deduces the following result.

Proposition 2.7 Assume that the sc—smooth functors F: X — Y and G: X — Y
between ep—groupoids are naturally equivalent. Then if one of the functors is an
equivalence so is the other.

Proof Assume that F: X — Y is an equivalence. As remarked above the functors
F, G induce the same mappings between the orbit spaces so that | F| = |G|: | X|—|Y].
Hence |G| is a homeomorphism. If x € X, we have to show that G induces a
bijection between the isotropy groups X(x) and Y(G(x)). It suffices to show that given
g € Y(G(x)), there exists a unique / € X(x) such that G(h)=g.let7: X > Y bea
natural transformation and define the morphism f :=t(x)"'ogot(x): F(x) — F(x).
Since there is a bijection between X(x) and Y(F(x)), there exists a unique morphism
h: x — x satisfying F(h) = f. From t(x) o F(h) = G(h) o t(x) one concludes that
g =1(x)o F(h)ot(x)~! = G(h) which proves our claim.

Next we show that G is a local sc—diffeomorphism on objects. Fix xo € X. Let
U(z(xg)) be an open neighborhood in Y of the morphism 7(xg): F(xg9) = G(x¢)
such that the source and the target maps : U(z(x¢)) — U(F(xg)) and ¢: U(z(xp)) —
U(G(xg)) are sc—diffeomorphisms. Since, by assumption, F is a local sc—diffeo-
morphism on objects, there exists a an open neighborhood U(xg) of x¢ in X such
that F: U(xg) — F(U(xg)) is an sc—diffeomorphism. We take U(xg) so small that
T(U(x0)) C U(z(x0)). Moreover, we may assume that s: U(t(xg)) = F(U(xp)) is
an sc—diffeomorphism. Then G(x) = os~! o F(x) for x € U(xo) and G(U(xp)) =
U(G(xg)). Because ¢, s~! and F are sc—diffeomorphisms also the composition G is
an sc- diffeomorphism on the neighborhood U(xy).

To complete the proof we have to show that G: X — Y is a local sc—diffeomorphism
on the morphisms set. To do this we fix a morphism g: xo — yo between the objects
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Xo and yg in X . By assumption, there exists an open neighborhood U(g) of g in X
such that F: U(g) — F(U(g)) is an sc—diffeomorphism. Since F and G are local sc—
diffeomorphism, we find open neighborhoods U(xg) and U(yq) of the objects xo and
Yo such that the maps F and G are sc—diffeomorphism on U(x() and U(yg). We may
choose the neighborhoods U(xg), U(y¢) and U(g) so that the source and the target
maps s: U(g) — U(xp) and ¢: U(g) — U(yg) are sc—diffeomorphisms. Then the set
G(U(g)) is an open subset of Y and the sc—smooth map G: U(g) — G(U(g)) has an
inverse given by G~ (1) = F~1(z(x)oho(z(y))~!) for amorphism /: G(x) — G(»)
belonging to G(U(g)). Since this inverse is an sc—diffeomorphism, we have proved
that also G is a local sc—diffeomorphism. |

Next we shall define the weak fibered product L. = X Xy Z in which X,Y, and Z
are ep—groupoids. Consider two sc—smooth functors F: X — Y and G: Z — Y
between ep—groupoids having the same target ep—groupoid Y. We first define the
fibered product L = X xy Z as a groupoid and then, under an additional assumption,
as an ep—groupoid.

The object set of L consists of triples (x,¢,z) € X x Y x Z where ¢: F(x) - G(z)
is a morphism in Y. Hence

L={(x,0,2) e X xYXxZ|s(p)=F(x) and t(p) =G(2)}.
In short notation, L= X px;Y;XgZ. A morphism /: (x,¢,z) — (x’,¢’,z’), between
two objects in L is a triple / = (h, ¢, k) € X x Y x Z with morphisms 4: x — x and
k: z — z/ satisfying
¢'=G(k)ogo F(h)™".

Hence the set of morphisms is equal to L = X XY X50GZ or, explicitly,

L={(h,¢.k) eXxXYXZ|soF(h)=s(p) and t(¢) =soG(k)}
and the source and the target maps s, ¢: L — L are defined by
D s(th.p. k) = (s(h),@.s(k)) and t(h,@.k)=(t(h).¢.1(k))
where ¢’ := G(k) oo F(h)~!. The multiplication of two morphisms is defined as

(h.o.k)o(h' Y. k') = (hol . Y.k ok').

The identity morphisms 1 4, - € L at the object (x, ¢, z) € L is the triple 1(y ) =
(1x, ¢, 1;). The inversion map is defined by i (1, ¢, k) = (h~!, G(k)opo F(h)~', k~1).
With the above definitions the fibered product L = X Xy Z becomes a groupoid called
the weak fibered product.
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In the next step we describe conditions which guarantee that L is an ep—groupoid. We
need a lemma which is a special case of a more general result in [19].

Lemma 2.8 Let X, Y and Z be M—polyfolds. Assume that f: X — Y is a local
sc—diffeomorphism and g: Z — Y is an sc—smooth map. Then the fibered product

XpxgZ ={(x,2) e X xZ| f(x)=g(2)}

has a natural M-polyfold structure and the projection map 7w5: X fxgZ — Z is a local
sc—diffeomorphisms.

Proof Denote by A = {(y,y) | y € Y} the diagonal in the space ¥ x Y. Then
XrxgZ = (f, g2) " 1(A) C X x Z. Hence XyxgZ is a closed subset of X x Z
and consequently carries a paracompact second countable topology. Fix a point
(x,z) € XyxgZ. Since f: X — Y is a local sc—diffeomorphism, we find two
open neighborhoods U(x) C X and V(g(z)) C Z of the points x and g(z) such that
f:U(x) — V(g(2)) is an sc—diffeomorphism. Next we find an open neighborhood
W(z) C Z of z so that there exists a chart ¢: W — O onto an open subset O of a splic-
ing core K and, in addition, g(W(z)) CV(g(z)). Then N :=(U(x)xW(z))NX rxgZ
is an open neighborhood of (x, z) in X s x¢Z and the map

O:N—>0, (x,2)0(2)
is a bijection and of class sc®. The inverse map ®~!': O — N is equal to

o~ (k)= (/T ogopT (k)97 (K))

and is an sc’—map. If ®;: N; — O, is defined by (x,z) — ¢1(z), where ¢;: W; —
O, C K, is another such chart map, then ®; o ®~1: (N N N;) — &;(N N Ny) is
equal to ®;0® (k) =g 00~ (k) for k € ®(NNN;). Hence ®;od! is sc—smooth.
Consequently, the above charts (®, N) define an M—polyfold structure on X xgZ.
The construction also shows that the projection 75 is a local sc—diffeomorphism. 0O

We shall use the previous lemma in the construction of the weak fibered product of
ep—groupoids.

Theorem 2.9 Let X', Y and Z be ep—groupoids. Assume that the functor F': X — Y
is an equivalence and G: Z — Y an sc—smooth functor. Then the fibered product
X Xy Z has in a natural way the structure of an ep—groupoid. Moreover, the projection
functor p: X Xy Z — Z is an equivalence.
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Proof We apply Lemma 2.8 and view the object set of the fibered product X xy Z
as

(2) X pXsom, [YixgZ].

Since the target map ¢ is a local sc—diffeomorphism and G: Z — Y is sc—smooth,
Lemma 2.8 implies that Y;xgZ is in a natural way an M—polyfold. The map s o
w1 YixgZ —Y issc—smoothand F: X — Y is alocal sc—diffeomorphism. Applying
Lemma 2.8 again, we conclude that the set of objects X xy Z has a natural M—polyfold
structure. We could have also used instead of (2) the different bracketing

3) [X FxsY] toms XGZ,
which would lead to the same M—polyfold structure.

Using the fact that s o F', s, and ¢ are local sc—diffeomorphisms one also shows that
the set of morphisms L = X, XY X506Z has a natural M—polyfold structure. With
these M—polyfold structures on L. and L, the source map

s:L—>L, s(he,k)=(s(h),p,sk))

is sc—smooth and we show that s is a local diffeomorphism. Fix a morphism (%, ¢, k) €
L. Since the target map s: Z — Z is a local sc—diffeomorphism, we find open
neighborhoods V (k) C Z of the morphism &k and an open neighborhood V(s(k)) C Z
of the point s(k) such that s: V(k) — V(s(k)) is an sc—diffeomorphism. Using Lemma
2.8 and shrinking these neighborhoods if necessary, we find an open neighborhood U
of the morphism (4, ¢, k) in L such that the projection p: U CL — V(k) C Z is an
sc—diffeomorphism. Using the second bracketing (3) and Lemma 2.8 again, we find
an open neighborhood W C L of the object (s(%4), ¢, s(k)) such that the projection
p: L — Z is an sc—diffeomorphism from W onto V(s(k)). Now observe that

s(, @' k'y=p~losop(h', ¢ k')

for every (h',¢’,k’) € U. Since the right-hand side is a composition of local sc—
diffeomorphisms, the source map s: L. — L on the left-hand side is a local sc—
diffeomorphism. Also the inversion map i: L — L is an sc—diffeomorphism and
since the target map is the composition ¢ = s o7 of the source map with the inverse,
we conclude that the target map ¢: L — L is a local sc—diffeomorphism as well.
Consequently, the multiplication map

m: Lyx;L— L, m((h.g. k), (W, ¢" k")) = (hol'.¢' kok')

is well-defined and clearly sc—smooth. Next we show that L is proper. Pick a point
a = (x,p,z) € L. By the properness of the groupoids X and Z, there are open
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neighborhoods U(x) and V(z) so that the maps
t: s ' Ux) — X and 1:5 ' (V(z)) > Z
are proper. Define the open W(a) C L by
W(a)={(x".¢'.2ye L |x' €eU(x), 2/ € V(z) and ¢’: F(x') — G(z')}.

We claim that 7: s~(W(a)) — L is proper. To see this, we take a sequence (4 i @i kj)e
L such s(hj,¢j,kj) € W(a). We may assume that after taking a subsequence
t(hj, @i, kj) — (x',¢'z’) =:b. By the definition of the target map t: L — L, we
have 1(hj,¢;j,kj) = (t(hj),<pj/.,t(kj)) where (pj/. =G(kj)ogpjo F(hj)_l. Hence the
convergence of 7(hj,pj,k;) to (x’, ¢, z') implies that t(h;) — x', t(k;) =z, and
gaj’. = G(kj)ogjo F(hj)™' — ¢’. Since s(h;) € U(x), the properness of the map
t: s71(U(x)) — X implies that after taking a subsequence, /; — h. The same
argument shows that after taking a further subsequence we have k; — k. In particular,
F(hj) — F(h) and G(kj) — G(k) and since the inversion i is sc—smooth, we also
have the convergence G(k;j)~! — G(k)™'. From ¢; = G(kj)~! ogo]/. o F(hj) and
goj/. — ¢’, we deduce that 9; — G(k)™! o ¢’ o F(h). Hence the sequence (%1, ¢;,k;)
has a convergent subsequence which proves that L is proper.

Next we shall show that the projection functor
p:XxyZ—~>Z

is an equivalence. We already know from Lemma 2.8 that the projection p is an
sc—smooth functor which is a local sc—diffeomorphism on objects and morphisms. To
see that p induces a bijection L(a) — Z(z) between the isotropy groups L(a) and
Z(z), we take a = (x,¢,z) € L and z = p(a). The isotropy group of a is equal to

L(a) ={(h,o,k) | h: x > x, k: z—z, 9o F(h) = G(k) o p}.

Given k € Z(z), the morphism ¢! 0 G(k) o ¢ belongs to the isotropy group Y(F(x)).

Since F is an equivalence, there is unique morphism / belonging to the isotropy group
X(x) such that F(h) = ¢~' o G(k) o ¢. Hence the map L(a) — Z(z) defined by
(h, ¢, k) — k is a bijection.

It remains to prove that | p| : |L| — | Z] is an sc-homeomorphism. As p is an sc—smooth
functor, the induced map |p| is of class sc®. If |p(x,¢,z2)| = |p(x',¢’, z’)|, then
¢: F(x)— G(2) and ¢: F(x') — G(z"). Moreover, there exists a morphism k: z — z’.
Then (¢')~! o G(k)o¢ is a morphism between F(x) and F(x'). Because |F|: | X|—
|Y'| is a bijection, there exists a unique morphism /: x — x’ such that F(h) =
(¢")"1 o G(k) o @. This implies that (%, ¢, k) € L is a morphism between (x, ¢, z)
and (x’, ¢’, z’) showing that both of these triples belong to the same equivalence class

Geometry & Topology, Volume 13 (2009)



A general Fredholm theory III: Fredholm functors and polyfolds 2303

in the orbit space |L|. So, |p] is an injection. If |z| € |Z]|, then |F||x| = |G| |z]
for some |x| € | X|, that is, |G(z)| = | F(x)|. This means that there is a morphism
¢: F(x) = G(z) so that the morphism ¢! o 1G(z) © ¢ belongs to the isotropy group
Y(F(x)). Hence there exists an element /4 € X(x) so that F(h) = ¢~ lo lgiz)oo.
This implies that (x, 4, y) € L and |p| |(x, &, z)| = |z| proving that |p]| is a surjection.
Consider |a| € |L| with the representative ¢ = (x,¢,z) € L. Since p: L - Z is a
local sc—diffeomorphism, there exists an open neighborhood U(a) of the point @ in L
and an open neighborhood V' (z) of the point z in Z so that p: U(a) — V(z) is an sc—
diffeomorphism. The quotient maps 71: L — |L| and m,: Z — |Z| are open. Hence
|U(a)| and |V (z)| are open neighborhoods of the equivalence class [¢] and [z] in |L|
and | Z|, respectively. From |p| (|U(a)|) =m0 pom1(|U(a)|) =|V(2)| it follows that
| p| maps open sets in |L| onto open sets in |Z|. Therefore, |p|~! = }p_1| Z|—|L]
is continuous. Because also |p|: |[L| — |Z| is continuous and a bijection, the map |p|
is a homeomorphism. This finishes the proof of Theorem 2.9. O

The next result is important for our constructions later on.

Proposition 2.10 Assume that the functors F: X — Y and G: Z — Y between ep—
groupoids are equivalences. Then there exists a third ep—groupoid L and equivalences
®:L—-X and V:L—>Z

so that the compositions o ® and G o V: L — Y are naturally equivalent.
Proof Set L = X xy Z. Since F and G are equivalences and therefore local
sc—diffeomorphisms, Theorem 2.9 implies that the projections
7i:L—-X and n,:L—>Z
are equivalences. A natural transformation between F oy and G o m, is given by the

sc—smooth map t defined by 7(x, ¢, z) = ¢. O

2.3 Inversion of equivalences and generalized maps

As we shall see later on the ep—groupoids can be viewed as models for polyfolds. If
two ep—groupoids have an equivalence between them they will turn out to be models
for the same polyfold. In this subsection we introduce the notion of a generalized
map between ep—groupoids. Later on generalized maps will descend to maps between
polyfolds.

So far we have constructed a category whose objects are the polyfold groupoids and
whose morphisms between them are the sc—smooth functors. There is a distinguished
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family of morphisms, namely the equivalences. Equivalences are usually not invertible
(as functors). However, there is a category-theoretic procedure for inverting a class
of prescribed arrows in a given category while at the same time keeping the objects
and only minimally changing the morphisms. The general procedure is described in
Gabriel and Zisman [9]. In [28], Moerdijk describes the procedure in the case of Lie
groupoids, which are used to give a definition of an orbifold. Modulo the modifications
necessitated by the fact that we work in the splicing world we follow Moerdijk’s
description. We define a new category whose objects are the ep—groupoids and whose
morphisms “X == Y are equivalence classes of diagrams of the form

F @
X<—A—>Y
where X,Y, and A are ep—groupoids and where F is an equivalence and ® is an
sc—smooth functor. A second such diagram
F’ @’
X<—A4 —Y
is called a refinement of the first diagram, if there exists an equivalence H: A" — 4 so
that the functors Fo H and F’: A’ — X are naturally equivalent as well as ® o H and
®’: A’ — Y as illustrated in the diagram below. It is clear that given three diagrams
which connect X with Y so that d’ refines d and d” refines d’, then d” refines d.

X<F—Ai>-Y

H

x <o 2y

F @ F’ @
Definition 2.11 Two diagrams X <— A4 — Y and X <— A’ — Y as above are called
equivalent if they have a common refinement.

The notion of having a common refinement is clearly reflexive and symmetric on
diagrams of the above form. Let us show that it is also transitive, so that it indeed
defines an equivalence relation.

Proposition 2.12 Assume that d,d’ and d” are three diagrams connecting the ep—
groupoids X with Y and assume that the diagrams (d,d’) and (d’, d"") have common
refinements. Then also the two diagrams d, d" have a common refinement.

Proof Assume that b and b’ are the common refinements of the diagrams (d,d’) and
(d’,d") , respectively. In particular, the diagrams b and b’ are common refinements of
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the diagram d’. In view of the remarks proceeding the proposition, it suffices to prove
that » and »" have a common refinement. To prove this, assume that the diagrams

G v G’ o’
b: X<« B—Y and b: X<« B —Y
F [
are refinements of the diagram X <— A — Y. This situation is illustrated by the two

diagrams
F [ F [

X <~— A—Y X <~—A4A—Y
b e
x<% p Yy < p Yy

where the functors H: B — A and H': B’ — A are equivalences. We take the fibered
product L = B x4 B’ and define the diagram ¢ by

G°T[1 Worr
c: X«—L——Y.

We claim that ¢ is a common refinement of the diagrams b and 4’. In view of Theorem
2.9, the projections 71: L — B and m,: L — B’ are equivalences. We have to show
that W o r; and W' o m5: L — Y are naturally equivalent as well as G o 7y and
G'omy: L — X . Note that if (x, ¢, x") € L, then

Vom(x, ¢, x) =V (x), Worm(x,¢,x")=V(x).

and ¢: H(x) — H’(x’). Since the functors ®o H and ¥ as well as ®o H' and ¥V’ are
naturally equivalent, there exist two sc—smooth maps 7;: B —Y and t5: B’ — Y such
that 7 (x) is a morphism ® o H(x) — W(x) and 7,(x’) is a morphism ®o H'(x’) —
W’(x"). The sc—smooth map 7: L — Y, given by

7(x,9,x") = 12 (x") 0 D(g) 0 11 (x) ',

defines the natural equivalence between the functors ¥ o 75 and Wom: L — Y.
Similar arguments prove that the two functors G oy and G’ omy: L — X are naturally
equivalent. This completes the proof of the proposition. a

Definition 2.13 Let X and Y be ep—groupoids. A generalized map a: X = Y is by
definition the equivalence class of a diagram

F 3
d: X <—A—Y

where A is an ep—groupoid and where F is an equivalence and ¢ is an sc—smooth
functor. We shall use the notation

a=[d=x L4y
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The composition b o a of the generalized maps a: X = Y and b: Y = Z is defined
as follows. We choose representatives

G
xE 42y ad vEBL 2
of the equivalence classes a and b, and consider the diagram
x L4232y &Lz

P G
We replace the middle portion 4 — Y <«— B of the diagram by the ep—groupoid
A xy B. In view of Theorem 2.9, the projection m1: A Xy B — A is an equivalence
and we can build the diagram

Fom Worry
€)) X<«——Axy B——> Z.

The map F o is an equivalence and the map W o 5 an sc—smooth functor. If
F’ P’
X<—A4A —Y
is equivalent to the diagram d and

yE L,

is equivalent to the diagram d, then the two diagrams

Fom, Yo, Flomy , , Woms
X<«—AxyB—>Z7 and X <«— A xy B ——Z

are equivalent. Therefore, the composition of the equivalence classes having the
representatives
F [ G v
X<«<—A—Y and Y<«<—B—Z
can be defined as the equivalence class of the diagram (4). The composition of the

equivalence classes is associative. The identity morphism 1y of the groupoid X can
be identified with the equivalence class of the diagram

(5) x <X x Xy

The compositions of the generalized map a: X' = Y with the equivalence classes of
the diagrams
1 1 1 1
X<<X-5X ad Y<-Y-5Y

give the generalized map a. Consequently, we have constructed the category whose
objects are ep—groupoids and whose morphisms are generalized maps. We denote this
category by €p.
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F F
If the functor F: X — Y is an equivalence, then the diagram ¥ < X — Y is a
refinement of (5) and hence belongs to the class 1y . A smooth functor ®: X — Y
can be identified with the equivalence class of the diagram
1 P
X< x>y,
denoted by [®]. As a special case, an equivalence functor F: X — Y is identified
with the equivalence class of the diagram
1 F
X <Ex5vy
This diagram defines the equivalence class [F]. Its inverse, denoted by [F]~!, is readily
identified with the equivalence class of the diagram

idy

y Lx 5 x
so that [F]o[F]™! =1y and [F] ! o[F] = 1x.

We see that those functors which originally are equivalences become invertible in the
new category.

The following lemma explains the relationship between generalized maps and induced
maps between the underlying orbit space. The proof is straightforward.

F o
Lemma 2.14 Let d: X < A — Y be a diagram between ep—groupoids in which
F is an equivalence and ® an sc-smooth functor. Then d induces an sc®-map

|d|: |X| — |Y| between the orbit spaces defined by
|d| =|®|o|F|7".

If a second diagram d’ refines d , then |d’| = |d|. In particular, equivalent diagrams
induce the same map | X | — |Y'| between orbit spaces.

Hence a generalized map X = Y between ep—groupoids which is an equivalence class
[d] of diagrams induces the canonical map |[d]| := |d|: |X| — |Y | between the orbit
spaces.

One might ask if one can characterize invertible generalized maps, ie, generalized maps
a which have an inverse in Ep. An obvious conjecture is that an invertible generalized
map a: X = Y can be represented by a diagram

F G
X<«—A—Y
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in which F and G are equivalences. This is, in fact, true if one deals with the special
case of étale proper Lie groupoids (of finite dimension). The standard proof of the above
fact uses the inverse function theorem and a dimension argument and this part cannot
be generalized. In fact, it seems doubtful to be true in our more general framework.
Therefore, we introduce the following two notions.

Definition 2.15 A generalized map a: X = Y is called invertible if there exists
a generalized map b: ¥ — X satisfying boa =1y and aob = 1y. Wecall a
generalized map a strongly invertible, or s—invertible for short, if it is the equivalence
class of a diagram

F G
X<—A—>Y
in which both functors F' and G are equivalences. An s—invertible element is called
an s—isomorphism.

