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Abstract

Morse-Bott and Equivariant Theories Using Polyfolds
by
Zhengyi Zhou
Doctor of Philosophy in Mathematics
University of California, Berkeley
Professor Katrin Wehrheim, Chair

In this paper, we propose a general method of defining equivariant theories in symplectic
geometry using polyfolds. The construction is twofold, one is for closed theories like equivari-
ant Gromov-Witten theory, the other is for open theories like equivariant Floer cohomology.

When a compact Lie group G acts on a tame strong polyfold bundle p : W — Z, we
construct a quotient polyfold bundle p : W/G — Z/G if the G-action on Z only has finite
isotropy. For a general group action and if Z has no boundary, then every G-equivariant
sc-Fredholm section s : Z — W induces a H*(BG) module map s, : H:(Z) — H*4$(BG),
which can be viewed as a generalization of the integration over the zero set s71(0) when equiv-
ariant transversality holds. When Z is the Gromov-Witten polyfold, s, yields a definition
equivariant Gromov-Witten invariant for any symplectic manifold. We obtain a localization
theorem for s, if there exist tubular neighborhoods around the fixed locus in the sense of
polyfold. For open theories, we first obtain a construction for the Morse-Bott theories under
minimal transversality requirement. We discuss the relations between different constructions
of cochain complexes for Morse-Bott theory. We explain how homological perturbation the-
ory is used in Morse-Bott cohomology, in particular, both our construction and the cascades
construction can be interpreted in that way, In the presence of group actions, we construct
cochain complexes for the equivariant theory. Expected properties like the independence
of approximations of the classifying spaces and existence of action spectral sequences are
proven. We carry out our construction for finite dimensional Morse-Bott cohomology using
a generic metric and prove it recovers the regular cohomology. We outline the project of com-
bining our construction with polyfold theory, which is expected to give a general construction
for both Morse-Bott and equivariant Floer cohomology.

In the last part, we show that for any asymptotically dynamically convex contact manifold
Y, the vanishing of symplectic homology SH (W) = 0 is a property independent of the choice
of topologically simple (i.e. ¢;(W) =0 and 7 (Y) — 7 (W) is injective) Liouville filling W.
As a consequence, we answer a question of Lazarev partially: a contact manifold Y admitting
flexible fillings determines the integral cohomology of all the topologically simple Liouville
fillings of Y.
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Chapter 1

Introduction

The use of J-holomorphic curves in symplectic geometry was initiated by Gromov [52] and
then by Floer [40, 41]. Roughly speaking, there two types of theories. One is the closed
theory, where the moduli spaces of holomorphic curves are closed. When transversality holds,
the moduli spaces have fundamental classes in the homology, which can be used to define
invariants. A typical example is the symplectic Gromov-Witten theory [52, 80]. The other
type is the open theory, where they are families of compact moduli spaces, but the moduli
spaces have boundary and corner. Therefore the best thing one can hope is fundamental
chains in the chain complexes. Although each fundamental chain depends on some auxiliary
data used in the construction of the moduli spaces. One can define a global structure using
all the fundamental chains, which is usually invariant in a suitable sense. Typical examples
in this category are Floer type theories like Floer homology [38, 40, 41], Fukaya category
[45, 98] and symplectic field theory [33]. When there exist extra group actions on the
moduli spaces, one can upgrade both closed and open theories to equivariant theories, e.g.
equivariant Gromov Witten invariant [47] and equivariant Floer homology [18, 17, 56].

The difficulties of defining equivariant theories for general symplectic manifolds are
twofold. One is the usual transversality problem, which has been seen in non-equivariant
theories. It was intensively studied by many researchers [73, 93, 23, 66| for particular set-
tings. Moreover, there are two techniques aimed to solve such difficulty in its most general
form:

1. Kuranishi type approaches [67, 45, 81, 88| deal with problem by local finite-dimensional
reductions;

2. polyfold theory [65] works with infinite dimensional smooth objects by introducing new
notation of differentiability and new local models.