F G . . . o
If a = [X <— A — Y] is s—invertible, then its inverse a~!

diagram

can be represented by the

G F
Y+—A4A—X.
Indeed, the composition
G F F G
[Y < 4 — X]o[X <— A4 —Y]
is represented by the diagram

FOJII FO]T2
X<——Axy A—> X

which is refined by the diagram X <£ A i X in view of the equivalence 4 — A xy A
defined as a — (a, 1 G(q). @). The diagram
xLalx
also refines the identity diagram
¥ & x Xy

1

via the equivalence F: A — X . Hence our candidate for a™ " is indeed the inverse

of a.

This shows that the inverse of an s—invertible element is s—invertible. It is easily verified
that the composition of two s—invertible maps is s—invertible.
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2.4 Strong bundles over ep—groupoids

In this section we introduce the notion of a strong bundle over ep—groupoid and extends
the previously developed ideas of equivalences and generalized maps to this context.

We consider an ep—groupoid X = (X, X) and a strong M—polyfold bundle
pE—X

over the object space X of the ep—groupoid. Strong M—polyfold bundles are defined
in Definition 4.9 of [21]. In particular, E is an M—polyfold of type 1 and X is an
M-polyfold of type 0. Moreover, p: E — X is a surjective sc—smooth map and the
fibers

p ! (x) = Ex
over x € X carry the structure of a Banach space. Since the source map s: X — X is
by definition a local sc—diffeomorphism, the fibered product

XsxpE ={(g.¢) eXX E [5(g) = p(e)}

is an M—polyfold in view of Lemma 2.8. Moreover, the bundle
7y
E=X;x, FE— X

is, as the pullback of a strong M—polyfold bundle, also a strong M—polyfold bundle in
view of Proposition 4.11 in [21].

Now we assume that there exists a strong bundle map . E — E which covers the
target map 7: X — X of the ep—groupoid so that
tomy(g.e) = pou(g.e)
forall (g.e) € Xyx,E:
Xsx,E £~ E

Wl

X ' x.

In addition, we assume that the postulated bundle map p satisfies the following
properties:

e 1 is a surjective local sc—diffeomorphism and linear on the fibers E.

o u(ly,ex) =ex forall x € X and ey € Ex.

e u(goh,e)=u(g,u(h,e)) forall g,h € X and e € E satisfying s(h) = p(e)
and ¢(h) = s(g) = p(u(h,e)).
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It follows, in particular, that
n(g, ) Ex—E,

is a linear isomorphism if g: x — y is a morphism in X.
With the above data we shall define the ep—groupoid
E=(E,E)

in which the object set E is the M—polyfold E we started with and the morphism set
E is the above fibered product X%, E . The source and target maps s,7: E — E are
defined as follows:

s(g,e)=e
1(g,e) = pu(g.e)

for (g,e) € Xyxp E. These maps s and ¢ are fiberwise linear surjective local scq—
diffeomorphisms covering the source and target maps X — X . Indeed,

pos(g.e)=ple) =s(g)
pot(g,e)=pou(g.e)=tom(g,e)=1(g).

The identity morphism at ex € E is the pair (1x,ex) € X andif g: x — y isa
morphism in X, the inverse of (g,ey) € E is the pair i (g, ex) = (g7, (g, ex)). The
multiplication map in E is defined by

(h, f)o(g.e):=(hog.e)
whenever f = u(g,e) € E.

The two sc—smooth projection maps p: E — X and m: E — X together define an
sc—smooth functor denoted by

P.E—>X
between the two ep—groupoids £ = (E£,E) and X = (X, X).

We shall refer to this functor P: E — X as to a strong bundle over the ep—groupoid X .

Such a strong bundle is, in particular, an ep—groupoid together with a functor P onto
the base ep—groupoid and we shall use the same letter for the two induced maps on the
object and the morphism sets, namely,

ELxy ad EDX

Geometry & Topology, Volume 13 (2009)



A general Fredholm theory IlI: Fredholm functors and polyfolds 2311

Definition 2.16 A linear strong bundle morphism ®: P — P’ between the two strong
bundles P: E — X and P’: E’ — X' over the ep—groupoids X and X’ consists of
a functor ®: E = (E,E) — E’ = (E’,E’) between ep—groupoids which is linear on
the fibers and which covers an sc—functor ¢: X — X’ between the bases. Moreover,
the functor ® induces strong bundle maps ®: E — E’ and ®: E — E’ between the
object sets and morphism sets:

There is a distinguished class of linear strong bundle morphisms which generalizes
equivalences between ep—groupoids.

Definition 2.17 A linear strong bundle equivalence ®: P — P’ between the two
strong bundles P: E — X and P’: E/’ — X’ over ep—groupoids is a linear strong
bundle morphism ®: P — P’ satisfying the following properties:

(1) The functor ®: E — E’ is an equivalence of ep—groupoids, covering the equiv-
alence ¢: X — X' between the underlying ep—groupoids.

(2) The induced maps ®: E — E’ and ®: E — E’ between the object sets and
the morphism sets preserve the strong bundle structures and are locally strong
bundle isomorphisms.

For notational convenience we shall abbreviate these notions as follows:
bundle map := linear strong bundle morphism;

bundle equivalence := linear strong bundle equivalence.

To generalize the notion of natural equivalence, we consider two strong bundles P: E —
X and P’: E’ — X' over ep—groupoids and two bundle maps

O,V P— P,

Definition 2.18 The bundle maps ® and W are called naturally equivalent, if there
exists a natural transformation
T: E—>FE

for the two functors ®, ¥: E — E’ between ep—groupoids (in the sense of Definition
2.6) and a natural transformation

o X >X
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between the underlying functors ¢, ¥: X — X’ which commute with the functors
P: E— X and P": E' — X’ so that

ToP(e)=PoT(e), eckE.

To reformulate the above definition we derive a simple description of the natural
transformation 7: ® — W as a canonical lift of the underlying natural transformation
T: ¢ — . By definition, the map

T: E— E’ = X/SXP/E/,
which covers the natural transformation t: X — X’ has the form

T(e) = (z(P(e)). A(e)).

Since ®(e) = s(T(e)) = A(e) and W(e) = t(T(e)) = u(t(P(e)), A(e)), it follows
that

T'(e) = (z(P(e). @(e)) and W(e) = u(z(P(e)). P(e)).
This implies that 7" is a strong bundle map between the bundles £ — X and
X'yxp E' — X’ covering 7. In view of this discussion we obtain an equivalent
definition as follows.

Definition 2.19 A natural transformation T between bundle maps ®: P — P’ and
W: P — P’ (covering the underlying functors ¢: X — X’ and ¥: X — X')is a
strong bundle map

T: E— XISXP/E/
covering a natural transformation : X — X’ between the functors ¢ and ¥ of the
form

T'(e) = (z(P(e)). P(e))
and satisfying w(t(P(e)), P(e)) = Y(e).
Let us denote by G Ep the category whose objects are strong bundles over ep—groupoids.
As in the case of the category Ep we take as morphisms a class of generalized maps

introduced next. We consider two strong bundles P: E — X and P’: E' — X' over
ep—groupoids and study the diagrams

el L

where P”: E” — X" is a third strong bundle over an ep—groupoid, and where @ is
a bundle equivalence and W a bundle map. Following the earlier construction of a
generalized map between ep—groupoids, one introduces the notion of a refinement of a
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diagram and then calls two diagrams equivalent, if they possess a common refinement.
The equivalence class of the diagram

oy

is then, by definition, a generalized strong bundle map, for simplicity called a general-
ized bundle map and denoted by

A E = E.
By X=X

we shall denote the associated underlying generalized map between the base ep—
groupoids. One has to keep in mind that in the fibers the induced maps are linear
and preserve the strong bundle structure. The notion of invertible and s—invertible are
defined as before (Definition 2.15), namely as follows.

Definition 2.20 A generalized bundle map 2. E = E’ is called invertible if there
exists a generalized bundle map B: E’ = E satisfying BoA =1g and AoB = 1.
The generalized bundle map : E = E’ is called s—invertible, if it can be represented
by a diagram

ESE L E

in which both bundle maps are equivalences.

An s—invertible generalized bundle map : E = E’ will in the following be called an
s—bundle isomorphism.

We point out that an s—bundle isomorphism 2: £ = E’ covers automatically an
s—isomorphism a: X = X’ between the underlying base ep—groupoids.

Definition 2.21 The two strong bundles P: E — X and P": E/ — X' over ep-
groupoids are called strong bundle equivalent, if there exists an s—bundle isomorphism
A: E= E'.

Definition 2.22 A (sc—smooth) section of the strong bundle P: £ — X over the
ep—groupoid X is an sc—smooth functor F: X — E satisfying Po F =idy. An sc*—
section is an sc—smooth section F: X — E inducing an sc-smooth functor X — E®!,
where E%! has the grading (E®!),; = Epm+1 for all m > 0.

A Fredholm section F of the strong bundle P: £ — X is an sc—smooth functor
which, as a section on the object sets, is an M—polyfold Fredholm section as defined in
Definition 3.6 in [22].
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The functoriality of the section F: X — E requires that

(6) n(g. F(x)) = F(y)

whenever there is a morphism g: x — y in X.

The space of sc—smooth sections of the bundle P: E — X is denoted by I'(P), the
space of sct—sections is denoted by I't(P), and the space of Fredholm sections by
F(P). The following observation will be useful later on.

Proposition 2.23 Consider the two strong bundles P: E — X and P': E' — Y over
the ep—groupoids X and Y and let ®, V: P’ — P be two bundle equivalences which
are naturally equivalent. If F: X — E is an sc—smooth section of the strong bundle P,
then the pullback sections ®*(F) and W*(F): Y — E’ of the bundle P’ agree:

PH(F)(») =V (F)(y), yevY.

Proof Denote by ¢,¥: Y — X the functors on the base ep—groupoids associated
with the bundle equivalences ®, W: P’ — P, respectively. Then by definition of the
pullback of a section we have the equalities

QoG(y)=Fop(y) and WoH(y)= Foy(y)

where we have abbreviated G = ®*(F) and H = V*(F). If T: E' — E is a natural
transformation between the bundle maps ®: P — P and W: P’ — P covering a
natural transformation 7: Y — X, then, in view of Definition 2.19,

T'(e) = (z(Pe), ®(e)) and u(z(Pe), P(e)) = W(e)

for ¢ € E’. Then, since 7(y): ¢(y) — ¥(y) is a morphism and F a functor, (6)
implies that

Y(G(y) = u(z(y), (G(y))
= p(r(y), Fle(y)) = F(y ()

=W(H(y)
for all y € Y. By assumption, W is a bundle equivalence and H and G are sections.
Therefore, G(y) = H(y) forall y € Y as we wanted to prove. ad

In order to apply Proposition 2.23, we consider the diagram

E<® g Y p

I

E<® 4 5 F
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representing a bundle diagram refinement in which all the functors are bundle equiva-
lences. By definition there are the natural equivalences ®o ¥ ~ ® and Vo ¥ ~ E
and we conclude from Proposition 2.23 for a section F: X — E of the strong bundle
P: E — X over the ep—groupoid X that

(Do D)*(F) = O*(F).

Similarly, if G is a section of the strong bundle P’: E’ — X' over the ep—groupoid
X', then E*(G) = (¥ o X)*(G) and we can formulate the following definition.

Definition 2.24 Let P: E — X and P’: E/ — X' be two strong bundles over ep—
groupoids, and let F, G be sections of P and P’, respectively. The sections F and G
are called equivalent, if there exists a diagram

ESE L E
of strong bundle equivalences such that for the pullback sections, we have

O*(F) = U*(G).

This is well-defined in the following sense. If we have two equivalent diagrams
connecting E with E’ and the above equality holds for one diagram, then it holds for
the other diagram as well. Indeed, by the preceding discussion, it holds for a common
refinement and therefore the sections obtained by the pullbacks of the second diagram
must be the same on the image of the refinement. But since the latter is a bundle
equivalence this implies the assertion.

Also observe that given a bundle equivalence ®: P — P’ and a section F of the strong
bundle P: E — X, there is a well-defined push forward section ®.(F) of the strong
bundle P’: E’ — X’. Consequently, we obtain the following result.

Proposition 2.25 Let P: E — X and P": E' — X' be two strong bundles over
ep—groupoids. Then an s—invertible generalized bundle map 1. E = E’ induces a
well-defined pushforward map 2: T'(P) — I'(P’) between sc—smooth sections which
is a bijection. Its inverse is the pullback map 21*: T'(P’) — I'(P). The same holds true
for the pushforward maps T'*(P) — 't (P’) for the sc*—sections and F(P) — F(P')
for the Fredholm sections.

2.5 Auxiliary norms

In [22], we introduced the notion of an auxiliary norm for an M—polyfold. In this
section we generalize this concept to ep—groupoids by incorporating morphisms.
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We recall from Definition 5.5 in [22] that an auxiliary norm N for the M—polyfold
bundle p: ¥ — X consists of a continuous map N: Yy ; — [0, 00) having the following
properties:

e Forevery x € X, the induced map N |(Yy,1)x — [0, 00) on the fiber (Yo 1)x is
a complete norm.

o If yi N vy, then N(y) <liminfy_o0 N ().

e If N(y) is a bounded sequence and the underlying sequence x; = p(yg)
converges to x € X, then y; has an m—convergent subsequence.

For the so-called m—convergence yy N y we refer to Definition 5.4 in [22]. Roughly it
means for the sequence yx = (p(yr), ex) € Yo,1 that the base points p(yx) = xx € X
converge in the M—polyfold to x € X and the fiber components e; — e converge in a
weak sense to e € Y satisfying p(e) = x.

Definition 2.26 Let P: E — X be a strong bundle over the ep—groupoid X. An
auxiliary norm for the strong bundle P is a map N*: Ey; — [0,00) having the
following properties:

e As a map on the object set, the map N * is an auxiliary norm as defined above.

e If ¢: e — ¢’ is a morphism in E, then N*(e) = N*(¢’).

The existence of an auxiliary norm is guaranteed by the following proposition which
uses the existence result of Proposition 5.6 in [22]. We assume that the local models
for P have reflexive fibers, for example Hilbert spaces.

Proposition 2.27 Every strong bundle P: E — X over an ep—groupoid admits an
auxiliary norm.

Proof We begin with a strong local bundle K — O. The existence of an auxiliary
norm in this case has been proved in [22, Proposition 5.6]. Next consider a strong
bundle P: E — X over the ep—groupoid X . By the discussion in Section 2.4, we have
the strong M—polyfold bundle P: E — X over the ep—groupoid X and the strong
bundle map p: E — E having the property that if g: x — y is a morphism in X, then
n(g, -): Ex — E, is alinear isomorphism.

Around every point x € X, we choose a strong bundle chart (as in Definition 4.8 in

[21])
®: E|Uy — K*|0
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covering the sc—diffeomorphism ¢: U, — O between an open neighborhood U, C X
of the point x and the open subset O of the splicing core K° associated with the
splicing S. The open neighborhood U, can be taken so small that the isotropy group
X(x) acts on it by the natural representation ¢g: Uy — Uy for g € X(x) in view of
Theorem 2.3. Since an auxiliary norm exists on K*|O, we pull it back to E|U, via
the chart ® to obtain an auxiliary norm N, on E|U. We use the following notation.
If y € X and g: y — ' is a morphism, then we write ' = g - y. In particular,
Vi=g-yif y) =¢g(y). Also, we write ¢’ = g-e if e € Ex and ¢/ = u(g,e) € E,.

For e = (y,e) € Uy ® E,, we define

~ 1
NL@) = Nl(p,e): =X N (pg(»). (g, e))
geX(x)
1 /
=X > Ni(g-y.g-e).
geX(x)

Then N. 7 is an auxiliary norm for E|U, having the additional property that if there is
a morphism in E between two objects & and ¢’ belonging to E|Uy, then N, (¢) =
N.L(@).

Next we extend ]V;C to £ |l7x where ﬁx =~ 1(7(Uy)) is the saturation of the set Uy.
Here 7: X — | X| is the quotient map onto the orbits space | X| of the ep—groupoid X .

Ife=(y,e)e E |l7x, then there is a morphism g having the source y and the target
in Uy such that (y',¢') =(g-y,g-¢) € Ux ® E,s and we define

Nx(@) = Nx(p,e):= N(g-y,g-¢) = NL()'. ).

This definition is independent of the choice of a morphism having its source equal to
y and its target in Uy . Indeed, if there is another morphism g’ satisfying (y”,e") =
(g'-y, g'-e) €Uy @ E,/, we define the morphism s =g’ o g~1: »' — 3" It follows that
(", e" )=(h- K e/ ), and since N ! is, by construction, an invariant auxiliary norm
for E|Uy, we conclude N’(y e')= N’ (y",¢") showing that Ny is well-defined.

To see that the map Nx is continuous on Ej, 1|Ux we take (x,e) € Eo, 1|Ux Then
there is a morphlsrn g such that ()',¢’) = (g-y,g-e) € Uy ® E,. By definition,
Ny(x,e) = N’ (y',e’) and N’ is continuous near ()’,¢’). The morphism g has
an extension to an sc—diffeomorphism of the from ¢ o s~! defined near x and the
map p is also a local sc—diffeomorphism. It follows that the map ]Vx near (y,e)
is equal to the composition of a continuous map N . with the sc—diffeomorphisms
(tos™', wo(tos™!,id)), and hence is continuous.
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Finally, we glue all the local auxiliary norms N « to obtain a globally defined auxiliary
norm N for E. To do this we consider the open covering (71’_1 (Jr(Ux)))x ey of X.
The ep—groupoid X is a paracompact space. In view of Theorem 4.8 in [20], there
exists a continuous partition of unity (8x)xexy subordinated to the open covering
(n_l (7 (U x)))x <y Which is invariant under morphisms of X . For simplicity we use
here for the partition of unity the same indices as for the open covering, allowing the
supports of Bx to be empty. We would like to point out that Theorem 4.8 in [20]
requires the assumption that the sc—structure of X is based on separable sc—Hilbert
spaces in order to obtain an sc—smooth partition of unity, however, in our case at hand
we don’t need this assumption since we are only interested in a continuous partition of
unity. Finally we set

N@ =N(y.e)= Y Bx(P(@) Nx(®)
xeX

for ¢ = (y,e) = (P(€),e). Then N is the desired auxiliary norm for E which is
compatible with the morphisms. |

3 Polyfolds

Polyfolds and their bundles are the basic spaces on which we will study Fredholm
sections. The ep—groupoids can be viewed as the models for this new class of spaces.
The strong bundles over ep—groupoids are the models for strong polyfold bundles.

3.1 Basic definitions and results

In the following we shall use the category &p whose objects are ep—groupoids and
whose morphisms are generalized maps.

Definition 3.1 Let Z be a second countable paracompact topological space. A poly-
fold structure on Z is a pair (X, «) consisting of an ep—polyfold groupoid X and a
homeomorphism «: | X| — Z between the orbit space and the space Z.

Given a polyfold structure (X, ) on Z, the sc®—structure on |X| defines an sc®—

structure on Z .

To formulate the equivalence relation between two polyfold structures, we recall from
the previous section that an s—isomorphism a: X = Y between two ep—groupoids is
the equivalence class of a diagram

F G
X<~—W-—=Y
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connecting ep—groupoids in which both functors F and G are equivalences. Since
equivalences induce sc®—homeomorphism between orbit spaces, we obtain the sc®—
homeomorphism |G|o|F|~!: |X|— |Y|. This homeomorphism is independent of the
choice of a representative in the equivalence class. Indeed, if

X <£ w’ i Y
is an equivalent diagram, it follows from the definition of the equivalence that
G'|o|F'|” =|Glo|F|™!
and we see that the s—isomorphism a: X => Y induces a canonical sc® ~homeomorphism
laf: | X|— Y]

between the orbit spaces.

Definition 3.2 Let Z be a second countable paracompact topological space. Two
polyfold structures (X, ) and (Y, B) on Z are called equivalent, (X,a) >~ (Y, B), if
there exists an s—isomorphism a: X = Y satisfying f o |a| = «:

x| — sy

N A

In more detail, two polyfold structures on Z are equivalent if and only if there exists a
third ep—groupoid W and two equivalences in the diagram

F G
X<—W-—=Y
satisfying ao|F|=B0]|G]|.

Definition 3.3 A polyfold is a second countable paracompact topological space Z
equipped with an equivalence class of polyfold structures.

Consider a polyfold Z and a polyfold structure (X,«) on Z. The orbit space | X|
of the ep—groupoid X is equipped with the filtration |Xo| = |X| D |[X1| D -+ D
| Xool| := ‘ﬂizo Xi} where | Xoo| is dense in every | X;|. This filtration induces, via
the homeomorphism «: | X| — Z, the filtration

ZO=23213---3200:=QZ,~

i=0
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on the polyfold Z in which the space Z, is dense in every Z;. Any other equivalent
polyfold structure on Z induces the same filtration. Every space Z; carries a polyfold
structure which we denote by Z*.

Next we define an sc—smooth map between two polyfolds Z and Z’. We assume that
the polyfold structures of Z and Z’ are represented by the pairs (X, ) and (X', a’),
respectively, and consider a pair (a, a) consisting of a continuous map a: Z — Z’ and
a generalized map a: X = X’ satisfying

o' olal=aoa:

‘La ia/
z sz
Now we take two other equivalent representatives of the polyfold structures of Z and
Z',namely (Y, B) ~ (X, ) and (Y’, B') ~ (X', ). Hence there exist s—isomorphisms
Y= X and §{:Y = X’
satisfying ¢ o |f| = B and o’ o |f'| = B’.

If (b, b) is another pair consisting of a continuous map b: Z — Z’ and a generalized
map b: Y = Y’ satisfying B’ o |b| = b o B, we introduce the following definition.

Definition 3.4 The two pairs (a, a) and (b, b) are called equivalent provided a = b
and fob=aof.

This defines indeed an equivalence relation. (The composition o of two generalized
maps is defined in Section 2.3.) The situation is illustrated by the following diagram.
] x|

7

o o

Z Ifl I¥1 7'

N |b]| 'B/

S WY —=1y S
a=b

Finally, we can define the notion of an sc—smooth polyfold map.

Definition 3.5 An sc—smooth map Z — Z' between two polyfolds is an equivalence
class [(a, a)] of pairs consisting of a continuous map a: Z — Z' between the underlying
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topological spaces and a generalized map
a X=X

where (X, a) and (X', a’) are representatives of the polyfold structures of Z and Z’,
so that
a'olal=aoa.

Sometimes we shall call the map a: Z — Z’ a polyfold map and do not explicitly
mention the “overhead” a if there is no danger of confusion. So we might say a: Z —
Z’ is an sc—smooth map between polyfolds, but the reader must be aware that this is
just an abbreviation for a lot of data.

The standard example of a polyfold is the orbit space | X | of an ep—groupoid X . The
polyfold structure on | X| is given by the pair (X, id|x|). Given two such polyfolds
|X'| and |Y|, the space of sc—smooth polyfold maps |X| — |Y| is nothing else but all
equivalence classes [(Ja|, a)] of pairs (Ja|, a) in which a is a generalized map X = Y.
A representative (something one can work with if one has to make constructions) for
such a generalized map is a diagram

F G
X<—A—-Y
in which F' is an equivalence and G an sc—smooth functor.

In [21] we have introduced the degeneracy index d: X — N on an M—polyfold X
as follows. Around a point x € X we choose an M—polyfold chart ¢: U — K°
where K is the splicing core associated with the splicing S = (z, E, V). Here V
is an open subset of a partial quadrant C contained in the sc—Banach space W . By
definition there exists a linear sc—isomorphism from W to R” & Q mapping C onto
[0,00)" @& Q. Identifying the partial quadrant C with [0, 00)" & Q we shall use the
notation ¢ = (@1, ¢3) € [0,00)" & (Q @ E) according to the splitting of the target
space of ¢. We associate with the point x € U the integer d(x) defined by

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

By Theorem 3.11 in [21], the integer d does not depend on the choice of the M—polyfold
chart used. A point x € X satisfying d(x) = 0 is called an interior point of X'. The
set dX of boundary points of X is defined as

X = {x e X |d(x)> 0.

A point x € X satisfying d(x) = 1 is called a good boundary point. A point satisfying
d(x) > 2 is called a corner and d(x) is the order of this corner.
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Definition 3.6 The closure of a connected component of the set X(1) = {x € X |
d(x) = 1} is called a face of the M—polyfold X .

Around every point xo € X there exists an open neighborhood U = U(x() so that
every x € U belongs to precisely d(x) many faces of U. This is easily verified.
Globally it is always true that x € X belongs to at most d(x) many faces and the strict
inequality is possible.

In order to define the degeneracy index on a polyfold we first look at an ep—polyfold
groupoid X. Its degeneracy index d: X — N is defined on the M—polyfold X of
objects as well as the M—polyfold X of morphisms. As usual we denote by s,¢: X — X
the source and target maps of X' . We have already seen that the existence of a morphism
g: x — x’ implies that these three items x, x” and g have the same maximal level.
The degeneracy map is another integer valued map defined on X having this property.

Lemma 3.7 The following statements hold for ep—polyfold groupoids X and Y :
(i) If g: x — x’ is a morphism, then d(x) = d(x") = d(g).

(ii) If the functor F: X — Y is an equivalence, then dy(x) = dy (F(x)) for all
xeX.

Proof Since s and ¢ are local sc—diffeomorphisms, we conclude from the statement
about the corner recognition, Proposition 3.13 in [21], that d(g) = d(s(g)) = d(¢(g)).
The same proposition implies also the second assertion because the map F: X — Y is
a local sc—diffeomorphism. |

The lemma allows us to define the degeneracy index of the polyfold Z. Suppose the
pair (X, «) is a polyfold structure on Z. If |x| € | X| and x, x” € | x|, then there exists
a morphism g: x — x’ and we conclude from Lemma 3.7 that d(x) = d(x’). Hence
the map |d|: |X| — Ny given by |d| (|x|) = d(x) is well-defined. Using this map,
we define the map d: Z — Ny on the polyfold by setting

(N d(z) =|d| (@ (), zeZ.

The definition does not depend on the particular choice of the polyfold structure in the
equivalence class. To prove this claim we consider two equivalent polyfold structures
(X,a) and (Y, B) on Z. Hence there exists a diagram

F G
X<—W-—>Y
connecting ep—groupoids in which the functors F' and G are equivalences satisfying

ao|F|=Bo|G|: [W|—=Z.Ifa 1 (z)=|x| and B~1(z) =|y|, then |G|o| F|™! (|x|) =
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|v]. Hence we find w € W such that |F|(Jw|) = |F(w)| = |x| and |G| (|w]) =
|G(w)| = |y|. Therefore, there exists x” € |x| and y’ € | y| satisfying F(w) = x’ and
G(w) = y’ and with Lemma 3.7 we compute,
ldx| (@™ (2)) = ldx| (Ix]) = dx (x)
= dx (x') = dx (F(w)) = dw ()
= dy(G(w)) = dy (y) = dy ()
= |dy| (Iy) = dv (B~ (2))

proving the claim.

Definition 3.8 The function d: Z — Ny defined by (7) is called the degeneracy index
of the polyfold Z .

The corner structure of a polyfold will play an important role in the Symplectic Field
Theory in [16]. Therefore, we shall look at the faces, introduced in [21], in more detail.

Definition 3.9 A connected component C of an ep—groupoid X is a full subcategory
having the following properties:

e If x € C and if x’ € X is in the same component of X as x, then x’ € C.
e If xeC and h: x — x’ for some h € X, then x’ € C.

e The orbit space |C| is connected.

Note that a connected component is an ep—groupoid by definition. We denote by X (1)
the set of all good boundary points:

X()={xeX|dkx) =1

The space X (1) carries in a natural way the structure of an M—polyfold induced by that
of X'. The set of morphisms between points in X (1) is an M—polyfold denoted by X(1).
Together with the structure maps induced from X we obtain the ep—polyfold groupoid
X(1). If C is a connected component of this groupoid X (1), then the closure C is
defined as the full subcategory whose set of objects is the set theoretical closure of the
object set C. It is called a face of the ep—groupoid X . In general, a face need not to
have the structure of an ep—groupoid. Given a ep—groupoid we can view a subset C of
the object set as a groupoid by taking the full subcategory of X whose objects are the
points in C. For C as just described we can first take the set theoretic closure C and
then the associated full subcategory.
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Lemma 3.10 An object x € X belongs globally to at most d(x)—many faces. Locally
it belongs to precisely d(x) many faces (this will be made precise during the proof).

Proof Take an object x € X and let U(x) be an open neighborhood of x which is
homeomorphic by means of a chart (U(x), ¢, (O, S)) to an open set O in a splicing
core defined by

O :={((v, f),e)| (v, f)€[0,00)"®W and e € E,
mu(e) =e, (v, /)l <1, [e] <1}

We may assume that x corresponds to ((0, fy),eo) for some fo € W and some ¢g € E .
Observe that only in the case that x is smooth we may assume that also f = 0 and
eo = 0. The set X(1) N U(x) corresponds to the points ((v, f),e) in O for which
v = (vy1,...vy) has precisely one coordinate v; with 1 < j <n vanishing. Define the
subset Oj C O by

Oj:{((v,f),e)€0|vj:0 and v; # 0 forie{l,...,j—l,j+1,...,n}}

and put U; = <p_1(0j). The closure OJ’F of Oj in O consists of all ((v, f),e) € O
having the j—coordinate vanishing. It corresponds under ¢ to the closure Uj* of Uj in
X()NU(x). If apoint ((v, f),e) € O satisfies d((v, f), e) =m < n, then there exist
indices ji,... jm €{1,...,n} sothat v;;, = 0. Hence the point ((v, /), e) belongs to
0;; forall i =1,...,m. The converse is also true. Finally we observe that globally,
two different (local) closed sets U* and U j* might belong to the same face. This shows
that x belongs to at most d(x) = m faces. i

In our applications the so-called face-structured ep—groupoids show up. We introduce
this notion in the next definition.

Definition 3.11 An ep—groupoid X is called face-structured if every object x € X
belongs to exactly d(x)—many faces.

Lemma 3.12 Let X be a face-structured ep—groupoid and C a connected component
of the good boundary points X(1). Then its closure C is an ep—groupoid. In other
words, the faces are ep—groupoids.

Proof Let F be a face in X . Take an object xo € F and take a chart (U, ¢, (O, S))
around xy. We may assume that

@(x0) = ((0, f).e) €[0,00)" ®W S E.

Since X is face-structured xo belongs globally to exactly d(xg) many faces. This
implies that there exists an index j € {1,...,n} so that F N U corresponds to all
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points ((v, f),e) € O with v; = 0. We abbreviate this set by O;. We can define in an
obvious way a new splicing as follows. We keep E, replace V' by an open subset V'*
in [0, 00)"~! @ W and m by the family of projections

P15 =150 41500V f) = L0y 05 —1,0,0) 41500,V ) -

Now we can use the chart map ¢ to define a chart (U N X (1), ¢, (0;,S™*)) with the
splicing S* = (p, E, V'*) . All charts obtained in this way are sc—smoothly compatible.

Denote by F the morphism set coming from the full subcategory associated with
the face F. If a morphism has its source in F', then its target is also in F since
its degeneracies are the same. Because s,7: X — X are local sc—diffeomorphisms
the maps s,¢: F — F are local homeomorphisms. The local transition maps # o.s~!
and s o¢~! are restrictions of sc—smooth maps. Hence we can use them to define
a M—polyfold structure on F for which s,¢: F — F are local sc—diffeomorphisms.
Finally, the groupoid F is proper. Indeed, if x is an object in F we take an open
neighborhood U C X of x so that

t:s N U)—> X

is proper. Taking U’ := U N F the result follows because the object set F is closed
in X. O

Next we study the geometry of faces in more detail.

Lemma 3.13 Let F: X — Y be an equivalence between two ep—groupoids. Assume
that D is a connected component of Y(1). Then there exists a unique connected
component C of X(1) so that for every y € D there is a morphism ¢: F(x) — y for
some x € C. Conversely, if C is a connected component of X (1), then there exists a
unique connected component D of Y (1) satistying F(C) C D.

Proof Let D be a connected component of Y (1) and yg € D. Since F: X — Y
is an equivalence, the map |F|: |X| — |Y| is an homeomorphism. Hence there
exists a morphism ¢qg: F(x¢) — yo for some xg € X . From Lemma 3.7 we deduce
d(x9) = d(yo) = 1 implying that xy € X(1). Define the subset C of the object set by

C ={x € X(1) | there are an y € D and a morphism ¢: F(x) — y}.

We claim that C is a connected component of X(1). Take x € C and assume that
x" € X(1) belongs to a path component of X(1). Then there is a continuous path
a: [0,1] — X(1) such that @(0) = x and «(1) = x’. Consider the continuous path
B = Foa. Then $(0) = F(x) and B(1) = F(x’). Since x € C, there exists y € D
and a morphism ¢g: F(x) — y. By the definition of the connected component D
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we have F(x) € D and hence F(x’) € D. This implies that x’ € C. If x € C and
h: x — x’ is a morphism, then F(h): F(x) — F(x'). From F(x) € D we conclude
F(x") € D, and consequently x’ € C. Finally, |C|:= |F|~! (|D|) is connected since
|F|:|X]|—|Y| is a homeomorphism and |D]| is connected.

Conversely, assume that C is a connected component of X (1). Define the subset
D ={y e Y(l)]there are an x € C and a morphism ¢: F(x) — y}.

Then F(C) C D and we claim that D is a connected component of Y (1). If y € D and
»' belongs to the path component of Y(1), then there is a continuous path 8: [0, 1] —
Y (1) such that 8(0) = y and B(1) = y’. By the definition of D, there is x € C and
a morphism ¢: F(x) — y. Since F is an equivalence, we find a continuous path
a:[0,1] - X such that |F|omy oa =y o 8. Since C is the connected component,
the point x’ = «(1) belongs to C and since there is a morphism ¢: F(x’) — y’, the
point " belongs to D. Next assume y € D and there is a morphism /: y — . Then
there are x € C and a morphism ¢: F(x) — y. Hence hog: F(x)— y’ is a morphism
showing that y’ € D. Also, |D| = |F| (]C|) showing that | D| is connected. We have
proved that the equivalence F: X — Y induces a bijective map between connected
components of X(1) and connected components of Y (1) by

C «»w> D,

where we associate with a connected component C the connected component D
of Y (1) satisfying F(C) C D and with a connected component D the connected
component C consisting of those x € X (1) for which there is a morphism between
F(x) and a point in D. ad

If F: X — Y is an equivalence and C a connected component of X (1), we denote by
Fy(C) the component of Y (1) containing F(C). If D is a connected component of
Y (1), we denote by F*(D) the component of X (1) mapped into D. We denote by C
the closure of the connected component C of X (1) and similarly by D the closure of
the connected component D in Y (1).

Lemma 3.14 If C is a connected component of X (1), then F(C) C Fy(C). If D is
a connected component of Y (1), then the set

W = {x € X(1) | there are an y € D and a morphism ¢: F(x) — y}

is contained in F*(D). In other words, Fyx and F* map faces to faces.

Proof Take x € C and a sequence (x,) C C converging to x. Then F(x;) € Fx(C)
and F(xp) — F(x) implying that F(x) € Fx(C). Next take x € W . Then there is
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y € D and a morphism ¢: F(x) — y. Since F is a local sc—diffeomorphism, we find
open neighborhoods U(x) C X and U(F(x)) C Y of the points x and F(x) such
that F: U(x) — U(F(x)) is an sc—diffeomorphism. The morphism ¢: F(x) — y
extends to a local sc—diffeomorphism of the form @ = ¢ o s~'. Shrinking the set
U(x) if necessary, we may assume that ¢: U(F(x)) — U(p) is an sc—diffeomorphism.
Take any sequence (),) C D such that y, — y. Then (y,) C U(y) and we find
a sequence (x,) € U(x) such that x, — x and ¢(F(x,)) = y,. By Lemma 3.7,
d(xn) = d(yy) = 1 and since ¢ defines a morphism between F(x;) and y,, we

conclude that x,, € F*(D). This implies x € F*(D) as claimed. a
We summarize the previous discussion in the following proposition.

Proposition 3.15 Assume that F: X — Y is an equivalence between ep—groupoids.
Then the maps Fy and F* map faces to faces and are mutual inverses. In particular, if
one of the ep—groupoids is face-structured so is the other.

Proof It only remains to prove the last statement. We assume that X is face-structured
and prove that Y is also face-structured. Take a point y € Y. Then there is x € X
and a morphism ¢: F(x) — y. By Lemma 3.7, d := d(x) = d(y). Since X is
face-structured, the point x belongs to d —many faces. By Lemma 3.14, the map Fix
takes these faces onto exactly d—many faces of Y containing the point y. Conversely,
assume that Y is face-structured. Take a point x € X and set y = F(x). Then
d :=d(x) = d(y) and since Y is face-structured, the point y belongs to exactly
d faces. Then the map F* takes these faces to d —many faces of X containing the
point x. Hence X is face-structured and the proof of the proposition is complete. O

Proposition 3.16 Let X be a face-structured ep—groupoid. Then the intersection of
an arbitrary number of faces carries in a natural way the structure of an ep—groupoid.

Proof The ep—structure on a finite intersection of faces can be defined as we did for a
face in Lemma 3.12. O

We next consider two pairs (X, «) and (X', ') of equivalent polyfold structures on
polyfold Z. This means that there exist a third ep—groupoid X" and two equivalences
F: X" - X and F": X" — X' satisfying a o |F| = «’ o |F’|. If D is a connected
component of X(1), then by Lemma 3.14, F*(D) is the associated connected com-
ponent of X”(1) and D’ = F, o F*(D) the connected component of X’(1). Hence
there is a one—one correspondence between the faces of X' (1) and X’(1). In particular,
if the ep—groupoid X is face-structured, then the same is true for the ep—groupoid X”.
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If C is aface of X(1) and C’ = F}, o F*(C) is the corresponding face of X’(1), then
[FI7(Ch = F|7 (IC")) and

o (|C')=a o |F'|o|FITH(IC) =ao|Flo|F|7 (IC]) = a(IC)).

This allows to introduce the concepts of a face and of face-structured polyfolds.

Definition 3.17 Let Z be a polyfold and let (X, «) be a polyfold structure on Z.
The polyfold Z is said to be face-structured if the ep—groupoid X is face-structured.
A face D of the polyfold Z is the image D = «(|C|) of the orbit space of a face C
in X.

3.2 Branched suborbifolds

In this section we shall introduce the notion of a branched suborbifold of a polyfold Z
and start with the definition of a branched ep—subgroupoid of an ep—groupoid X . It
generalizes ideas from [2] where quotients of manifolds by global group-actions are
studied.

We shall view the nonnegative rational numbers, denoted by Q+ =QN[0,00), as the
objects in a category having only the identities as morphisms. We would like to mention
that branched ep—subgroupoids will show up as solution sets of polyfold Fredholm
sections.

Definition 3.18 A branched ep—subgroupoid of the ep—groupoid X 1is a functor
0: X ->QTF
having the following properties:

(1) The support of ®, defined by supp ® = {x € X | ®(x) > 0}, is contained in
Xw-

Every point x € supp ® is contained in an open neighborhood U(x) = U C X such
that:

2) supp@ﬂU:UMi,
where I is a finite index set and whelrfelthe sets M; are finite dimensional
submanifolds of X (in the sense of Definition 4.19 in [22], recalled in the
Appendix, Section 5.3) all having the same dimension, and all in good position
to the boundary X in the sense of Definition 4.14 in [22]. The submanifolds
M; are called local branches in U .
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(3) There exist positive rational numbers o;, i € I, (called weights) such that if
y €supp ® N U, then
o= Y o

{iel|yeM;}
(4) The inclusion maps M; — U are proper.

(5) There is a natural representation of the isotropy group X(x) acting by sc—
diffeomorphisms on U .

The branches (M;);e; together with the weights (07);c7 constitute a local branching
structure of X in U. The role of local branchings structures and their properties have
been studied in detail in [20] where also the notion of an orientation for a branched
ep—subgroupoid as well as for a branched suborbifold is introduced.

Remark Given a branched ep—subgroupoid ® of the ep—groupoid X we obtain the
induced ep—subgroupoids ®%: X’ — Q7 for i > 1. Observe that the supports of
® = ®° and ©' coincide. The reader should notice that all upcoming constructions
carried out for @ will lead to the same result if carried out for ©F.

Definition 3.19 A branched ep—subgroupoid is called n—dimensional if all its local
branches are n-dimensional submanifolds of M . It is called compact if | supp O] is
compact.

From the assumption that ®: X — Q™ is a functor it follows that

O(x) = 6(y)

if there is a morphism ¢: x — y. Therefore, a branched ep—subgroupoid ® induces a
canonical map |®|: |X| — Q" defined as

18] (Ix]) = O(x).
Next we recall the definition of an orientation from [20].

Definition 3.20 Let ®: X — Q™ be a branched ep—subgroupoid on the ep—groupoid
X and S its support. An orientation for ®, denoted by o, consists of an orientation for
every local branch of the tangent set 7x.S at every point x € S so that the following
compatibility conditions are satisfied:

e At every point x, there exists a local branching structure (M;);c; where the
finite dimensional submanifolds M; of X can be oriented in such a way that
the orientations of 7T M; induced from M; agree with the given ones for the
local branches of the tangent set 7.S'.
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e If ¢: x — y is a morphism between two points in Sg, then the tangent map
T: TxS — T,S maps every oriented branch to an oriented branch preserving
the orientation.

Next we consider triples (X, «a, ®) in which the pair (X, o) is a polyfold structure on
Z and ©: X — Q™ is a branched ep—subgroupoid of the ep—groupoid X . Two such
triples (X, a,®) and (X’,o’, ®') are called equivalent if there exists a third triple
(X", a”,®") and two equivalences

F //F/ /
X<—X"—X

satisfying «” = a o |F| = &’ o | F’| for the induced maps | F| and | F’| on the orbit
spaces, and in addition,

@' =0 ocF =0oF.
We denote by [(X, «, ®)] the equivalence class of the triple (X, «, ®). Since F, F’
and ®, @' are functors, we conclude that

|©"| = |©]0|F| = 8]0 |F].

This implies that | F| (Jsupp ®|) = | F’| (J]supp ®'|) and since "’ = o |F|=0a'o|F'|,
we conclude that

a(|supp ©|) = o' (|supp ©')).
In addition, since |®|oa~! = |®’| o (a’)~!, the function ¥: Z — QT defined by
¥(z) = |®| (¢~ !(z)) does not depend on the choice of the triple (X,a, ®) in its
equivalence class and satisfies

P(a(|x]) =0O(x) forall xe X.

This prompts the following definition.

Definition 3.21 A branched suborbifold of the polyfold Z is an equivalence class
[(X,«, ®)].

Associated with [(X, o, ®)] we have the subset S contained in Z, defined by
S = a(|supp OF)
and the function ©: Z — Q™ , called weight function, defined by
Ha(lx]) = O(x).

Observe that S consists of all points z € Z such that ¥ (z) > 0. On should also view
(S,7]S) as a weighted space. Quite often we shall identify ¢ with the equivalence
class ¥ = [(X, a, ©®)].
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The diagram
F " F’ /
X<—X"—X

above defines the s—isomorphism
F F’
a=X<—X"—- X X=X

Then o’ o |a| = « for the induced map |a] = |F’|o|F|~!: | X| — | X’|. Consequently,
the identity |@”| = |®|o |F| = |0®| o |F|, gives following relation between branched
ep—subgroupoid ® and ®’ in equivalent triples (X, «, ®) and (X', o', ®’).

|©'|ola] =10].

The branched suborbifold S of the polyfold Z is called n—dimensional, resp. compact,
resp. oriented, if the representative (X, a, ®) of the ep—groupoid is n—dimensional,
resp. compact, resp. oriented. In the latter case the equivalences F and F’ involved
are required to preserve the orientations.

3.3 Branched integration

There is a canonical measure on an oriented branched suborbifold of a polyfold and an
associated integration theory which we would like to describe briefly in this section
referring to [20] for details and proofs.

The measure will be induced from the overhead (X, «, ®) where ©: X — Q% isa
branched ep—subgroupoid of the ep—groupoid X of dimension #. We assume that the
orbit space of ®, namely S = |supp O, is compact. We abbreviate the orbit space of
the boundary by

0S = |supp®NiX|={|x|] €S |x €supp®NaiX}.

The orbit space 95, in general, is not necessarily the boundary of S in the sense of
topology. Locally the sets S and dS can be represented as quotients of finite unions
of smooth submanifolds by a sc—smooth group action on the ambient space. This
structure suffices to generalize the familiar notion of the Lebesgue o —algebra of subsets
of smooth manifolds as follows.

Theorem 3.22 (Canonical o —algebra) The compact topological spaces S and 0.5
possess canonical o —algebras L£(S) and L£(9S) of subsets containing the Borel ¢ —
algebras of S and dS, respectively.
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The sets belonging to £(.S) and £(dS) are called measurable. The precise definition
of the o—algebras is given in [20]. The canonical o—algebras for the branched ep—
subgroupoid ® and the induced ep—subgroupoids ®’ are identical.