The other challenge comes from the group action, since equivariant transversality is often
obstructed. In this paper, we propose a uniform treatment of the equivariant theories for both
closed and open theories in the abstract setting of polyfolds, which provides constructions for
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equivariant Gromov-Witten theory and equivariant Floer cohomology on general symplectic
manifolds.

1.1 Quotient theorems in polyfold theory and
equivariant transversality

Polyfold theory [58, 59, 60, 63, 64, 65] developed by Hofer, Wysocki and Zehnder provides
an analytic framework to regularize moduli spaces of J-holomorphic curves in symplectic
geometry [61, 62, 74, 102]. Roughly speaking, a polyfold is a topological space Z which
contains a complicated moduli space M := s71(0) as zero set of a section s : Z — W.
Polyfolds have level structures, i.e. we have a sequence of continuous inclusions of subsets
equipped with different topology ... 7,1 C Z; C ... C Zy := Z and Z,, := NjenZ; is dense
in Z; for all i > 0. Then we can raise the levels up by k to get another polyfold Z* by
(Z%); :== Zi41. All the information needed to regularize M is encoded in Z,, which contains
M and any of its regular perturbations. The level structure is required only to express
in what sense the section s : Z,, — W, is sc-smooth and sc-Fredholm. Hence forgetting
the first finitely many levels is immaterial, i.e. the regularization theory for M C Z¥ is
independent of the shift £ > 0.

The first part of this paper focuses on the construction of quotients of polyfolds, which
is an analogue of the classical quotient theorem in differential topology. The quotient con-
struction provides the infrastructure to the equivariant theories. In particular, the quotient
construction allows us to carry out the Borel construction on polyfolds for equivariant the-
ories, which is important in Part II and III. The main theorem of Part I is the following.

Theorem 1.1. Let p : W — Z be a regular tame strong polyfold bundle (Definition 4.11),
where the polyfold Z is infinite-dimensional. A compact Lie group G acts on p sc-smoothly
(Definition /. 97) If the G-action on Z only has ﬁmte zsotmpy, then there is a G-invariant
open dense set Z c 22 containing Zs,, such that p~*(Z )/G — Z/G is a tame strong polyfold
bundle. Moreover, the topological quotient map wg : p‘l(Z) — pY(Z )/G is covered by
sc-smooth strong polyfold bundle map q: p~Y(Z) = p~1(2)/G.

If s+ Z = W is a G-equivariant proper sc-Fredholm section. Then s induces a proper
sc-Fredholm section 5 : Z1 /G — p~'(Z") /G by q*S = s|z.. If s is in good position to 0Z
(Definition 5.9), then so is s. If s is oriented and the G-action preserves orientation, then
5 1s orientable.

The uniqueness of polyfold structures on the quotient p~'(Z)/G — Z/G is addressed in
Proposition 4.49. The quotient construction provides the technical foundation for the equiv-
ariant fundamental class in Theorem 1.2 and construction of equivariant Floer cohomology
sketched in Chapter 17.

Using Theorem 1.1, we can study the equivariant transversality problem in polyfolds. In
the case of Banach manifolds, if the group action only has finite isotropy, Cieliebak, Riera
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and Salamon [25] constructed an Euler class by equivariant multivalued perturbations. Since
multivalued perturbation has become a part of the perturbation package in polyfold theory
(65, Chapter 13|, we know that if the group action only has finite isotropy then we can find
equivariant multivalued transverse perturbations, see Corollary 6.1 and Corollary 6.4.

Beyond finite isotropy case, it is known that equivariant transversality is obstructed
even in finite dimensional case, e.g. see [27]. In this more general case, we analyze the
equivariant transversality near the fixed locus. Theorem 6.17 gives a sufficient condition
which guarantees the existence of equivariant transverse perturbations near the fixed locus.
In the special case of S'-action, since the quotient polyfold can be defined outside the fixed
locus, we have the following.