If X is an ep—groupoid, then the tangent space T X is again an ep—groupoid. Recall that
TX is defined by equivalence classes [U, ¢, (O, S), x, h], where x € X1, ¢: U — O is
a chart where O is open in the splicing core K and 1 € TxO. The map TX — X! is
givenby [U, ¢, (0, S), x, h] x. If ¥: x — y is amorphism between points x, y € X7,
then ¥ belongs to X; and extends to an sc—diffeomorphism ¢ os~!: O(x) = O(y).
We define Ty: Tx X — T), X to be the linearization of 7 o s~ 1 at x. Hence TX is
an ep—groupoid whose structure maps are the tangents of the structure maps of X .
If F: (X,a) - (X’',&’) is an equivalence of polyfold structures, then TF: TX —
TX' is an equivalence. It also defines an equivalence between the Whitney sums
Py TX — @, TX' covering the equivalence F: X — X'. In the following we
denote by Py TX — X! the Whitney sum of k—many copies of TX .

At this point we would like to make some comments about our notation. For us the
tangent bundle of X is TX — X!, that is, it is only defined for the base points in X!,
An sc—vector field on X is an sc—smooth section of the tangent bundle 7X — X! and
hence it is defined on X'!. Similarly, an sc—differential form on X which we will define
next, is only defined over the base points in X!. The definition of a vector field and
the following definition of an sc—differential form are justified since the construction
of TX , though only defined over X!, requires the knowledge of X .

Definition 3.23 An sc—differential k—form on the ep—groupoid X is an sc—smooth
map o: @, TX — R which is linear in each argument separately and skew symmetric.
In addition, we require that

(r (P)*wy = Wx

for all morphisms ¢: x — y in Xj.

If w is an sc—differential form on X, we may also view it as an sc—differential form on
X'. We denote by *(X?) the graded commutative algebra of sc—differential forms
on X'. Then we have the inclusion map

QF (XY > Q¥ (X,

which is injective since X;4; is dense in X; and the forms are sc—smooth. Hence we
have a directed system whose direct limit is denoted by Q% (X). An element @ of
degree k in Q% (X) is a skew-symmetric map @ (TX)oc — R such that it has an
sc—smooth extension to an sc-smooth k-form @; TX’' — R for some i. We shall
refer to an element of ngo(X ) as an sc—smooth differential form on Xo,. We note,
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however, that it is part of the structure that the k—form is defined and sc—smooth on
some X' .

Next we associate with an sc—differential k—form w its exterior differential dw which
is a (k + 1)—form on the ep—groupoid X !. The compatibility with morphisms will
be essentially an automatic consequence of the definition. Hence it suffices for the
moment to consider the case that X is an M—polyfold. Let Ay, ..., A; be kK + 1 many
sc—smooth vector fields on X . We define dw on X!, using the familiar formula, by

k
do(Ag...... Ax) = Y (=)' D(@(do..... i..... Ap)) - 4;
i=0

+ 3 D Do(A;, Aj) Ao, A Ay Ap).

i<j

The right-hand side of the formula above only makes sense at the base points x € X5.
This explains why dw is a (k + 1)—form on X!. By the previous discussion the
differential d defines a map

d: Qk(Xl) — Qk+1 (Xi+1)
and consequently induces a map
d: QF (X)) — QX 1(x)

having the usual property d2 = 0. Then (Q*,(X),d) is a graded differential algebra
which we shall call the de Rham complex.

If ¢: M — X is an sc—smooth map from a finite-dimensional manifold M into an
M-polyfold X, then it induces an algebra homomorphism

¢*: Q5 (X) = Q5 (M)
satisfying dp*w) = ¢*dw.

To formulate the next theorem we recall the natural representation ¢: G(x) — Diffs.(U)
of the isotropy group G(x) = G. This group can contain a subgroup acting trivially
on U. Such a subgroup is a normal subgroup of G called the ineffective part of G
and denoted by Gy. The effective part of G is the quotient group

Ge := G/ G,.

We denote the order of G, by {{G-.
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Theorem 3.24 (Canonical measures) Let X be an ep—groupoid and assume that
©: X — Q7 is an oriented branched ep—subgroupoid of dimension n whose orbit
space S = |supp ®| is compact and equipped with the weight function ¥: S — Q*
defined by

H|x]):=0(x), [x|€S.
Then there exists a map
D(s.0y: Q1 (X) = M(S, L(S)), > pulSd

which associates to every sc—differential n—form @ on X a signed finite measure

B =

on the canonical measure space (S, £(S)). This map is uniquely characterized by the
following properties:

(1) The map ®g gy is linear.
(2) Ifa= ft where f € Q% (X) and T € Q"_(X), then

o (K) = /K fdyus

for every set K C S in the o —algebra L(S).

(3) Given a point x € supp © and an oriented branching structure (M;);c; with
the associated weights (0;);e; on the open neighborhood U of x according to
Definition 3.18, then for every set K € L(S) contained in a compact subset of
|supp ® N U|, the w,—measure of K is given by the formula

1
K) = a~/ w|M;
Mo (K) HGe; i X | M

where K; is the preimage of K under the projection map M; — |supp® N U |
defined by x — |x|.

In the theorem above we denoted by [ K; w|M; the signed measure of the set K; with
respect to the Lebesgue signed measure associated with the smooth n—form w|M ; on
the finite dimensional manifold M;. It is given by

/w|Mizlim Jrw
K; k Juy

where j: M; — X is the inclusion map and (Uy) is a decreasing sequence of open
neighborhoods of K; in M; satisfying (), Ux = K;.
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The analogous result holds true for the orbit space 0S5 = {|x| € S | x e supp® N IX}
of the boundary.

Theorem 3.25 (Canonical boundary measures) Under the same assumptions as in
Theorem 3.24 there exists a map

D59y 5 (X) > MBS, LBS)), T pO5D)

which assigns to every sc—differential (n — 1)—form t on X, a signed finite measure

u0S = i,

on the canonical measure space (0.S, £(dS)). This map is uniquely characterized by
the following properties:

(1) The map ®ys, ) is linear.

(2) Ifa= ft where f € Q% (X) and r € Q";1(X), then every K € L(3S) has
the [1q —measure

Ha(K) = /K fdyie.

(3) Given a point x € supp ® N dX and an oriented branching structure (M;);c
with weights (0;);eq on the open neighborhood U C X of x, then the measure
of K € L£(0S) contained in a compact subset of |[supp ® N U N dX| is given by
the formula

1
K) = o; T|0M;
pe(K) HGe; I/Ki |0M;

where K; C 0M; is the preimage of K under the projection map 0M; —
[supp ® N U N dX| defined by x — |x|.

Finally, the following version of Stokes’ theorem holds.

Theorem 3.26 (Stokes’ theorem) Let X be an ep—groupoid and let ®: X — QT
be an oriented n—dimensional branched ep—subgroupoid of X whose orbit space
S = [supp ®| is compact. Then, for every sc—differential (n — 1)—form w on X,

S, 0
e (8) = uSV@S).

Our construction is compatible with equivalences between ep—groupoids as the follow-
ing theorem shows.

Geometry & Topology, Volume 13 (2009)



2336 Helmut Hofer, Kris Wysocki and Eduard Zehnder

Theorem 3.27 (Equivalences) Assume that F: X — Y is an equivalence between
the ep—groupoids X and Y . Assume that ®: Y — Q™ is an oriented n—dimensional
branched ep—subgroupoid of Y whose orbit space S = |supp ©| is compact and
equipped with the weight function ¥: S — Q™ defined by ¥ (|y|) = ®(y) for |y| € S.
Define the n—dimensional branched ep—subgroupoid on X by ® :==0©o F: X — Q™
and denote by S’ and ¥ the associated orbit space and the weight function on S’.
Moreover, assume that ®' is equipped with the induced orientation. Then, for every
sc—differential n—form w on Yoo,
u$M o |Fl = p
where the n—form @' on X is the pull back form ' = F*w. Similarly,

aS’,0’
pOS o F| = u &>

forevery (n—1)—form t on Y.

Theorem 3.27 allows to rephrase the previous theorems in the polyfold set-up.

An sc—differential form on the topological space Z or Z' is defined via the overhead of
the postulated polyfold structures. We define an sc—differential form t on the polyfold
Z as an equivalence class of triples (X, 8, @) in which the pair (X, 8) is a polyfold
structure on Z and w an sc—differential form on Xs. Two such triples (X, 8, ®)
and (X', B/, w’) are called equivalent, if there is a third ep—groupoid X" and two
equivalences

x Zx Doy
satisfying B o |F| = B’ o|F’| and, in addition,

F*a) — (F/)*a)/
for the pull back forms on X”'. We shall abbreviate an equivalence class by © = [w]
where (X, B, w) is a representative of the class and call 7 an sc—differential form
on the polyfold Z. Again we have a directed system obtained from the inclusions
Z'*T1 5 Z which allows us to define, analogously to the ep—groupoid-case, the notion
of a differential form on Z,. We shall still use the symbol [w] for such forms. It is

important to keep in mind that a representative @ of [w] is an sc—differential form on
Xoo Where (X, B) is a polyfold structure on Z.

The exterior derivative of an sc—differential form [w] is defined by
d[w] = [dw].

Let S be a branched suborbifold S of a polyfold Z equipped with a weight function
w: S — Q1 N (0, 00) together with an equivalence class of triples (X, 8, ®) in which
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the pair (X, B) is a polyfold structure on Z and ®: X — Q7 is an ep-subgroupoid of
X satisfying S = B(|supp ©|) and w(B(|x|)) = O(x) for x € supp ®. The “boundary”
set .S of a branched suborbifold S is defined by setting 0.5 = B(|supp ® N dX|) for a
representative (X, 8, ®) of the equivalence class. From the previous results it follows
that for a compact and oriented branched suborbifold S C Z of a polyfold Z there is
a canonical o —algebra (S, £(S)) of measurable subsets and a well-defined integration
theory for which Stokes’ theorem holds.

Theorem 3.28 Let Z be a polyfold and S C Z be an oriented compact branched
suborbifold defined by the equivalence class [(X, B, ®)] and equipped with the weight
function w: S — QTN (0, 00). For an sc—differential n—form T on Zs, and K € L(S),
we define

—1 1 _
[oowm T OD O k)
(K,w) B~1(K)

where the equivalence class t is represented by the triple (X, B, w) and where the
weight function © on B~1(S) = |supp ®| is defined by ¥(|x|) = ®(x). Then the
integral f( Kaw)© is independent of the representative (X, B, w) in the equivalence
class. Moreover, if T is an sc—differential (n — 1)—form on Z ., then

/ T = / dr.
(0S,w) (S,w)

For all the details and the proofs of the results of Section 3.3 we refer to [20].

3.4 Strong polyfold bundles

In the following we assume that p: W — Z is a continuous and surjective map between
two paracompact second countable spaces.

Definition 3.29 A strong (polyfold) bundle structure for p consists of a triple (E, I, y)
inwhich P: E — X isa strong bundle over the ep—groupoid X, I" is a homeomorphism
between the orbit space |E| and W, and y is a homeomorphism from the orbit space
|X| to Z. Further, we require that

pol'=yol|P|.

E| 12 x|

(/N4
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The two triples (E,T",y) and (E’,T’,y’) are called equivalent if there exists an s—
bundle isomorphism 2: £ = E’ with the underlying s—isomorphism a: X = X’
satisfying on the orbit spaces

F'=I"0|A and y =1y olal.
We note that the second relation is a consequence of the first relation.

E\7E

We are in the position to define the notion of a strong polyfold bundle.

Definition 3.30 A strong polyfold bundle p: W — Z consists of a surjective contin-
uous map between two second countable paracompact topological spaces together with
an equivalence class of strong bundle structures (E, I", y) for p.

Next we introduce the notion of an sc—smooth section of the strong polyfold bundle
p: W — Z . Inorder to do so, we take amodel (E, I, y) where P: E — X is a strong
bundle over the ep—groupoid X and consider a pair ( f, ) in which f is a continuous
section of the bundle p and F € I'(P) an sc—smooth section of the bundle P satisfying

foy=Tol|F|,

in diagrams:

X Yz

|

E| Y~ w

Let (E’,T’,y’) be an equivalent strong bundle structure for p where P’: E' — X' is
a strong bundle over the ep—groupoid X’. We consider the pair (f/, F’) of sections
of the bundle p and F’ € I'(P’) satisfying f’ oy’ =T’ o|F’| and call the two pairs
(f, F) and (f’, F') equivalent if f" = f and if there exists an s—bundle isomorphism
A: E = E’ whose pushforward satisfies

Definition 3.31 With the above notation an equivalence class f = [f, F] of sections
is called an sc—smooth section of the polyfold bundle p: W — Z and the pair (f, F)

is called a representative of the map f for the model P: E — X . The scT—sections
and the Fredholm sections are defined similarly.
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In view of Proposition 2.25, these concepts are well-defined. We will denote the space
of sc—smooth sections of the bundle p: W — Z by I'(p) and the corresponding space
of sct—sections by I't(p).

The auxiliary norm for a strong polyfold bundle is defined as follows.

Definition 3.32 An auxiliary norm for the strong polyfold bundle p: W — Z consists
of amap N: Wy,; — [0,00) having the following property. If the strong bundle
P: E — X over the ep—groupoid X is a model representing the strong bundle structure
for p, then

N*: E(),l —[0,00), e N(I'(le]))

is an auxiliary norm for the bundle P: £ — X . The subset Wy { C W is defined by
Wo,1 =T(|Eo,1)).

Let us observe that in general N is fiberwise not a norm since the fibers do not
have a linear structure. Nevertheless, a local representative N * is an auxiliary norm
having the additional property that the existence of a morphism ¢: 7 — &’ implies
N*(h) = N*(h'). Alternatively, given an auxiliary norm N * for the local model
E — X satisfying N *(h) = N*(k) if there exists a morphism /7 — k, we can define
N(w) for w e Wy ; by N(w) = N*(h) if I'(|h]) = w. This defines an auxiliary norm
for the strong polyfold bundle p.

Next we introduce the notion of mixed convergence in W.

Definition 3.33 A sequence (wy) in Wy ; is called mixed convergent to w if there
exists a local model (E, T, y) so that the sequence (|/1x|) ;== (I'"!(wy)) C |E| has
suitable representatives, say /iy of || and & of |h| so that Ay is m-convergent to /
on Ey ;. Let us note that the particular choice of local coordinates in the definition is
irrelevant.

For the definition of the m-convergence we refer to [22].

3.5 Sct-multisections

In this section we define sc™—multisections. Again we view the nonnegative rational

numbers QT = Q N[0, 00) as a category with the identities as morphisms. The
following definition brings a definition in Cieliebak, Mundet i Riera and Salamon [2]
into the groupoid framework.
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Definition 3.34 Let P: E — X be a strong bundle over the ep—groupoid X . Then

an scT—multisection of P is a functor

A: E—QT

such that the following local representation (called local section structure) holds true.
Every object x € X possesses an open neighborhood U, on which the isotropy group
G acts by its natural representation ¢g € Diffy.(Uy) and finitely many sc™—sections
S1,...,5k: Uy = E (called local sections) with associated positive rational numbers
01,07, ...,0% (called weights) satisfying the following properties:

k
Zdj =1,
j=1
Ae) = Z 0j.
{jel|sj(P(e))=e}

for all e € E|U for which there exists a section s; satistying s;(P(e)) = e. If there is
no such section, then A(e) = 0.

The functoriality of A implies A(e’) = A(e) if there is a morphism ¢/ — ¢ in E.
Explicitly,

A(p(p.e)) = Ale)
for all (¢, e) € Xy, E. Hence A induces the map |A|: |E| — Q™ on the orbit space.

We shall denote the collection of all sct —multisections of the strong bundle P: E — X
by I} (P). For every x € X, the set

supp(x) :={ee€ E | P(e) =x, A(e) >0}
is finite, and }_,cqpp(x) Ae) = 1. Moreover, if x € U, then
Supp(x) = {Sl (X), SRR Sk(X)},

where s;,...,s5%: U — E are the local scT—sections.

Definition 3.35 The scT—multisection A is called rivial on the set V. C X if A is

identically equal to 1 on the zero section over V, ie, A(0x) =1 for all x € V (and
hence A(ex) = 0 for all ex # 0x).

The support of the scT—multisection A is the smallest closed set in X outside of which
A is trivial.
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0,
z Y
Figure 2: Here k = 4. If P(ej) = x for j = 1,2,3,4, then A(e;) = o;
while if P(e}) =y for j =1,2, then A(e}) =01+03 and A(e}) =02 +04.

Moreover, A(0;) = Z;zl oj = 1 where 0; € E is the zero vector in the

fiber over z.

If A and A’ are two multisections in F,‘,’; (P) we define their sum as the multisection

A®A)e)= D AN

e'+e''=e

Explicitly, if the local section structure of A is represented by the sct—sections
S1,...,5¢: U — E having the associated weights oy, ...0} and the local section
structure of A’ by the sct—sections s}....,s;: U — E with the associated weights
oy,...07, then at the vector ey € E satisfying P(ex) = x,

(A& A/)(ex) = Z o; -GJ{.

Si (x)—l—sj/- (x)=ex

Hence s; + sj/.: U — E are the scT—sections and o; -ajf the associated weights of the
multisection A @ A’ € T} (P) where 1 <i <k and 1 < j </.

The sum of two sct

—multisections is by definition their associated convolution product.
We prefer to call it sum rather than convolution product since in the single-valued case

it precisely corresponds to the sum.

If Ag, Ay €T,J(P) and @ € (0,1) NQT, we can define the sc*—multisection A4 €
I (P) by

Ag(e) =ahi(e) + (1 —a)Ao(e).
It is locally represented by all the local sections of Ay and A1, together with all the
associated weights multiplied by «, respectively by (1 — ).

We shall make use of an auxiliary norm N* for a strong bundle P: E — X over the
ep—groupoid X .

Geometry & Topology, Volume 13 (2009)



2342 Helmut Hofer, Kris Wysocki and Eduard Zehnder

The first step in the construction of an sct—multisection is the following lemma.

Lemma 3.36 Consider the strong bundle P: E— X over the ep—groupoid X equipped
with a compatible auxiliary norm N* and modeled on separable sc—Hilbert spaces.
Then, given a smooth point xo € X , a smooth hg € Ex,, and an open neighborhood
U C X of x, there exists an scT™—section s of the strong bundle E — X (of objects,
ignoring the morphisms) satistying

s(x0) = ho

and having its support in U . If N*(h) < ¢, we can choose the section s in such a way
that
N*(s(y))<e forall ye X.

Proof The result is local. We take a strong M—polyfold bundle chart ®: p~1(U) —
KR covering the sc—diffeomorphism ¢: U — O as defined in [21, Definition 4.8].
The set O is an open subset of the splicing core K¢ = {(v,e) € V@ E' | my(e) = e}
associated with the splicing S = (7, E/, V) and K ={((v,e),u) € OB F | P(v,e) () =
u} is the splicing core associated with the strong bundle splicing R = (p, F, (0O, S)).
In these coordinates the smooth point xo corresponds to the smooth point ¢(xg) =

. (vg,e0) € O. Moreover, ®(xq,19) = ((vg,eo). h, o) € K*® where h/ is a smooth
pointin F, ie, /i € Fo. For points (v,e) € O close to (vg,eg) we deﬁne the local
section 5s: K — O by

S(U, 6) = ((U, €), /O(v,e)(hz))) € KR

At the point (vo,eg) we have p(y,.e0)(hy) = hy and s(vg.eo) = ((vo.eo). hy) as
desired. In view of the definition of a strong bundle splicing, p(y,e)(4) € Fpyy1 if
(v e) € Oy ® Fy, and u € Fy,41; see [21, Definition 4.2]. Moreover, the triple

=(p, F',(0,38)) is also a general sc—splicing which together with the fact that hy,
is a smooth point in F 1mp11es that the section s of the bundle K®' — O is sc— smooth.
Consequently, s is an scT—section of the local strong M—polyfold bundle K — O.
We transport this section by means of the map @ to obtain a local sct—section s of
the given strong bundle P: E — X, it satisfies s(xg) = &¢. Using Lemma 5.6 in the
Appendix (whose proof makes use of the sc—Hilbert structure), we find an sc—smooth
bump-function 8 which is equal to 1 near x¢ so that the section §-s has the desired
properties. |

In general, the section constructed in the proof of Lemma 3.36 will not be compatible

with morphisms. Below we shall describe a general recipe for the construction of sct—
multisections which are compatible with the morphisms. We fix a smooth point x € X
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and an open neighborhood U C X of x which has the distinguished properties listed in
the structure Theorem 5.4. In particular, we have the natural representation ¢: G —
Diff.(U) of the isotropy group Gy at x and an sc—smooth map [': Gx x U — X
having the following properties:

e I'(g.x)=g.
e s(I'(g,y)) =y and 1(I'(g, y)) = @g (»).

e If 4: y — z is a morphism between y, z € U, then there exists a unique g € Gy
with I'(g, y) = h.

e Assume that yy € X is an object for which there exists no morphism yg — x’
for an x” in U. Then there exists an open neighborhood V of yq so that for
every z € V there is no morphism to an element in U'.

e Assume that yy € X is an object for which there exists no morphism yg — x’
for every x’ € U, but there exists a morphism to some element in U . Then,
given an open neighborhood W of dU (the set theoretic boundary of U ), there
exists an open neighborhood V' of yq so that if there is a morphism y — x’ for
some y €V and x’ € U, then x' € W.

With the smooth point x € U C X already chosen above we now choose a smooth
vector eg € E satisfying P(eg) = x and take, using Lemma 3.36, an sct—section /
of the strong bundle £ — X (of objects) satisfying /(x) = eo and having its support
in an open neighborhood V' of x which is invariant under the sc—diffeomorphism
¢g € Diff.(U) for all g € Gx and whose closure satisfies Vcu.

Recall the definition of the strong bundle map u: Xyx, E — E from Section 2.4. It
acts as follows. If ¢: x — y is a morphism in X, then

w(p, -): Ex — Ey
is a linear isomorphism. For every g € Gy, we define the sc™—section hg of E|U by

he(@g(¥)) := u(l'(g.»).h(y)). yeU,

and introduce the map

Ay: E|lU - QT
1
by Ay(e) = nT-H{g € Gx | hg(P(e)) =e}.

Lemma 3.37 The map Ay defined on E|U satisfies Ay (e) = Ay (e’) if there exists
a morphism e — ¢’ in E.
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E
hg4
0 ri / o kY
y y X 4 U

Figure 3: The associated weights are 1/#G

Proof Assume that ¢ and ¢’ € E|U are related by a morphism in E. Hence, if
P(e)=y and P(e’) = )’ where y and y’ € U so that we can use the notation e = ¢,
and e’ = e/, then there is a morphism ¥ in X satisfying

v:y—y and (Y, ey) =ey.

By Theorem 2.3 there exists a uniquely determined go € G satisfying I'(gg, y) = ¥
and ¢g,(y) = )'. If g € Gx we compute, using the properties of the strong bundle
map u: E— F,

he(9go (1)) = (T (g @1 (). h(gg—1(3")))
= n('(g, 0g-14,(1), M(@g—14,()))
= (T (8080 " & 01, (M), h(@g—14,(1)))
= (¥ oT (85" 8. 0g-140 (1)) (Pg-14, (1))
= (¥, (T (gy ' & 0g—14, (1), (@14, (1))
= 1(T'(g0, 1), g1, ().

Since w(y, -): Ey — E) is an isomorphism, it follows that hgalg(y) = ey, for some
g € Gy if and only if hg(¢g,(y)) = e,r. This implies

Ay(e) = Ay(e).

The proof of Lemma 3.37 is complete. O

Lemma 3.37 shows that the map Ay: E|U — Q7 possesses on U the local section
structure defined by the sct—sections /g: U — E|U for all g € G.
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Next we extend the local sct—multisection Ay from E|U to all of E. In order to
first extend Ay from E|U to E|U we recall that the invariant set V C U contains
the supports of all sections /g for g € Gx and satisfies V c U. Consequently, the
scT—multisection A is trivial over the set U \ V and, in view of the properties listed
in the structure theorem, Theorem 5.4, we can define the multisection A on the fiber
E,, over the boundary point y € U\U by A(e) =0 if e # 0, and by A(0,) =1 for
the zero 0, in Ey. If y ¢ U and if there is no morphism y — x’ to some x’ € U we
define A to be trivial over y. On the other hand, if there exists a morphism ¢ — ¢’
with P(e’) € U, we define A(e) = A(e’).

So far we have defined a map A: E — Q7 and it follows from the construction of A
and from Lemma 3.37 that A(e) = A(e’) if there is a morphism ¢’ — ¢ in E, so that
A induces a functor A: E — Q™.

Proposition 3.38 Let P: E — X be a strong bundle over the ep—groupoid X . We
assume that the sc—smooth structures are based on separable Hilbert spaces. Then the
functor A: E — Q1 constructed above is an scT—multisection.

Proof Let U C X be the distinguished open set considered above and let y € U.
Then there are by construction finitely many local sc™—sections, namely /g for g € Gy
with associated weights 1/§Gx, so that A has the desired local structure. If y ¢ U
and if there is no morphism y — x’ to some point x’ € U, then A is trivial over y.
By the structure theorem, Theorem 5.4, there is an open neighborhood V' of y which
does not admit morphisms into U . Consequently, the multisection A is trivial over
the open set V. Finally, if y ¢ U and if there exists a morphism y — x’ € U, then
tos~1 defines a local diffeomorphism U(y) — U(x’) between open neighborhoods
so that A|U(y) inherits the local section structure from A|U(x’). This completes the
proof of Proposition 3.38. |

We summarize the previous discussion in the following theorem.

Theorem 3.39 Let P: E — X be a strong bundle over an ep—groupoid X and let N*
be an auxiliary norm for P. Assume the sc—smooth structures are based on separable
Hilbert spaces. Assume that e is a smooth point in E and U is a saturated open
neighborhood in X of the point x = P(e). Then there exists an scT—multisection
A: E — QT having its supportin U (ie, A is trivial on X \U ) and satisfying A(e) > 0.
In addition, if N*(e) < ¢, then N*(h) < ¢ for all h satisfying A(h) > 0.

If A: E— QT is an scT™—multisection for the strong bundle £ — X and ®: E' - E a
strong bundle equivalence covering the equivalence ¢: X' — X between the underlying
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ep—groupoids, then the pullback ®*A: E’ — Q™ is again an sc™—multisection. If ®
is an scT—multisection for £/ — X’ we can also define the pushforward ®,(®) which
is an scT—multisection for the strong bundle £ — X . As in the discussion of sections
and generalized isomorphisms we have the following result.

Proposition 340 Let P: E — X and P": E' — X’ be strong bundles over ep—
groupoids and let 2(: P — P’ be an s—bundle isomorphism. Then 2l induces a bijection

As: TH(P) — T, (P)

between the corresponding spaces of sc™—multisections. The inverse is the pullback 2A* .

The previous construction of the sc T—multisection A allows also a parametrized version
as explained in the following remark, which will be useful in the perturbation theory
later on.

Remark (Parametrized sct—multisections) Take a point x € X and choose an open
neighborhood U of x in the object set of the ep—groupoid X . We take the set U
so small that the isotropy group Gx acts on U by its natural representation. By
means of Lemma 3.36, we choose a finite number of scT—sections ', ..., 1¥ of the
strong polyfold bundle P: E — X (of objects ignoring the morphisms) having their
supports in U and taking at some smooth point xo € U the prescribed smooth values
e/ :=h'(xy). Assuming that N*(e/) < ¢/ k, we may achieve, again by Lemma 3.36,
that
N*(h' () < 2 forall 1 < j <k andall y € U.

By |t|s We denote the £*°—norm of # = (¢, ...,t) € RK . For every ¢ € R¥ satisfying

|t|oo < 1, we define the sc*—section /i as the linear combination

k
he(y) = 1-h ().
j=1

The support of the section /; is contained in U and N*(h;(y)) <& forall y € X and
all |t|,, < 1. Using the group action by the isotropy group Gy, we define for every
g € Gy the scT—sections /4 of E|U by

hig(@g(1) = u(T(g.¥). he(p))

k
= le 'M(F(gv y),hj(y))-

Jj=1
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Now proceeding as in Lemma 3.36 and Proposition 3.38, we obtain for every |¢|,, <1
an scT—multisection A’: E — Q™.

In order to construct transversal perturbations of Fredholm sections later on we will
make use of the free choice of the smooth images e/ at the smooth point x¢ to fill up
the cokernel of the linearized Fredholm section at xg.

Multisections for polyfolds will also be defined by means of the overheads as follows.
If p: W — Z is a strong polyfold bundle, we choose a strong polyfold bundle structure
(E,T,y) for p in which P: E — X is a strong bundle over the ep—groupoid X and
I': |E| — W the homeomorphism covering the homeomorphism y: |X|— Z.

Consider a pair (A, A) in which A: E — Q% is an sc™—multisection on P and
A: W — QT is the function satisfying

AMw) = A(e) if w=TI(le]).

If (E’,T’,y") is a second such model for our strong polyfold bundle p and if (A", A’)
is the corresponding pair, we call the two pairs equivalent if

A=A

and, moreover, if there exists an s-bundle isomorphism 2(: £ = E’ so that for a
representative

@ //lIl /
F<«~—FE' — F

(in which ® and W are strong bundle equivalences), the sc™—multisections A: E — QT
and A": E' — Q™ are related by

DFA =U*A

Definition 3.41 An sc—multisection for the strong polyfold bundle p: W — Z is an
equivalence class [A, A] of pairs.

4 Global Fredholm theory

In this section we transplant the basic ideas from the Fredholm theory in [22] to the
polyfold set-up.
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4.1 Fredholm sections

We begin with the notion of a Fredholm section of a strong polyfold bundle.

Definition 4.1 The section f of the strong polyfold bundle p: W — Z is called a
Fredholm section provided there exists a representative F' of f which is a Fredholm
section of the strong bundle P: E — X over the ep—groupoid X . The latter means
that F: X — E is an sc—smooth functor and a Fredholm section of the strong bundle
E — X, where X is the M—polyfold of objects, as defined in [22, Definition 3.6].

The Fredholm section f is called proper provided the solution set

S=8()=1zeZ|f(2)=0}

is compact in Z.
Let us observe the following fact, already established in the M—polyfold case.

Proposition 4.2 If f is a proper Fredholm section of the strong polyfold bundle
p: W — Z, then the solution set S = f~1(0) is compact in Z .

Proof Let (E, T, y) be a strong bundle structure for p in which P: E — X is a strong
bundle over the ep—groupoid X, I" is a homeomorphism between the orbit space | E|
and W ,and y: | X|— Z is ahomeomorphism. Assume that the section F of the bundle
P: E — X is arepresentative of the section f. Then F is a proper Fredholm section
of the bundle P and, in addition, the section F is a functor. Since F is regularizing the
solution set F~1(0) consists of smooth points and therefore /~1(0) = y(|F~1(0))
consists of smooth points in Z . Take a sequence (zx) C £~ '(0). Since, by assumption,
the solution set S is compactin Z = Z,, we may assume possibly taking a subsequence
that z; — z in Z = Z,. Choose a point x € X such that 7(x) = |x| =y~ (z) where
w: X — | X| is the quotient map. Take an open neighborhood U of x in X which is
invariant under the isotropy group Gy . Then the set 7 (U) is an open neighborhood
of |x| =y(z) and y~'(z) € n(U) for k large. Since the set 7! ((U)) consists of
points which can be connected by morphisms with points in U, we find points x; € U
such that 7(xx) = |xx| = ¥y~ !(zx). Consequently, the sequence (xj) converges to
x in Xy. Since F(x;) =0 and x; — x, it follows from the local normal form of a
Fredholm section, arguing as in the proof of Theorem 5.11 in [22], that x; — X in
Xoo. Therefore, z;, — z in Z« as claimed. O
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4.2 Properness

We shall introduce a useful notion for the constructions later on. Assume that p: W —
Z is a strong polyfold bundle and let f: Z — W be a Fredholm section of p.
We assume further that N: Wy 1 — [0, 00) is an auxiliary norm and U is an open
neighborhood of #~1(0).

Definition 4.3 We say that the pair (U, N) controls compactness if every sequence
(zx) C U satistying

llicm inf N(f(zx)) <1

possesses a converging subsequence.

Lemma 4.4 Let P: E — X be alocal model for the strong polyfold bundle p and let
F: X — E be a Fredholm section representing f . Assume that N*: Eq ; — [0, 00)
is the auxiliary norm for P representing N . If the pair (U, N) controls compactness,
then the pair (U*, N*) where U* = n~!(U) has the following property. If (x;) is
any sequence in U* satisfying

liminf N*(F(xg)) <1,
k—o00

then there exist a sequence (yy) of points in U* and a sequence (gy) of morphisms
Ok Xk — Vi so that (y) has a converging subsequence.

Proof Without lost of generality we may assume that Z = |X| and W = | E|. Take a
sequence (xg) C U* satisfying liminfy_, oo N *(F(xx)) < 1. Consider the equivalence
classes zy = |xx|. Because xj € U*, the points z; belongto U . By definition, f(zx)=
| F(xy)| and it follows that N ( f(zx)) = N *(F(xx)) so that liminfy oo N(f(zx)) <1.
Since, by assumption, the pair (U, N) controls compactness, it follows that there is
a subsequence, again denoted by (zx), converging to some point z € U. Choose a
point x such that z = |x|. There exists a neighborhood basis (V;j);jen of x such that
Vig1 CVj forall j € N. Then the sets w(V;) form a decreasing sequence of open
neighborhoods of z in |X|. Since zx — z, we find for every j € N an index k;
such that zx, € 7(V;) and kj11 > kj. Hence xi; € 7~ 1(7(V})) and since the set
7w~ 17 (V;)) consists of points which are related by morphisms to the points in V;, we
find for every index k; a point y; € Vj and a morphism ¢, : X, — yx; . We note
that yx; — x as j — oo. For k # kj, we choose yx = xj and take as morphism ¢
the identity morphism 1y, . Then (yg;) is the desired subsequence of the sequence
() converging to x. The proof of the lemma is complete. a
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As a consequence of the local properness of a Fredholm section [22, Theorem 5.9], we
obtain the following result.

Theorem 4.5 Let p: W — Z be the strong polyfold bundle with reflexive fibers and
let N be an auxiliary norm for p. Assume that f is a proper Fredholm section of the
bundle p. Then there exists an open neighborhood U of the set S = f~1(0) so that
the pair (U, N') controls compactness.

Proof We choose a local model P: E — X for the strong polyfold bundle p and a
proper Fredholm section F of the bundle P representing the section f'. Without loss of
generality we may assume that Z = |X| and W = |E|. The map N*: Ey ; — [0, 00)
defined by N*(e) = N(|e]) is an auxiliary norm for the strong polyfold bundle P.
The solution set S = f~1(0) C Z is, by assumption, compact. Take a point x € X
for which |x| € S. Then F(x) = 0 and, by the regularizing property of the Fredholm
section F, the solution x is a smooth point in X . In view the local compactness for
Fredholm sections of fillable strong M—polyfold bundles, there exists [22, Theorem
5.9] an open neighborhood U(x) C X so that every sequence (xx) in U(x) satisfying

liminf N*(F(x)) <1
k—o00

possesses a convergent subsequence. Shrinking U(x) is necessary, we may assume that
U(x) is invariant under the action of the isotropy group Gy . Then the set |U(x)| is
open in Z. By the compactness of S in Z we find finitely many points xg,...,Xx €
X sothat U := |U(xg)|U---U|U(xg)| is an open neighborhood of S. The set
U* =n~1(U), where m: X — |X| = Z is the quotient map onto the orbit space, is
an open neighborhood of F~!(0). Let (z) be a sequence of points in U satisfying

Jim N(f@) < 1.

Then we find a sequence (y) € U(xg) U---U U(xg) satisfying |yi| = zx. Conse-
quently,
lim N*(F(y)) < 1.
k—o00

By construction, the sequence () has a convergent subsequence. Therefore, the
sequence z; = |yi| in the orbit space | X| = Z has a convergent subsequence and the
proof of the theorem is complete. |

4.3 Transversality and solution set

We consider a strong polyfold bundle p: W — Z and let f and A be a proper

+

Fredholm section and an sc ™-multisection of the bundle p, respectively. We denote by
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P: E — X the local model of the bundle p and by F the Fredholm section representing
f andby A: E — Q7 the corresponding sc T—multisection representing A . First we
define the solution set.

Definition 4.6 The solution set S := S(f, A) of the pair (f, 1) is the set
S(f, M) ={ze Z|1(f(2)) > 0;.

At this point S as a subset of Z is just a second countable paracompact topological
space (as a closed subset of Z). We shall see, however, that in case a certain transver-
sality condition is met, S carries an additional structure so that not only one can talk
about orientability of .S but also about the integration of sc—differential forms over S'.
Of course, in developing this additional structure, the overhead given by the various
representatives (F, A) describing ( f, A) will be important. Taking the representative
(F,A) of (f,A), we consider the solution set

S=S(F.A)={x € X | A(F(x)) > 0.

Recall that if x belongs to the solution set, then there exist, in view of the definition
of an scT—multisection, an open neighborhood U C X of x and finitely many local
sct—sections s;: U — E, for i € I, having the associated positive rational weights o7,
i €1, sothat

Zai =1 and A(F(x)) = Z lof}
iel {jel |F(x)=s;(x)}
and there is at least one index j € I such that
F(x) =sj(x).
If A(F(x)) =0, then there is no index j € I for which F(x) = s;(x).

The natural map

S—S8, x—y(x)
induces a homeomorphism |S| — S. The solution set S comes with the natural map
Ap: S — Q1 N(0,00), defined by

Ar(z) = A(f(2)),
and called the weight function on S.

We want to study the pairs (S(f,A),Ar) provided some transversality conditions are
met so that the pair (S(f,A),Ar) has the structure of a smooth branched suborbifold
with boundary with corners. These transversality conditions are defined in terms of a
representative (F, A) as follows.
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Definition 4.7 Let p: W — Z be a strong polyfold bundle and let ( f, 1) be a pair
in which f is a Fredholm section of p and A: W — Q% an sc*—multisection on p.
Assume that the strong bundle P: E — X over the ep—groupoid X is a model represent-
ing p and the Fredholm section F: X — E of the bundle P and the scT—multisection

A: E — Q% of P are representatives of f and A.

(1) The pair (f,A) is called a transversal pair if for every z € S(f, L) the fol-
lowing holds. If x € X represents z and (a;) is a local section structure for
A near x, then for every i for which F(x) — a;(x) = 0, the linearization
(F —a;) (x): TxyX — Ex is surjective.

(2) The pair (f,A) is in good position if for every z € S(f, A) the following holds.
If x € X represents z and (a;) is a local section structure for A near x, then for
every i for which F(x)—a;(x) =0, the linearization (F —a;)’(x) is surjective
and its kernel is in good position to the corner structure of X in the sense of
Definition 4.14 in [22].

(3) The pair (f, A) is in general position to the boundary 0Z if for every z € S(f, 1)
the following holds. If x represents z and (a;) is a local section structure for A
near x, then for every i for which F(x)—a;(x) =0 the linearization (F—a;)’(x)
is surjective and the kernel of (F —a;)’(x) is transversal to T)?X in Tx X . Here
T )?X is the intersection of all tangent spaces at x to the local faces containing
x and we refer to [22] for more details.

Proposition 4.8 If one of the above properties holds true for one local section structure,
then it holds true for all the other local sections structures.

To prove the proposition we first introduce the concept of a linearization of a Fredholm
section with respect to a multisection. This concept allows a new elegant formulation
of Definition 4.7. We consider the Fredholm section F': X — E of the strong bundle
p: E— X andlet A: E — Q7 be an sc™—multisection. We fix a point x belonging
to the solution set S(F, A) ={x € X | A(F(x)) > 0} and define the linearization of
F at the solution x with respect to A as follows.

In view of the definition of the sct—multisection A, there exist an open neighborhood
Uy of x and a finite collection of local sections (a;);e; with associated weights

(07)ier such that
Ae) = Z ;.
{iel |a;(Pe)=e}
By I’ we denote the set of indices i € I for which F(x)—a;(x)=0.1If i, j € I, we
call the two linearizations (F —a;)(x) and (F —a;) (x): TxX — Ex equivalent if

(F—a;)(x)-6x =(F—aj)(x)-6x forall §x € Ty X.
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Denoting by [(F — a;)'(x)] the equivalence class of the operator (F — a;)'(x), we
define the linearization F) (x) of F at x with respect to the multisection A to be the
finite collection of all equivalence classes

[(F —ai) )] [(F—ai,) ™). [(F —ai,) (x)].

The notion of the linearization F ;\ (x) is independent of the choice of the local section
structure of the multisection A as the following proposition, which has Proposition 4.8
as an immediate consequence, shows.

Proposition 4.9 Assume that (a;);cy and (bj);jey are two local section structures for
the multisection A in U, and let

[(F—ai,) (). [(F—ai,) ())...... [(F —a;,)" (X)]

and [(F =bj)) (O, [(F = bj,) ()], . [(F = bj,,) (x)]
be the equivalence classes defined above. Then n = m and forevery i € {iy,...,in},
there exists exactly one j € {ji,..., jm} such that

[(F —a:i) ()] = [(F = b;) (x)].
To prove the proposition we will need the following lemma.

Lemma 4.10 Let (a;);c; and (bj)jecs be two local section structures for the multi-
section A in the open neighborhood Uy C X around the solution x € S(F, A). Then
given i € I for which F(x)—a;(x) =0 and given dx € Ty X, there exists an index
J € J such that F(x)—bj(x) =0 and

[F(x) —ai(x)] - 8x = [F(x) —bj (x)] - 8x.

Proof Since the smooth tangent vectors are dense on every level, we first consider
the case of smooth tangent vectors and deal with the arbitrary tangent vectors later
on. We fix an index i € I for which F(x) —a;(x) = 0. We work in local coordinates
around the solution x. Hence we assume that U = Uy is a Gx—invariant open set of
the splicing core K° = {(v,e) € V& G | (v, e) = e} associated with the splicing
S = (=, V,G) in which V is an open subset of the partial quadrant C of the sc—Banach
space W = R" @ Q for some n, and G is an sc—Banach space. We introduce the
notation x = (vg, ¢g) and define for y = (v,e) e Uy CV & G the map A: Uy — E
by
A(y) = F(y) —ai(p).
If 6x = (6v,e) € W @ G is a smooth tangent vector in T U , then

(Dym)(x) - 8v + my,(de) = de.
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Therefore, for small ¢,
7Tvo+t8v(30 +tde)
= my,(eo) + - Dm(vo, eo)[v, de] + o(t)
= e + 1 -[(Dym)(vo, €0) - 6V + 1y, (8€] + 0(2)
=eg+tde +o(t),
where o(¢)/t — 0 as t — 0 on every level of the sc—-Banach space G. Consequently,
applying the linear projection 1,45, to both sides,
7Tv0+t5v(60 +1tde+o(1)) = (7Tv0+t8v)2(60 +tde)
= TTyo+tv(€o +16€)
=eg+tde +o(t).

This implies that the curve ¢ — (vo + t8v,eg + tde + o(t)) through x = (vg, eg)
belongs to U, C K¢ for small values of 7. Let (z,) be any sequence converging to 0.
We define the sequence of points x, € Uy by

Xn = (Vo + th0v, €9 + thde + o(ty)).

Then x, — x = (vg,ep) as n — oo. Since the local system sections (@;);e; and
(bj)jes define the multisection A, it follows that

A(ai(xn)) = Z ;>0
{jeJ|bj(xn)=ai(xn)}
for every n. Therefore, there exists a sequence (j,) € J of indices such that
bjn (xn) = ai(xn).

Because J is a finite set, there must exist an index j € I and a subsequence of (x;)
(denoted again by (x;)) such that for all n

bj(xn) = ai(xn).
As n — o0, it follows that
bj(x) = ai(x).
Introducing the map B: Uy — E by
B(y) = F(y) —b;j(y)

we have proved
A(x)=B(x)=0 and A(xy) = B(xn)

for all n.

Geometry & Topology, Volume 13 (2009)



A general Fredholm theory III: Fredholm functors and polyfolds 2355

Hence, in view of A(xy,) = A(x) + DA(x) - (xp — x) + o(xy, — x) and B(xp,) =
B(x)+ DB(x) - (x;, — x) + o(x,, — x), we conclude that
[DA(x) — DB(x)]- (xp —x) = 0(xp — X)

on every level. Dividing by #, and taking the limit as # — oo we find for the tangent
vector §x,
DA(x)-6x = DB(x)-6x.

If §x € Tx X is an arbitrary tangent vector, we take a sequence (5x") of smooth
tangent vectors converging to §x. By the first part of the proof, there exists a sequence
(jn) C J such that

D[F —a;](x)-8x" = D[F —bj,](x) - 6x".

Because J is a finite set, there exist an index j and a subsequence, again denoted by
(6x™), such that
D[F —a;](x)-6x" = D[F —bj](x)-5x"

for all n. Taking the limit as n — oo, we conclude
DA(x)-6x = DB(x)-6x.

This completes the proof of Lemma 4.10. O

Proof of Proposition 4.9 We abbreviate by I’ the set of indices i € I for which
F(x)—a;(x) =0 and by J’ the set of indices j € J for which F(x)—b;(x)=0. To
prove the proposition it suffices to show that for given i € I’ there exists j € J' such that
(F—a;) (x)-6x =(F—bj) (x)-6x forall §x € T X . If this is not the case, then for every
j €J', there exists a vector §x/ € Ty X such that (F—a;)’(x)-8x7 # (F—b;)(x)-8x7
for all j € J'. From

®) ay(x) =bj(x) = (F = b;)'(x) = (F —a;)'(x),

if follows that the kernels ker (a}(x) — b} (x)) are closed proper subspaces of Tx X .
Consequently, applying the Baire category theorem, we conclude

T X \ | ker (a(x) — b} (x)) # 2.

jeJ’
Hence, in view of (8),
©) (F—a;) (x)-8x # (F —b;)'(x)-8x

for every dx € Tx X \ Uy ker (ai(x) —b; (x)) and every j € J'. But by Lemma
4.10, given éx € Tx X \ ;e  ker (F — b;j)'(x), we find some j € J' such that
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(F—a;i) (x)-6x = (F—bj)'(x)-éx, contradicting (9). Consequently, for given i € I’,
there exists an index j € J' such that [(F—a;)'(x)] =[(F—b;)'(x)]. By the same token,
for given j € J', there exists an index i € I such that [(F —b;) (x)] = [(F —a;)(x)].
It follows that the number of equivalence classes is the same, that is, n = m. The proof
of Proposition 4.9 is complete. a

Definition 4.11 The linearization F’ (x) at the solution x with respect to the multisec-
tion A is called surjective, in good position, or in general position, if the representatives
of each of the equivalence classes

[(F —ai,) ()], [(F —ai,) (). [(F —ai,) (x)].
are surjective, in good position, or in general position.

In view of Proposition 4.9, we can reformulate Definition 4.7 independently of the
choice of the local section structure of the sct—multisection A as follows.

Definition 4.12 Let p: W — Z be a strong polyfold bundle and let (f,A) be a
pair in which f is a Fredholm section of p and A: W — Q% an sct—multisection
on p. Assume that the strong bundle P: E — X over the ep—groupoid X is a model
representing the bundle p and let the Fredholm section F: X — E of the bundle P
and the sc™—multisection A: E — QT of P be representatives of f and A.
(1) The pair (f, ) is called a transversal pair if for every x satisfying A(F(x)) >0,
the linearization F', (x) is surjective.
(2) The pair (f, ) is in good position if for every x satisfying A(F(x)) > 0, the
linearization F, (x) is surjective and in good position to the corner structure
of X.

(3) The pair ( £, A) is in general position to the boundary dZ if for every x satisfying
A(F(x)) > 0, the linearization F, (x) is surjective and in general position to
the boundary 90X .

We note that the actual choice of the representing pair (£, A) in the previous definition
is irrelevant. As a consequence of Lemma 5.19 in [22], the condition that the pair
(f,A) is in general position to the boundary implies that the pair (f,A) is in good
position. The condition of being in good position is very important and we refer to
[22] for a comprehensive discussion.

Theorem 4.13 Let f be a proper Fredholm section of the strong polyfold bundle
p: W — Z without boundary. Assume that the pair ( f,A) is transversal and that the
solution set S = S(f,A) ={z € Z | A(f(2)) > 0} is compact. Then the pair (S, Ay)
carries in a natural way the structure of a compact branched suborbifold of Z without
boundary. It f is oriented, then the branched suborbifold S is oriented.
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The theorem is proved along the lines of the next theorem using [22, Theorem 5.14].

In the case with boundary we have the following result.

Theorem 4.14 Let f be a proper Fredholm section of the strong polyfold bundle
p: W — Z with boundary with corners. Assume that the pair ( f,)) is in general
position and the solution set S = S(f,A)={z€ Z | A\(f(z)) > 0} is compact. Then the
pair (S, Ar) carries in a natural way the structure of a compact branched suborbifold of
Z with boundary with corners. If f is oriented, then the branched suborbifold (S, Ay)
is oriented.

Proof Let (E,T,y) be a strong bundle structure for p in which P: E — X is
a strong bundle over the ep—groupoid X and I': |E| — W is the homeomorphism
covering the homeomorphism y: |X| — Z. We choose a Fredholm section F' of the
bundle P representing the section f and an scT—multisection A: E — QT of the
bundle P representing the sc™—multisection A of the strong polyfold bundle p. The
sct—multisections A and A are related as follows:

AMw)=A(e) ifw=T(e]).
We define the functor ®: X — Q™ by
O(x)=A(F(x)) forxeX

and recall that A¢(z) = A(f(z)) for z € Z. We claim that ©: X — Q™ is a branched
ep—subgroupoid of the ep—groupoid X with boundary with corners.

To see this we take x € X such that A(F(x)) > 0. In view of the definition of an
scT—multisection, there exist an open neighborhood U of x in X, finitely many local

scT—sections s; for i € I, and positive rational weights (07);cy so that
k
Zaj =1 and A(F(x)) = Z 0j.
j=1 {IF(x)=s; (x)}

The sum over the empty set is equal to 0. Since A(F(x)) > 0 there exists at least
one index i € I such that F(x) = s;(x). In view of the regularizing property of F
and the fact that s; is an scT—section, it follows that the point x is smooth. Hence
the support of ®, defined by supp® = {x € X | ©(x) > 0}, is contained in X.
By our assumption, for every i € I for which the point x solves F(x) = s;(x), the
linearization (F —s;)’(x) is in general position to the boundary d.X . Consequently, in
view of Theorem 5.18 in [22], the solution set

M;i:={yeU|(F -s)(y) =0}
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is a smooth manifold with boundary with corners. If F(x) —s;(x) 7 0, then we set
M; = &. Hence

supp®NU = UMi'
iel

In addition,

O =AFGN= Y. o= Y o

{iel | F(y)=s:(»)} {iel | yeM;}

for every y € U. Since U can also be taken so that the isotropy group G acts on U
by sc—diffeomorphisms of U, we have proved our claim, that ® = Ao F: X — Q™
is a branched ep—subgroupoid of the ep—groupoid X .

Let z € S, ie, A(f(2)) > 0. Since, by the definition of the overhead, f(z) =
Lo |F|loy™(z) =T o|F|(|x|) = T'(|F(x)|), it follows that A(f(z)) = A(F(x)) =
®(x), where z = y(x). Hence, x € X5 . We conclude that S = y(|supp ®|) and that
if z=y(|x|), then Ar(z) = A(F(x)) = O(x).

For orientation questions we make use of the results in [17]. The relevant facts are
briefly summarized in the Appendix, Section 5.4. Recall that an orientation for f
is given by an orientation of the determinant bundle DET(F) — X defined by the
projection map DET(F, x) — x introduced in the Appendix, Section 5.4. In contrast
to the usual definition of a determinant bundle det(F) — X the fiber over a smooth
point x consists of a convex family of linear sc—Fredholm operators which differ
by scT—operators and are obtained as linearizations (These are not unique except at
solutions!). Since locally the multisection is represented by sc™—sections we conclude
from [17] that the local solution sets have natural orientations compatible with the
morphisms. This completes the proof of Theorem 4.14. |

Next we shall prove parts of Theorem 1.4. We consider a strong polyfold bundle
p: W — Z and two pairs ( fo,Ao) and (f1,A;) in general position where fj: Z — W
are proper oriented Fredholm sections and where A;: W — Q™ are sc*t—multisections
of p. Abbreviating by 7: [0, 1] x Z — Z the projection onto the second factor we
denote by 7*(p) the strong polyfold pullback bundle over [0, 1] x Z. Let ¢ +> A; be
an sc—smooth homotopy of sct—multisections of the bundle p connecting the sc™—
multisection Ao with A;. This means that X(t, z) = As(2) for (¢,z) €]0, 1]x W defines
an scT—multisection on [0, 1] x W . If ¢ = f; is an sc—smooth oriented homotopy of
Fredholm sections connecting fo with f7, then we consider the pair ( f , X) consisting
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of the Fredholm section f and the sc™—multisection A of 7*(p) defined by

ft,2)= fi(z) for(t,z)€[0,1]x Z
AMt,z) = Ai(z) for (£,z) €[0, 1] x W.

Now we assume that the pair ( f , X) is in general position and that the solution set
S ={(tz) €[0,1]x Z | )A»(t, f(l,z)) > 0} is compact. Then by Theorem 4.14
the solution set carries the structure of an oriented compact branched suborbifold of
[0, 1] x Z whose boundary is in good position to d([0, 1] x Z). Introducing the weight
function w(t, z) = X(t, f (t,z)) on S, the pair (S, w) contains two obvious boundary
pieces, namely (S, wy) associated with the pair (f;,A1) and —(Sg, wg) associated
with (fo,X1o). Here we have to take the minus sign if we equip (Sg, wo) with the
orientation coming from ( fo, Ag) by using the obvious orientation convention for the
family f; as explained in [17]. These two pieces can be identified as part of the
solution space contained in the two faces of [0, 1] x Z defined by {i} x Z for i =0, 1.
There is another boundary piece dS which lies in faces of the form [0, 1] x (face in Z)
intersecting Sy and S7 only in points of degeneracy at least 2 (with respect to the
degeneracy index of the polyfold [0, 1] x Z) and which is denoted by (gS ,w). The
boundary (0S5, w) has a natural orientation, it is a branched suborbifold only after
having removed the points of degeneracy at least 2 which is a closed set of measure 0.

If the pair (w, ¥) represents a cohomology class in Hjx(Z,0Z) and j: 0Z — Z is
the inclusion map, then
do=0 and j*w=d6.

Lemma 4.15 For a pair (f, A) in general position in which f is an proper oriented
Fredholm section, the integration map

[w, ¥] — 1) —/ v
(S,w) 0S,w)

defines a linear map on the deRham cohomology group Hji(Z,0Z) which is an
invariant under nice homotopies.

Proof We compute, assuming that o is of degree n and Sy and S; are of dimension 7,

(S],U}l) (a’slawl) (SO:wO) (3»50,“)0)
/S w /.S w /AS w / Si1,w / So,w [ S,w
( 1 1) ( 0> 0) (8 B ) (a 1 1) (a 0> 0) (a 5 )
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=/ a)—/ l‘/‘—i—/ v—-|. o
(0S,w) 0S1,wq) (0S9,wq) (0S,w)
:f da)—/ dﬁ+/ dz&‘—/A o
(S,w) (S1,w1) (So,wo) 3S,w)
z—/ dl}—f—/ dv— | _ dv
(S1,wy) (So,wo) (0S,w)

= —/ dd =0.
(S, w)

The last integral vanishes since integration of a global sc—form over the boundary
(0S, w) is like integration over a closed manifold, so that in particular the integral of
an exact form vanishes. a

The perturbation theory below guarantees such nice homotopies referred to in the
lemma, and will then complete the proof of Theorem 1.4.

4.4 Perturbation results

In this section we shall adapt the techniques introduced for M—polyfolds in [22] to
the functorial setting and show how given sections can be made transversal by small
perturbations.

We first recall the kind of problems studied in [22]. In there we consider a proper
Fredholm section of the strong M—polyfold bundle P: E — X and want to bring the
compact set of solutions of F(x) = 0 into a general position by a small perturbation
section s, ie, we study the solution set of F(x)—s(x)=0. To do so one first constructs
finitely many sct—sections sj, J =1,...,k, so that they fill up the cokernel of the
linearizations F’(x) at all solutions x of F(x) =0 and then considers the parametrized
proper Fredholm section F(¢,x) = F(x) + 25;1 tjsj(x) for (t,x) € RX x X with
small parameters ¢ = (¢, ...,1). It has the property that its linearizations F’(0, x) at
¢t = 0 and the solutions x € X of F(x) =0 are surjective. Assuming that X = & one
concludes that the set M = {(¢, y) € RK x X | F(z,x) =0 and |¢| sufficiently small}
of the parametrized Fredholm section is a smooth manifold. Then the regular values of
the projection M — Rk given by (¢, y) >t give the parameter value t* = (¢, ..., t,’: )
near ¢ = 0 for which the perturbation s = Z;‘Zl tjf"sj has the desired properties in
order to conclude that the solution set {x € X | F(t*, x) = 0} of the perturbed problem
is a compact smooth manifold.

In the case of X # @, one has to add enough sct—sections so that also the kernels
of the linearizations F’(x) at the solutions x of F(x) = 0 are in good position to the
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boundary dX . Then the corresponding solution set M of the parametrized Fredholm
section for small parameter values is a smooth manifold with boundaries with corners.
Again one looks at the projection map M — R¥ defined by (¢, y) — ¢. This map
can be restricted to the local faces (which are smooth manifolds with boundaries with
corners) and one finds small regular values ¢* for a finite number of problems. For
these parameter values the solution set {x € X | F(¢*, x) = 0} of the perturbed problem
is in general position to the boundary dX and is, therefore, a compact manifold with
boundaries with corners.

In the multivalued case we shall have to consider locally a finite number of problems
of the kind just described and, using a compactness and a covering argument, in
total a finite number of such problems. This way we shall obtain finitely many finite
dimensional submanifolds (perhaps with boundary with corners) and look again at the
projection map (¢, y) + ¢. A common regular value ¢* which exists by Sard’s theorem
gives rise to an scT—multisection A’ *, so that the pair (F, A? *) is in general position
and gives rise to the branched ep—subgroupoid A’ "oF: X > QY of the ep—groupoid
X.

Now we assume that A is an sct—multisection on the strong bundle p: W — Z and

let N: Wy,1 — [0, 00) be an auxiliary norm for p. We choose an scT—multisection
A: E — Q7 on the strong bundle P: E — X representing A and let N *: Eo1—
[0, c0) be an auxiliary norm for P representing N . Then we define the auxiliary norm
N (A) of the multisection A as follows.

We start by defining the auxiliary norm N *(A) of the scT™—multisection A . For every
x € X, there exists an open neighborhood Uy of x on which there is a local section
structure (s;);e7 consisting of sct—sections and the associated set of positive rational
numbers (07);e7 so that A(e) = Z{i |s;(Pe)=e} Oi and we define

N*(MN)(y) = max N*@si(y)), vy eUs.

This definition is independent of the choice of the local section structure. Indeed, if
(zj)jes 1is another local sections structure on Uy defining the multisection A and
» € Uy, then for every i € I there exists an index j € J such that 5;(y) = 7 (y).
Conversely, for every j € J there is an index i € I such that 7;(y) = s;(y). Hence
max;e; N*(s;(y)) = maxjey N*(#;(y)) as claimed. Since the morphisms extend to
local sc—diffeomorphisms, it follows that N *(A) is invariant under morphisms, that
is, N*(A)(x) = N*(A)(x’) if there exists a morphism ¢: x — x’. Consequently, we
define the auxiliary norm of the sc™—multisection A by

NA)(z) = N*(A)(x) forz=|x|.
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Lemma 4.16 Assume that f: Z — W is a proper Fredholm section of the strong
polyfold bundle p: W — Z and that the pair (U, N) controls compactness. Then
given an sct—multisection A satisfying N (L) < 1, the solution set

S(fiM) ={zeZ|A(f(2) > 0;

is compact.

Proof It suffices to prove the result in local models. Hence we assume that P: E — X
is a local model for p and that F: X — E is a proper Fredholm section representing
f and we assume that A: E — Q7 is an sc*—multisection representing A. Then
N*(A)=N() <1.Set U* =7~} (U). The result will follow by showing that the
solution set
S(F,A)={xe X | A(F(x)) >0}

is compact. To see this we take a sequence (x,) C S(F,A). Then A(F(x,)) > 0.
Hence given the point x;, there exists a neighborhood Uy, and a local section structure
(s7)ier together with associated weights (07);er so that A(F(x,)) = >_ 0; where the
sum is taken over the indices i for which F(x,) = s;(x,). From A(F(x,)) > 0
one concludes F(x,) = si(x,) for some i, and from N*(A) < 1 one concludes
N*(F(xp)) <1 for all n. By assumption, the pair (U, N) controls compactness
so that by Lemma 4.4 there is a sequence of points (y,) € U* and a sequence of
morphisms ¢y, X, — ¥, such that (y,) contains a converging subsequence. We
assume without loss of generality that y, — y. In an open neighborhood Uy of
y there is a local section structure (#j)jey with associated weights (zj)jes so that
A(F(2)) = Xqj11;(z)=F(z)y U for z € Uy. For large n, x, € Uy and since the index
set J is finite, F(x,) = tj,(x,) for some fixed index jy € J and some subsequence,
denoted again by (x,). Hence F(y) = tj,(y) showing that A(F(y)) > 0. Moreover,
y € U* since the support of A is contained in U*. This completes the proof. a

We are ready to prove the perturbation result in the case of no boundary, 0Z = . In
order to have sc—smooth functions and sc—smooth sections with supports in preassigned
open sets available (see the Appendix, Section 5.2), we shall assume in the following
that the sc—structures of the ep—groupoids X used as models of the polyfold Z are
based on sc—separable Hilbert spaces. However, we would like to point out that what
is really required is that the ep—groupoids are modeled on sc—scales (£j);j>o in which
only the space E is required to be a separable Hilbert space.

Theorem 4.17 Let f be a proper (oriented) Fredholm section of the strong polyfold

bundle p: W — Z having empty boundary and assume that the polyfold structure
Z is based on separable Hilbert spaces. Fix an auxiliary norm N for p and an open

Geometry & Topology, Volume 13 (2009)



A general Fredholm theory III: Fredholm functors and polyfolds 2363

neighborhood U of the solution set S(f) =1{z € Z | f(z) = 0} so that the pair (U, N)
controls compactness. Assume that ¢ € (0, %). Then for every scT—multisection A
supported in U and satisfying N (A) < % there exists an sc T—multisection : W — QT
supported in U and satistying N(t) < ¢, so that the pair ( f, A @ t) is a transversal
pair. In particular, the associated solution set

S(firdr)={zeZ|(AD1)(f(2)) >0}

is an (oriented) compact branched suborbifold of Z without boundary.

Proof Take an sc™—multisection A: W — Q7 satisfying N(A) < % In view of
Lemma 4.16, the solution set

S(f.A)={zeZ|L[f(2) >0}
is compact subset of the polyfold Z.

We choose a strong polyfold bundle P: E — X over the ep—groupoid X as a model for
p: W — Z and let the proper Fredholm section F: X — E of the bundle P represent
the proper Fredholm section f* of p. We may assume without loss of generality that

Z=1|X| and W =|E]|.

Assume that the scT™—multisection A: E — Q7 of P represents the sc™—multisection
A of p. If m: X — |X| denotes the quotient map onto the orbit space, the set
U* = 7~ 1(U) is an open neighborhood of the compact solution set

S(F,A)={x € X | A(F(x)) > 0},
and since N(A) = N*(A), we have N*(A) < %

We fix a solution x € S(F, A) and take an open neighborhood U, C X of x on which
the isotropy group Gy acts by its natural representation ¢g € Diffs.(Uyx). The local
system of sections of U, we shall denote by (a;);e; and the associated weights by
(0i)icr- Then, if y € Uy,

A(F(p)) = > 0.

{iel|F(y)=a;(y)}

Moreover, A(F(y)) = 0 if there is no index i € I satisfying F(y) = a;(y). By
assumption on the solution, A(F(x)) > 0, so that there is a subset J C [ such that

F(x)—aij(x)=0 forallieJ.
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Recall that for g € G5 the map u(g, -): Ex — Ey is a linear sc—isomorphism.
Therefore, we can choose smooth linearly independent vectors el, ..., e™ € E, such
that for every g € G the vectors

u(g.eh), ... (g, e™)
in E span the cokernels of the linearizations
(F —a;) (x)

forevery i € I'. If g =id € Gy is the identity element of the isotropy group Gy, then
w(d,e/) =e/ for 1 < j <m.

By means of Lemma 3.36, we find sct—sections s!,...,s”: Uy — E|U, having their
supports in U, and satisfying s/ (x) = e/ for 1 < j <m.

For every g € Gy, we next define the sc™—sections sé{: Uy — E|Ux by

s3(@g(») 1= (T (g, »).57 (),

where y € Uy and 1 < j <m. Introducing the sum

e () =155 (),

j=1
where y € Uy and t = (ty,...,1;) € R", we have defined the {{G, —many parametrized
sct—sections si,: Uy — E|Ux having their supports in Uy. If id € G is the identity

element, then the morphism I'(id, y) is equal to 1,: y — y and using that u(1,,e,) =
ey for all e, € Ey, the scT—sections sg satisfy

sg(9g (1) = (T (g. »), sig(»)

m
with sia(y) = Z tis? ().
j=1
The map Ay, E|lUx — QT
1
is defined by Aéjx (e) = e fi{g € Gx | s5p(P(e)) = e}.
X

Proceeding as in Proposition 3.38, one extends the local multisection A’Ux from E|Uy
to the parametrized sct—multisection

A E—Qt.
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Continuing with the proof of Theorem 4.17, we introduce for i € J and g € G the
perturbed sections Fg: R™ @ Uy — E|Ux by

Fit,y) = F(y)—ai(y)— Y _tisi(»).
ji=1

where t = (t1,...,tn) € R™. In the special case g = id € Gx one has

Fiyt.y) = F) —ai(n) =Y 157 ().
j=1

In view of Theorem 3.9 in [22], the perturbed sections F’ é’; are proper Fredholm sections
of the bundle E' — R™ @ X! over the set R” @ (Uy)!.

Lemma 4.18 Foreveryi € J and g € G the linearization
DF}(0,x): ToR" & Ty X — Ex

of the map (¢, y) — F;,(z, y) at the special point (0, x) at which F(x)—a;(x) =0, is
surjective.

Proof The linearization of the map (z, y) — F ;, (z, y) is equal to

m m
DFL(t, y)- (51.89) = (F/(5) —di(»)) -8y = Y81 -s5 () = 3 t- Dyshi ()-8,
j=1 j=1
where 8t = (811, ...,38t,) € R™ and §y € Tx X . At the point y = x we have, using

@g(x) = x, that sé], (x) = uw(T'(g. x), s/ (x)) = (g, s/ (x)) = (g, e/). Therefore the
linearization at (¢, y) = (0, x) is represented by the linear map

DFy(0,x) - (81,8y) = (F'(x) —aj(x))-8y = ) §1;- (g, ¢’),
j=1

which, in view of the definition of (g, e’) for 1 < j <m, is obviously surjective as
claimed in the lemma. |

Since by Lemma 4.18 the linearizations DF é’; (0, x) at the point (0, x) are surjective, it
follows, by the arguments in Section 4.2 in [22], that the linearizations DFg(z, y) at
the points solving Fg(z, y) = 0 are also surjective if |¢] is small and y belongs to a
possibly smaller invariant neighborhood Vyx C U of the distinguished point x.

By assumption, the solution set S( f,A) of the proper Fredholm section f of p is
compact. Consequently, there exist finitely many solutions xi, ..., X, belonging
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to the solution set S = S(F, A) so that for the corresponding open neighborhoods
Vxys--os Vx,, in X, the subsets ‘Vxl s |Vx,,| of the orbit space | X | cover f~1(0).
Then we define the parametrized scT—multisection A, as the sum

A’:A§€11®"'@A§cn:n

where t = (f1,...,tn) € R x... R"m =RN with N =nq+---+ny. By construction,
at every point (¢, x) = (0,x) € {0} x S, for the new parametrized local branching
structure at x € X', we have surjectivity of the linearizations of every local problem, so
that the set M = {(t,x) e RN x X | (A ® A;)(F(x)) > 0} and |¢| small } is locally a
collection of finitely many finite dimensional submanifolds of X . The projection maps
M — RN given by (¢, x) — ¢ can be viewed as finitely many maps defined on smooth
submanifolds so that it makes sense to talk about regular values. We choose by means
of Sard’s theorem a small regular value * € RY . Then the pairs (F, A;+) and ( f, As+)
are transversal and the map ©: X — Q7 defined by O(x) = (A ® As+)(F(x)) isa
branched ep—subgroupoid of the ep—groupoid X . This completes the proof of Theorem
4.17. m|

We point out that, in view of Proposition 4.9, the perturbation A’ is independent of
local section structures of the unperturbed sct—multisection A .

Next we consider the case in which the polyfold Z possesses a boundary 07 .

Theorem 4.19 Let f be a proper (oriented) Fredholm section of the strong polyfold
bundle p: W — Z with boundary with corners and assume that the polyfold structure
for Z is built on separable Hilbert spaces. Fix an auxiliary norm N for p and an
open neighborhood U of the solution set S(f) ={z € Z | f(z) = 0} so that the pair
(U, N) controls compactness. Then for every sc™—multisection A supported in U and
satisfying N(A) < % and every ¢ € (0, %), there exists an sc—multisection T supported
in U and satisfying N(t) < ¢, so that (f, A ® t) is in general position. In particular,
the solution set

S(firdr)={zeZ|(AB1)(f(2)) >0}

is an (oriented) compact branched suborbifold of the polyfold Z with boundary with
corners.

The proof is a variation of the corresponding proof of Theorem 5.22 in [22] for Fredholm
sections on M—polyfold bundles. Before we start proving the theorem we recall some
notation. If x is a point of the M—polyfold X, we denote by d = d(x) the degeneracy
index of x defined in Section 3.1. By F!,..., F 4 we abbreviate the local faces of
X at the point x. Every local face F/ has the tangent space T,/ at the point
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x € X . The subset T)?jX C Ty X is the intersection 72X = MNi<j<d TxF/ . In the
case that x is an interior point, the degeneration index d(x) is equal to 0 and we set
TIX =Ty X.

Proof Proceeding as in the proof of Theorem 4.17, we let A: W — Q™ be an sct—
multisection satisfying N (1) < % Since (NN, U) controls compactness, the solution set
S(f,X) is a compact subset of |X| in view of Lemma 4.16. Set U* = 7~ 1(U). Let
A: E — QT be the sct—multisection representing the scT—multisection A: W — Q™+
in the strong polyfold bundle P: E — X . We assume that the proper Fredholm section
F: X — E of P represents the proper Fredholm section f: Z — W of p. Again we
may assume that Z = | X| and W = | E]|.

Fix a solution x belonging to the compact solution set S(F, A) and take an open
neighborhood U, C X of x which is invariant under the action of the isotropy group
Gy . On the neighborhood U, we have a local system of sections (a;) for i € I with
associated weights (0;);er, so that

A(F(x)) = > oi.

{iel|F(x)=a;(x)}

A subset J of the index set I such that F(x) —a;(x) =0 forall i € J is nonempty
because A(F(x)) > 0.

Next we construct the parametrized sct—perturbation of the section F —a; for all
i € J. As in the proof of Theorem 4.17, choose smooth linearly independent vectors
el, ..., e™ ¢ E with the property that for all g € G the vectors (g, e'), ..., u(g,e™)
span all the cokernels of the linearizations F'(x)—aj;(x): TxX — Ex forevery i € J.
By Lemma 3.36, there are sc*—sections s!, ..., s™: Uy — E|U, having their supports
in Uy and satisfying s/(x) = ¢/ for j = 1,...,m. To achieve transversality of
the kernels of the linearized perturbed Fredholm sections we choose additional sc™—
sections s”*1, ... sV: Uy, — E|Uy having their supports in Uy. This is done as

follows. First observe that the kernel of the linear map

N
(M) (F—ap) (x)-h+ Y kj-s? (x)

j=1
consists of {0} & ker(F — a;)'(x) together with the vectors (A, /) which are the
solutions of the equation (F —a;) (x) = — ZJ-:l Aj -5/ (x). Since the space T)?X is

of finite codimension in the tangent space 7x X, we find finitely many smooth linearly
independent vectors 2™+1 ... h" so that

span{h™ 1 . WM @ T,?X =Ty X.
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With this choice of the vectors 211, ... A" we define the smooth vectors ¢™/*¢ € E X
by

"8 = — (g (F — ;) (x)h')
forallieJ,m+1=<[<n,and g € Gx. We extend, using Lemma 3.36, these vectors

to scT—sections having their supports in U, and label them by s”1, . N

Next we introduce the perturbed sc—smooth section Fj: RN @ U, — E by

N
Fi(t.y):=F()—ai(»)+ Y _ -5/ ().
ji=1
where y € Uy and t = (1, ..., t5) € RV . This is a proper Fredholm section having the

following additional properties. Its linearization F; (0, x) at the point (0, x) is surjective
and its kernel is transversal to RN @ T)? X inRYN@ T, X for every i € J. Moreover,
for every subset 7 of the set {1,...,d(x)}, the linearization F;(0, x) restricted to the
tangent space 7\, x)(R ®(); j cr .7-" 7Y is surjective and the kernel of this restriction is
transversal to the subspace 7/ x)(RN D jer F 7).

For g € Gx and 1 < j < N, we define the scT—section sé: Uyx — E|Ux by

53 (pg(1) == (T (g, y), 57 ()

and the sc*—section s} by

N
e () = 17 -55(»)
j=1

for ye Uy and t = (t1,...,t5) € RN. Hence we have the G —many parametrized
scT—sections Uy — E|Uy having supports in U, which define the map Aéjx: E|Ux—

Q™" by

Al (e) = HL Mg € Gy | sL(P(e) =el.

As in Proposition 3.38 we extend the local sc*—multisection A’ from E|Ux to the
parametrized sct—multisection

A E—QT.
If i € J and g € G, we introduce the perturbed section F’ é’;: RN x Uy — E by
Fo(t,y) = F(») —ai(y) + s5(»).

It is a proper Fredholm section which as we show next has the same properties as the
section Fj.
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Lemma 4.20 The linearization DFZ,(O,x): RN @ T X — E, is surjective and
its kernel is transversal to RN @ T; 9x in RN @ T, X. Moreover, for every sub-
set T of the set {1,...,d(x)}, the restriction of DFy '(0,x) to the tangent space

T(0,x) RN @ Ar ]GT ]-' J ) is sur]ecuve and the kernel of th1s restriction is transversal to
the subspace T, )(RN ®Njer 7/ .

Proof Fix i € J and g € G. In view of the fact that span{h”* "1, ... "} ® T)?X =
Tx X , it suffices to show that for every vector h!, there is a point Al e RN such that
(!, hl ) e RN @ T X belongs to the kernel of the linearization (Fg 7)(0, x). Recall
that vectors e\ for i € J, m+1<1[<n and h € G are denoted as s/ (x) with
m+1=<j<N.Hencegiven m+1=</ <n thereis anindex m +1 < j < N such
that ¢1¢”" = s/ (x). By definition, /¢ " = ju(g™!, (F —a;)'(x)h') so that

—s](x) = —p(g.s' (x)) = u(g. u(g ™", (F —ap) (x)h"))
= (g og, (F—a;) (x)h') = (F —a;) (x)h'.

Hence if A/ e RV is defined by )\2 =1ifk=j and )\2 =0 for k # j, the pair (A, h')
belongs to the kernel of the linearizations (F’ é’;)’ (0, x) as claimed. The remaining part
of the lemma is proved in a similar way. |

Lemma 4.21 There exist a G —invariant open neighborhood V, C Uy and a para-
metrized scT—multisection A'.: E — Q% which is supported in Uy and linear in ¢
such that for ¢ > 0 sufficiently small the solution set

Sxe={. ) eRYN x X1 | (A® AL)(F(y)) >0, |t| <e,and y € Vy}

has the following properties. Forevery i € I and g € Gy and (t, y) € Sx ¢ solving the
equation

Fi(t.y) = F(y)—ai(y) +s5(y) =0
the following holds true:

(1) The linearization DF;,(Z, y) is surjective.

(2) The kernel of DF, é’; (z, y) is transversal to the subspace T, (RN x X) of the

(t y)
tangent space T(; (RN x X).

(3) For every subset o of {1,...d(y)}, the lmeanzanon of DF! ¢ (1, ) restricted to
the tangent space T(; ) (RN x M; jeo F ) 1s surjecnve and the kernels of these
restrictions are transversal to the subspace T’ ( ) RN x N; o T 7) in the tangent

space T(,,y)(]RN &) ﬂjea Fiy.
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Proof We already know from Lemma 4.20 that the conclusions of the lemma hold
true at the special point (¢, y) = (0, x). Working in local coordinates as in the proof
of Lemma 5.23 in [22], we find for every i € J and g € G a positive number ¢; ¢
and an open neighborhood V; ¢ C Uy of x such that the conclusions (1)—(3) hold for
(t,y) e RN @ Vi,g if |t| < &i,¢. Then the lemma follows by taking for the set Vy a
G —invariant open neighborhood of x which is contained in the intersection of the
sets Vj ¢ and choosing for & a positive number smaller than the numbers &; g . O

Finally we can finish the proof of Theorem 4.19.

By assumption, the solution set S( f,A) of the proper Fredholm section f of the
bundle p is a compact subset of the orbit space |X|. Consequently, there exist finitely
many solutions xi, ..., X, belonging to S(F, A) so that for the corresponding open
neighborhoods Vy,,..., Vy,, in X, the subsets !Vx . | s.s|Vx,,| of the orbit space
| X| cover S(f,)). Then we define the parametrized sct—multisection A, as the sum

Ay =A;11 @...@A;n:n
where 1 = (t1,....tm) € RN x...RNm = RN with N = N; +---+ Ny,.
Using Lemma 4.21 one concludes that the solution set
Se={(t.y) eRY x X' | (A®A,)(F(y)) >0 and [t] <&}

consists of a finite collection of finite dimensional manifolds with boundary with
corners. Now one studies the projection map S, — R’ defined by (¢, x) — t and finds
a small common regular value ¢* for various restrictions of the map to intersections of
local faces. For this parameter value ¢*, the pair (F, A @ A;+) is in general position
and the associated solution space has an orbit space which is a compact branched
suborbifold of the polyfold Z = | X| in general position to the boundary. In particular,
the associated solution set S(f, AP Vs+)={z€ Z | (AP V+)(f(z)) > 0} is a compact
branched orbifold with boundary with corners. This finishes the proof of Theorem
4.19. O

The following result is proved along the lines of the previous result. In contrast to
Theorem 4.19, we impose conditions on the Fredholm sections at those solutions which
are located at the boundary d.X , while the perturbation has its support away from the
boundary.

Let f be a proper (oriented) Fredholm section of the strong polyfold bundle p: W — Z
with boundary with corners and assume that the polyfold structure for Z is built on
separable Hilbert spaces. Fix an auxiliary norm N for p and an open neighborhood U
of the solution set S(f) = {z € Z | f(z) = 0} so that the pair (U, N) controls
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compactness. Then for every scT—multisection A supported in U and satisfying

N) < % and every ¢ € (0, %), there exists an sct—multisection 7 supported in U
and satisfying N (7) < ¢, so that so that ( f, A @ t) is in general position. In particular,
the solution set

S(firdr)={zeZ|(AD1)(f(2)) >0}

is an (oriented) compact branched suborbifold of the polyfold Z with boundary with
corners.

Theorem 4.22 Let f be a proper (oriented) Fredholm section of the strong polyfold
bundle p: W — Z with boundary with corners and assume that the polyfold structure
for Z is built on separable Hilbert spaces. Fix an auxiliary norm N for p and an open
neighborhood U of the solution set S(f) ={z € Z | f(z) = 0} so that the pair (U, N)
controls compactness. Assume that A is an sct—multisection supported in U , satisfying
NQ) < %, and such that the pair ( f, ) is in good position. Then, given ¢ € (0, %),
*_multisection t supported in U and satisfying N(t) < €, so that
T is trivial at the boundary and the pair (f, A @ t) is in good position. In particular,
the solution set S(f, A @ t) is an (oriented) compact branched suborbifold of Z with
boundary with corners.

there exists an sc

Proof The proof is straightforward. By assumption, the pair ( f, 1) is already transver-
sal and in good position to the boundary so that the solution space of ( f,A) near 0Z
is already a branched orbifold. Then we can perturb the sc™—multisection A by an
arbitrarily small sc™—multisection 7 by the same argument as in the proof of Theorem
4.17, where, in addition, t is trivial near dZ, so that the pair (f, A @ 7) is transversal
and, by construction, still in good position at solutions x € 0Z . The last statement is
proved along the lines of Theorem 4.14 using [22, Theorem 5.16]. |

Theorem 4.22 and variants thereof are important in the “coherent perturbation theory”
used in Symplectic Field Theory where one deals simultaneously with infinitely many
Fredholm problems and where the boundaries are explained as products (or fibered
products) of Fredholm problems. In this case one has an algorithm how the data are
being perturbed which defines inductively perturbations on the boundary so that the
problem at the boundary is already in good position. Then one extends the perturbation
by keeping compactness and transversality.

4.5 Invariants

The results above allow to define invariants. The first result is an abstract version of
the argument used in order to define the Gromov—Witten invariants in [15].
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Theorem 4.23 Assume that f is a proper oriented Fredholm section of the strong
polyfold bundle p: W — Z and 0Z = &.

Then there exists a well-defined map
Qs Hp(Z) >R

defined on the deRham cohomology group Hjy(Z) so that the following holds. If
(N, U) is a pair controlling compactness, where N is an auxiliary norm and U a
corresponding open neighborhood of the solution set S(f) ={z € Z | f(z) = 0}, then
for any scT—multisection A with support in U and satisfying N(1) < 1 and such that
the pair (f,A) is transversal, the following representation of ®y holds:

(10) @r([w]) :=/ .

(S(fih),Ap)
Here the pair (S(f, ), f) is a compact oriented branched suborbifold of Z in which
S(f,A) ={ze€ Z|A(f(2)) > 0} is the solution set equipped with the weight function

Ar(2) == A(f(2)).

Proof In view of Theorem 4.14 the map z > Ar(z) defines a compact oriented
branched suborbifold of Z. Hence, by the results in [20], the integrals f( SCAA) @
are well-defined real numbers. To show that they do not depend on the choice of A we
choose a second transversal pair ( f,A’) whose scT™—multisection A’ is supported in U
and view f as a Fredholm section of the strong polyfold bundle W — [0, 1] x Z. Now
we take a parametrized scT—multisection A, having its support in [0, 1] x U such that
the pairs (f,A;) are transversal and connect the sct—multisection Ao = A with the
sct—multisection A; = A’. The disjoint union S(f,A")[[—S(f.A) is the boundary of
the solution set S(f,A;) ={(z,z) €[0, 1] x Z | A;(z) > 0} which is a compact oriented
suborbifold of [0, 1] x Z. Stokes’ theorem from [20] leads to

/ o= 0.
(S(f:A).Ar) (S(fA),A0)

Hence the right hand side of (10) is indeed independent of the choice of the transversal
pair (f,A) in U and hence @ ([w]) is well defined by the formula (10). The proof of
Theorem 4.23 is complete. O

Note that we have a distinguished 0—form on the polyfold Z, namely the constant
1 —function. Assume that f is a proper and oriented Fredholm section of the strong
polyfold bundle W — Z and has Fredholm index 0. Then ®/([1]) is a rational number
and is a version of a degree for oriented proper Fredholm sections of strong polyfold
bundles.
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The application of Theorem 4.23 to the Gromov—Witten invariants sketched in the
introduction is as follows. We consider the polyfold Z whose elements are the equiv-
alence classes [(S, j, M, D, u)] introduced in Definition 1.8 and the strong polyfold
bundle W — Z in Theorem 1.11. Let 3; be the sc—smooth component-proper
Fredholm section of the bundle according to Theorem 1.12. Given the homology class
A € Hy(Q, Z) of the closed symplectic manifold Q and two integers g, k > 0, we look
at the polyfold Z4 ; C Z of equivalence classes [(S, j, M, D,u)] in which the nodal
Riemann surface S has arithmetic genus g and is equipped with & marked points, and
the map u represents the homology class A of the manifold Q. The evaluation maps
evi: Zgr—>Qando: Zg i — M ¢,k are defined in the introduction and allow to pull
back the differential forms on Q and on Mg, to obtain sc—differential forms on the
polyfold Z, ;. Wedging combinations of these forms together, we can integrate over
the oriented solution set (M, w) = (S(37, A), ng) assuming that the pair (37, 1) is
transversal. Here
M=S0s,A)=1{z€Zex | Mdsz)>0}

and the weight function w = Agj: Lok — QT is defined by kgj (z) = M0 7z). The
pair (90T, w) is an oriented compact branched suborbifold of the polyfold Z, ;. Hence,
in view of the abstract Theorem 4.23, the Gromov—Witten invariants can be constructed
by means of the map

o2

G et H (D)% @ Hi(Mgm) > R

defined by the formula

R (7) N 74 ) =/ evi(@) A... Aevi(a) Aa*(PD(1))

(Mm,w)

where aq,...,a;, € H*(Q) and where 1 € H*(/\7lg,k) and where PD denotes the
Poincaré dual. That the formula is independent of the choice of the scT™—multisection A
follows from Theorem 4.23.

Finally, we shall complete the proof of Theorem 1.4.
Proof Using Theorem 4.19 we take a generic perturbation A so that the solution set

S = S(f,A) is in good position to the boundary. Assume that S is of dimension 7.
Then for [0, 7] € Hi(Z,0Z) we have the well-defined integral [( v @ = [(35 w T

If t — f; is an sc- smooth proper oriented homotopy of Fredholm sections connecting
fo with f] we can view

F(t,x) = fi(x)
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as a proper Fredholm section of W pulled-back by the projection map [0, 1]x Z — Z.
Then we can fix an open neighborhood U of the solution set S(f) ={ze€ Z | f(z) =0}
and an auxiliary norm so that the pair (N, U) controls compactness. Assume that
(fi, Ai) are two admissible perturbations so that the corresponding solution sets are
in good position to the boundary. The homotopy ¢ — f; can be perturbed generically
by the same argument as before to find a homotopy A;, which for =0, 1 coincides
with the perturbations we already have, so that away from the boundaries {0} x Z
and {1} x Z the perturbed pair ( f;,A;) is in good position to the boundary. Now the
previous discussion about the behavior of our invariant under our homotopy finishes
the proof of Theorem 1.4. O

5 Appendix

In the following we explain some of the more technical results as well as some of the
necessary background material.

5.1 Natural representation of stabilizers

We shall study the local structure of the morphism set of an ep—polyfold groupoid in
more detail.

We choose an object xog € X . By the ep—assumption, its stabilizer group X(xg) is a
finite group and we denote it by Gy, . The following theorem describes the structure
of the morphism set near the isotropy group.

Theorem 5.1 Given an ep—groupoid X , an object xo € X, and an open neighborhood
V C X of xo. Then there exist an open neighborhood U C V of xo, a group

homomorphism
-1

Q: Gxo - Diffsc(U)’ g g =1g OS¢

and an sc—smooth map
I'' Gy xU =X

having the following properties:
* I'(g.x0) =g
e s(I'(g,»)) =y and 1(I'(g, y)) = g (y) forall y e U and g € Gx,.

e If h: y — z is a morphism connecting two objects y,z € U, then there exists a
unique g € Gy, suchthat I'(g,y) =h.
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In particular, every morphism between points in U belongs to the image of the map T".
We call the group homomorphism ¢: G, — Diffy.(U) a natural representation of the
stabilizer group Gy, .

Proof For every g € Gy, we choose two contractible open neighborhoods X, éﬁ and
Ng C X on which the target and source maps 7 and s are sc—diffeomorphisms onto
some open neighborhood Uy C X of x(. Since the isotropy group Gy, is finite we
can assume that the open sets N, éi U N for g € G, are disjoint and define the disjoint
open neighborhoods Ny C X of g by

Nt
Ng:=N,NN,, geGy,.
We abbreviate the restrictions of the source and target maps by

Lemma 5.2 With the choices made above there exists an open neighborhood Uy C Uy
of xo so that every morphism h € X with s(h) and t(h) € U; belongs to Ng for some
g € Gy,.

Proof Arguing indirectly we find a sequence /i € X with hy & Ng for all g € Gy,
and satisfying s(hy),t(hy) — xo as k — oo. By the properness assumption of ep—
polyfolds there is a convergent subsequence /i, — h € X. Necessarily /& € G, and
hence i € Ng for some g € Gy, . This contradiction implies the lemma. a

Lemma 5.3 If U, is the open neighborhood of x( guaranteed by Lemma 5.2, then
there exists an open neighborhood U, C U1 of x¢ so that the open neighborhood U of
Xo, which is defined as the union

U= | tg05;' (V).
gGGXO

is contained in Uy and invariant under all the maps tg o s;l for g € Gy,.

Proof We choose an open neighborhood U, C U; of x( so small that the union
U and also 75 o S;I(U ) are contained in U; for all g € Gy,. Consider the map
tg © sg_l: U — X and choose x € U. Then we can represent it as x = 3 o s;l(u)
for some /& € G, and some u € Uy. Now, v :=tg os;1 oty osgl(u) belongs to U
and the formula implies the existence of a morphism # — v in X. By Lemma 5.2 the
morphism has necessarily the form v = ¢ os;,1 (u) for some g’ € Gy, . Since u € U,
it follows that v =7g o s;l (x) € U implying the desired invariance of U . m|
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In view of Lemma 5.3 we can associate with every g € Gy, the sc—diffeomorphism
o(g) = tgoséfl: U—-U
of the open neighborhood U of X, and obtain the mapping
¢: Gy, — Diff.(U), g+ ¢g.

Since the neighborhoods Ny C X of g are disjoint and since the structure maps are
continuous we conclude that ¢ is a homomorphism of groups, in the following called
the natural representation of the stabilizer group Gy, by sc—diffeomorphisms of the
open neighborhood U C X of xg. Then we define

T: Gy xU—X, T(g.y)=s;"'(».

Summing up the consequences of Lemmas 5.2 and 5.3 we have proved Theorem 5.1. O
The following structure theorem is fundamental for the constructions of perturbations.

Theorem 5.4 Every object xo € X of an ep—groupoid possesses an open neighborhood
U C X having the following properties:

e On U, the stabilizer group G, has the natural representation
¢: Gx, — Diffs.(U).

e Assume yo € X is an object for which there exists no morphism yy — x, where
x in U. Then there exists an open neighborhood V of y so that for every
z € V there is no morphism to an element in U .

e Assume yy € X is an object for which there exists no morphism yg — x for
every x € U, but there exists a morphism to some element in U . Then given
an open neighborhood W of dU (the set theoretic boundary of U ), there exists
an open neighborhood V of y so that if there is a morphism y — x for some
yeVand x €U, then x € W.

Moreover, the open set U can be taken as small as we wish.

Proof For the first statement we refer to Theorem 5.1. We can choose the neighbor-
hood U of x( as small as we wish. Hence we may assume that
t:sTHU)—> X

is proper. To prove the second statement we assume for y, € X that there is no
morphism to any element in U. If no neighborhood V with the desired properties
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exist, we find sequences y; — yo and xj € U so that there exist morphisms y — x.
Inverting these morphisms we obtain a sequence of morphisms gj: xx — yi, and the
sequence of points in X,

vk =1(gx) €171 (0)).

By the properness assumption we may assume without loss of generality that g, — g€X
implying x; — x’ in X for some x’. Therefore,

g x>y, and x'eU.
This contradiction proves the second assertion.

Assume, finally, that there exists no morphism yy — x for x € U, but a morphism
yo — X € U. Pick an arbitrary open neighborhood W of dU . If V with the desired
properties does not exist we find sequences of morphisms y; — yo and elements
xi € U\ W admitting morphisms gx: yx — Xj. Using the properness assumption
again we may assume that gz — g in X where g: y9 — x and x € U, giving a
contradiction. The proof of Theorem 5.4 is complete. a

5.2 Sc-smooth partitions of unity

In this section we prove the existence of an sc—smooth partition of unity on an ep—
groupoid. We consider an ep—groupoid whose sc—structure is based on separable
sc—Hilbert spaces. But we would like to point out that what is really needed is that
the ep—groupoids are modeled on sc—scales (E;);>o in which only the space Ej is
required to be a separable Hilbert space.

We view [0, 1] as a category with only the identity morphisms. An sc—smooth functor
f: X —[0,1] on X is an sc—smooth map on the object M—polyfold which is invariant
under morphisms, that is, f(x) = f(y) if there exists a morphism A: x — y.

Definition 5.5 Let X be an ep—groupoid and let &/ = (Uy)qe 4 be an open cover of
X consisting of saturated sets. An sc—partition of unity (g4)qe4 subordinate to U
consists of the locally finite collection of sc—smooth functors go: X — [0, 1] satisfying
Y wed 8a =1 and supp go C Uy forevery o € 4.

The existence of an sc—smooth partition of unity depends on a sufficient supply of
sc—smooth functions. We shall make use of the following result for separable Hilbert
spaces proved in Fathi [5].

Lemma 5.6 Let U and W be open subsets of a separable Hilbert space H such
that W C U . Then there exists a smooth function f: H — [0, 1] having its support
contained in U and satistying f =1 on W,
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The proof of Lemma 5.6 extends easily to the case in which U and W are open subsets
of a partial quadrant in a separable Hilbert space. In the next lemma we extend Lemma
5.6 to the sc—setting.

Lemma 5.7 Let U and W be open subsets of a splicing core K such that W C U .
Then there exists an sc—smooth function f: K — [0, 1] such that f has its support
inU andisequalto1 on W.

Proof Assume that K = K¢ = {(v,e) € V @ E | my(e) = e} is the splicing core
associated with the splicing S = (7, E, V). Here V is an open subset of a partial
cone C in a separable sc—Hilbert space Z, E is a separable sc—Hilbert space, and
w: V@& E — E is an sc-smooth map such that 7 (v, -) := my: E — E is a bounded
linear projection for every v € V. Consider ®: W & E — W & E defined by
®(v,e) = (v, (v, e)). The map ® is sc—smooth and, in particular, continuous from
level 0 to level 0 of V @ E. Moreover, ®(V @ E) = K. Put W/ = &~ (W) and
U' = & '(U). Then W’ and U’ are open and since ®~!(W) is closed, we get
W' = o1 (W) c (W) c U'. By Lemma 5.6, there exists a smooth function
fo: V@& E — [0, 1] such that supp fo C U’ and /' =1 on W’'. Since fp is sc—
smooth in view of Proposition 2.15 in [21] and since the map 7 is sc—smooth, the
composition fy o is also sc—smooth by the chain rule [21, Theorem 2.16]. Hence,
putting f := fo| K, we obtain an sc—smooth function defined on K having its support
in U and equal to 1 on W. O

If g: X — [0, 1] is an sc—smooth functor on the ep—groupoid X, we denote by |g|
the continuous function defined on the orbit space | X | by |g]| (|x]) := g(x). Now we
come to the statement of the main theorem of this section.

Theorem 5.8 (Sc—smooth partition of unity) Let X be an ep—groupoid whose sc—
structure is based on separable sc—Hilbert spaces, and let O = (Oy)qe4 be an open
cover of the orbit space | X |. Then there exists an sc—smooth partition of unity (gy)qe 4
on X so that the associated continuous partition of unity (|gq|)ec4 of |X| is subordi-
nate to O = (Oy)ged-

The proof of Theorem 5.8 will follow from the next two lemmata which make us of
Theorem 5.4 in the Appendix, Section 5.1.

Lemma 5.9 Let O = (Oy)qeq be an open cover of | X|. Then there exist locally
finite open covers (Wj)jey and (Uj)gey subordinate to O and such that W] cUj.
The sets W; and U; are invariant under the natural representations of the isotropy
groups G, on U; for some x;j € Uj, and the open cover (r~! (m(Uj))jes is locally
finite.
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Proof 1In view of the paracompactness of |X|, there is a locally finite refinement
(Oa)aca of the cover (Oy)gea. Then (771 (Qq))ac4 is a locally finite refinement
of (m171(O0y))gea. For every point x € X, we choose an open neighborhood V,
intersecting only a finite number of sets 7' (Qy). We replace Vy by its intersection
with those 7~1(Q4) which contains the point x. Observe that there is no morphism
between the point x and the sets 7~ !(Q) which don’t intersect Vi . Hence, shrinking
V further, we may assume that V) has the properties listed in Theorem 5.4 and
that there are no morphisms between points in V, and points in the sets 77 !(Qy)
not intersecting V. The collection (Vy)xecx is an open cover of X and since X
is paracompact, there exists a locally finite refinement (U j/ )jes of (Vx)xex. For
every j € J, choose a point x(j) such that Uj/ C Vx(j).- We abbreviate by G;
the isotropy group Gy (;y acting on V() by its natural representation. We claim
that (n_l(n(Uj’)))jeJ is a locally finite cover of X . Indeed, take y € X. Then
y € U, C V) for some k € J. Since (U j’) jeg is locally finite, there exists an open
neighborhood Wy of y contained in U, ]2 and intersecting only a finite number of the sets
U/, say U}, ,U] . Hence k = j; for some 1 <i < N. Replacing W), by a smaller
set we may assume that W, is Gi—invariant. Assume that z € W), N n_l(n(U ))
for some j # ji,..., jn. Then there is a morphism between some point v € V; and
z = @g(v) for some g € G;. In view of the definition of V), we have v € V().
Hence there is 1 € Gy such that v = ¢} (z), and since z € W), and W), is Gj—invariant
v € Wy,. Consequently, Wy, N U ! # & and it follows that W, intersects only the sets
_l(n(U’ )),. _l(n(U/ )) For every j € J, set Uj = UgeG ¢g(U]). Then
1(7T(U i )) = n_l (JT(U ) and since the isotropy groups G; are finite, it follows that
(U i)jes is alocally ﬁmte cover of X such that Uj C Vi ;. Using paracompactness
of X again, we find a locally finite cover (W’)Je J such that W’ C Uj. Define
W] = UgeG (pg(W) Then W; is a Gj—invariant open subset of V; such that
W, C U, and the open cover (W});es is locally finite. This completes the proof of
the lemma. |

Lemma 5.10 Let U = U(xg) C X be an open neighborhood of x( with the properties
as listed in Theorem 5.4 and let ¢: U — K be a coordinate chart onto an open subset
of the splicing core K. Assume that W is a G x, —invariant open subset of U such
that W C U . Then there exists an sc—functor f: X — [0, 1] satisfying f =1 on W
and supp f C 1w (V).

Proof We choose an open Gy,—invariant set ¥ such that W C V C V C U. With
the help of Lemma 5.7 and the chart ¢: U — K, we find an sc—smooth function
Jfo: X — [0, 1] satisfying supp fo C V and fo =1 on W. Define the function f; on
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U by

> folpg(x), xeU.

nGX() gGG
Then f; is sc—smooth as a finite sum of sc-smooth functions, 0= f; <1,and f; =1 on
x € W since W is G x,—invariant. Since fo=0on U \Vand U\V is G x,—invariant,

it follows that also f; =0 on U \ V. In particular, f; =0 on 9V .

We extend f; to the function f: X — [0, 1] as follows. If x € U, then f(x):= f1(x).
If there exists a morphism between x and some point y € U, then we set f(x):= f1(»).
Finally, if there is no morphism between x and a point in U, then we set f(x) := 0.

Clearly, f(x) = f(y) if there is a morphism /: x — y. Note also that f(x) =0 for
x € U . Indeed, if there are no morphisms between x and points of U, then f(x) =0
by the definition of f. If there exists a morphism between x and y € U, then by
Theorem 5.4, the point x belongs to U \ V, so that again f(x) = f1(y) =0.

We already know that f is sc—smooth on U . To show that it is sc-smooth on X', we
take x € X \ U and consider the following cases. If there is no morphism between
x and a point in U, in particular, there is no morphism between x and a point in U,
then f(x) = 0. By part (b) of Theorem 5.4, /"= 0 on some open neighborhood Uy
of x and so f is sc—smooth on Uy .

Next assume that there exists a morphism /: x — y between the point x and a
point y € U. According to the definition of f, f(x) = fi1(»). We find two open
neighborhoods Uy and U, of x and y such that U, C U and tos Uy — U, is
an sc—diffeomorphism. Then, ' = fj otos~! on Uy and since the right hand side is
an sc—smooth function, the function f is sc—smooth on Uy.

In the last case, assume that there is no morphism between x and points of U but
there is a morphism between x and some point y € dU . Then again we find open
neighborhoods Uy and U, of points x and y such that o s™!: Uy — Uy is an
sc—diffeomorphism. By Theorem 5.4, we may take these neighborhoods so small that
the following holds. If there exists a morphism between a point )’ € U, and a point
z e U, then necessarily z€ U \ W. At y’ we have f(y') =0 since fi=00n U\ W.
If there are no morphism between )y’ € U,, and points in U, then f(»’) = 0. Hence
f isequal to 0 on U, and since f|Uyx = (f|Uy)o (t0s™!), we conclude that f is
equal to 0 on Uy. So we proved that the function f is sc—smooth on X .

It remains to prove that supp f C 7~ ' ((U)). At every point x ¢ n~ 1 (n(U)),
f(x) = 0. Hence it is enough to show that for every x € dx~!((U)) there exists a
neighborhood U, of x such that /' = 0 on Uy. To see this, we prove that there is an
open neighborhood Uy of x such that if there is a morphism between x’ € U, and
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apointin y € U, then y € U \ W. Otherwise, we find a sequence (x;) converging
to x, a sequence (),) C W, and a sequence (4,) of morphisms /,: y, — Xj,. Since
the map ¢: s~ (U(xg)) — X is proper, there is subsequence of the morphisms (/,,)
converging to the morphism /. This implies that the subsequence of (y,) converges to
the point y € W and that &: y — x, contradicting the fact that there are no morphisms
between points in 7! (77 (U)) and points in U . Hence f =0 on U, and this proves
that supp f C 7~ 1 (n(V)). O

Proof of Theorem 5.8 Let (Oy),c4 be an open cover of |X|. In view of Lemma
5.9, there are open covers (Wj);es and (Uj)jeys subordinate to (77 1(0y)) such that
Wj C Uj. Moreover, the sets W; and U; are invariant with respect to the natural
representation of U; and the cover (7~ (7 (Uj}))) jes is locally finite. By Lemma 5.10,
for every j € J, there is an sc—smooth functor f /: X — [0, 1] which is equal to 1 on
W; and supp Jficn (7 (U))). Set f' = Z]EJ /; - In view of the local finiteness of
(r~ Y (= (U}))) jeJ » the sum has only a finitely many nonzero terms in a neighborhood
of each point and thus defines an sc—smooth function. Because f; =1 on W; and
every point of X is in some W;, the sum is also positive. Now define f; = f /f.
Then each f; is an sc—smooth functor such that supp f; C (7 (U; i) Fmally, we
may reindex our functions f; so that they are indexed by the indices in the set 4. Since
the cover (Uj);es is arefinement of (717 1(0y)), we choose for each j an index a(/)
such that Uj C 77 1(Og;)). Then for each « € A, we define go = Y a()=a Ji-
If there is no index j satisfying «(j) = «, we set go = 0. Every g4 is smooth and
invariant under the morphisms, satisfies 0 < g4 < 1 and supp go C 7~ 1(Og). In
addition, } e 4 8« = ey fj = 1. Consequently, (ga)ac4 is a desired sc-smooth
partition of unity. a

5.3 Submanifolds of M-polyfolds

In [21, Definition 3.19], we have introduced the concept of a strong finite dimensional
submanifold of an M—polyfold. It carries the structure of a manifold in a natural way.
In [22] we have introduced the more general notion of a finite dimensional submanifold
which we recall here for the convenience of the reader. Again, submanifolds according
to the new definition will have natural manifold structures and, moreover, strong finite
dimensional submanifolds are also submanifolds according to the new definition. The
manifold structures induced in both cases are the same.

Definition 5.11 Let X be an M—polyfold and M C X a subset equipped with the

induced topology. The subset M is called a finite dimensional submanifold of X
provided the following holds:
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e The subset M lies in X.

e Atevery point m € M there exists an M—polyfold chart
(U.¢. (7, E.V))

where m € U C X and where ¢: U — O is a homeomorphism satisfying
@(m) = 0, onto the open neighborhood O of 0 in the splicing core K associated
with the sc—smooth splicing (rr, £, V). Here V is an open neighborhood of 0 in
a partial quadrant C of the sc—Banach space W . Moreover, there exists a finite-
dimensional smooth linear subspace N C W & E in good position to C and
a corresponding sc—complement N1, an open neighborhood Q of 0 € C N N
and an sc—smooth map 4: Q — N satisfying A(0) =0, DA(0) = 0 so that
the map
rro-wekE, q—q+ Ag)

has its image in O and the image of the composition ® := ¢ ' oI: Q — U is
equalto M NU.

e The map ®: Q — M NU is a homeomorphism.

We call the map ®: Q — U a good parametrization of a neighborhood of m € M
in M.

In other words, a subset M C X of an M—polyfold X consisting of smooth points
is a submanifold if for every m € M there is a good parametrization of an open
neighborhood of m in M . The following proposition shows that the transition maps
®oW™! defined by two good parametrizations ® and W are smooth, so the inverses of
the good parametrizations define an atlas of smoothly compatible charts. Consequently,
a finite dimensional submanifold is in a natural way a manifold with boundary with
corners.

Proposition 5.12 Any two parametrizations of a finite dimensional submanifold M
of the M—polyfold X are smoothly compatible.

Proof Assume that mg := ¢~ (g0 + A(q0)) = ¥~ 1(po + B(po)) for two good
parametrizations. Since both good parameterizations are local homeomorphisms onto an
open neighborhood of m in M, we obtain a local homeomorphism O(pg) — O(qo),
p +— ¢q(p), where the domain and codomain are relatively open neighborhoods in
partial quadrants. We have

q(p)+ A(q(p)) =@ oy~ (p+ B(p)).
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Recall that ¢(p) € N and A(q(p) € N+, where N ® N+ =W & E is an sc—splitting.
If P: W@ E — N is an sc—projection along N, then

q(p) = P(poy ' (p+ B(p)).

The map p — ¢(p) is sc—smooth as a composition of sc—smooth maps. However,
since the domain and codomain lie in finite dimensional smooth subspaces, the map is
smooth in the usual sense. O

5.4 Orientations and determinants

We begin by recalling determinants of linear Fredholm operators. More details and
proofs can be found in Donaldson and Kronheimer [4] and Floer and Hofer [6], and,
particularly, relevant in our context, in our papers [22] and [17].

The determinant of a linear Fredholm operator T: E — E between two Banach spaces
is the one-dimensional real vector space

det(T) = (A" ker(T)) ® (A" cokern(T))*

where the star * refers to the dual space. The orientation of the Fredholm operator 7'
is, by definition, the orientation of the vector space det(7"). If I': X — F(E, F) isa
continuous family of Fredholm operators T: E — F, then the bundle

det(I') = | {x} x det(T'(x)) > X
xeX
carries the structure of a topological line-bundle. The same result holds true if the
domains and targets of the operators vary in vector bundles.

We shall consider now a Fredholm section f* of the strong polyfold bundle p: W — Z
and let P: E — X be a model for p over the ep—groupoid X and let the proper
Fredholm section F: X — E be the corresponding representative of the section f'.
As shown in [21; 22] there is a well-defined notion of a linearization of F' at a smooth
point x € X . It is a class of sc—Fredholm operator differing by sc*—operators and
defined as follows. If x is the smooth point, we take a germ of scT—sections s defined
near x and satisfying
F(x) =s(x).

Then (F —s)(x) = 0 so that the linearization (F —s)'(x): Tx X — E is well-defined.
It is a classical Fredholm operator and hence possesses the determinant det((F—s)"(x)).
It depends clearly on the choice of the scT—section s. If s1 is another such sc*—section,
then the linearizations (F —s)’(x) and (F —s;)'(x) differ only by an sct—operator
and, therefore, have the same Fredholm index. The space of all these linearizations
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at the point x is a contractible convex space, and we denote the collection of the
associated determinants by DET(F, x). Consequently, if the determinant of one of
these Fredholm operators is oriented, then, by continuation, every other linearization
becomes canonically oriented as well.

To describe the behavior of the determinants under the morphisms, we look at the
morphism ¢: x — » between two smooth points in X'. We choose open neighborhoods
U(¢) C X of the morphism ¢ and U(x) and U(y) of the points x, y € X (as small as
necessary) such that the source and the target maps s: U(p) — U(x) and ¢: U(p) —
U(y) are sc—smooth diffeomorphisms. Then the morphism ¢ extends to the sc—
diffeomorphism o: U(x) — U(y) defined by o := ¢ os~! and satisfying o(x) = y.
With an sct—germ s¢: U(x) — E satisfying so(x) = F(x) we associate the scT—germ
s1: U(y) — E defined by

51(0(2)) == p(s71(2),50(2),  z€U(x).
Since F: X — E is a functor, it satisfies the identity
(1n F(0(2)) = us™'(2). F(2)), z€UX)

where u: Xyx, E — E is the strong bundle map defined Section 2.4. In particular,

F(y)=F(@(y)) = ulp, F(x)) = u(p,se(x)) =s1(y). Linearizing both sides of (11)
at the point x we find that

(F=s1)(»)oTo(x)-h = p(p, (F—s0)(x)-h.
Abbreviating the linear isomorphism
b:=pu(p, ') Ex—E,
and recalling that, by definition 7 ¢ = To(x), one obtains
® 1o (F—s1)/(y)oTe = (F—s0)'(x).

This formula shows that the morphism ¢: x — y determines the natural isomorphism

@« det((F —s50)'(x)) — det((F —s1)"(1))
between the determinants of the linearizations at the source and the target of ¢.

To define the continuation of the orientations along an sc—smooth curve, we consider
the sc—smooth path ®: [0, 1] — X connecting the smooth point ®(0) with the smooth
point ©(1). It is easy to construct an sc—smooth family of germs of sct—sections s,
satisfying

5:(0(1)) = F(O@)).
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where s; is defined on an open neighborhood of the point ®(¢). Using the Fredholm
property of the section F one proves in [17], that the bundle

| {1} xdet((F =) (©())) — [0.1]

t€[0,1]

has in a natural way the structure of a real topological line-bundle over [0, 1]. (We
should point out that this is not entirely trivial because the linearizations do not depend
continuously as bounded operators on the points ®(¢) at which the section is linearized.)
As a consequence, we can define the continuation of the orientations of the linearizations
along an sc—smooth path in X .

Definition 5.13 An orientation for the sc—Fredholm section F of the strong bundle
P: E — X consists of an orientation for the linearization of F at every smooth point
X € X, which is invariant under the morphisms and stable under continuation along
sc—smooth paths in X .

Two oriented sc—Fredholm sections F of P: E — X and F’ of P': E/ — X’ are
called equivalent, if there is a common bundle refinement pulling back the sections to
the same oriented section. Since bundle equivalences induce isomorphisms between
the determinants, we can therefore define an orientation for a Fredholm section f of a
strong polyfold bundle p: W — Z.

If F is an oriented Fredholm section and (F, A) is a transversal pair and A(F(x)) > 0,
then the linearization at the smooth solution x is an intrinsic finite collection of
sc—Fredholm operators which all differ by scT—operators. Therefore, we obtain an
orientation for the manifolds of the local solution structure. In view of the compatibility
with morphisms and the stability under continuation, the solution set inherits the
structure of an oriented branched suborbifold. The details and the proofs will be carried
outin [17].
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