Corollary 6.18. Assume G = S and the tubular neighborhood assumption near the fized
locus without isotropy (Definition 6.9) holds. If for all weights A € N and x € s~1(0) N Z5"
we haveind D*s, + 2 > ind DS, then there exists a S*-invariant neighborhood Z c 73
containing Zs, and an equivariant transverse sct-multisection perturbation on Z.

As an example, Corollary 6.18 can be applied to Hamiltonian Floer homology with C?
small time-independent Hamiltonians and time-independent almost complex structures. In
that case, the S'-action is given by the reparametrization in the S* direction of the cylinder.
In particular, we can generalize Floer’s proof of the weak Arnold conjecture [40] to the
polyfold setting for any closed symplectic manifold.

Part I is organized as follows: Chapter 2 reviews sc-calculus. Chapter 3 constructs the
quotient for M-polyfolds with free action. Chapter 4 proves the Theorem 1.1. Orientations
and boundaries are discussed in Chapter 5. Chapter 6 discussed equivariant transversal-
ity when there are fixed points. Chapter 7 outline the application to Hamiltonian-Floer
homology and the proof of the weak Arnold conjecture.

1.2 Equivariant fundamental class and localization

Equivariant Gromov-Witten theory was introduced by Givental in [47] for ample K&hler man-
ifolds. When equivariant transversality holds (which is the case for ample Kéhler manifolds),
the moduli spaces of J-holomorphic curves are G-orbifolds. Then equivariant Gromov-Witten
invariants are defined to be integrations over the moduli spaces. In this case, localization
theorem for equivariant cohomology [3, 9] can be applied to compute the invariants. This
method was used in [47] to verify some mirror conjectures when equivariant transversality is
possible. However, equivariant transversality is often obstructed even in finite dimensional
case. Therefore we can not rely on equivariant transversality for a definition equivariant
symplectic Gromov-Witten theory for general symplectic manifolds.

On the other hand, what one needs for a construction of equivariant Gromov-Witten
invariants is a homomorphism on the equivariant cohomology. The main result of Part II is
a construction of such homomorphism for general polyfolds.
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Theorem 1.2. Let G be a compact Lie group and p : W — Z a regular tame strong polyfold
strong bundle, such that Z has no boundary and is infinite dimensional. Assume G acts on p
sc-smoothly and s : Z — W is a G-equivariant oriented proper sc-Fredholm section. Suppose
G preserves the orientation. Then there is a H*(BG) module homomorphism for i > 3,

s, Hy(Z, 1) — H*"(BG),
where k :=ind s. Moreover, s, is compatible with the sequence (8.4),

H}.(Z,7;) can be understood as the equivariant cohomology of Z., using the Z; topology
7;. The reason for 7 > 3 is the three levels shifted in Theorem 1.1. When s is transverse to
0, s.(0) = fsfl(()) 1*0, where ¢ : s71(0) C Z is the inclusion. Moreover, the multiplication and
reduction property used in [48] holds for the equivariant fundamental class.

When Z is the Gromov-Witten polyfold constructed in [61], Z is equipped with evaluation

maps evy, . . . , evy to the symplectic manifold M induced from the marked points. If compact
Lie group G acts on M preserving the symplectic structure, then Z is equipped with a G-
action. One can define an equivariant Gromov-Witten invariant by I(6y, ..., 0) := s.(evifi A

... A\ eviBy), where 0; € Hf,(M). This definition coincides with the equivariant Gromov-
Witten invariants in [47].

In Chapter 10, we provide a localization theorem of equivariant fundamental class for
torus actions under the tubular neighborhood assumption.

Theorem 1.3. Under the tubular neighborhood assumption (Definition 6.9), then we can
assume the fized part s|yr @ ZT" — WT" is transverse. Let M™ = s| 1. (0). When
n > 1, we assume in addition Definition 10.6 holds. Then there exists an invertible element
e € H*(M™") @ R(uy, ..., uy), such that the following localization formula holds for i > 3,

3*((9) - / L*Q A 6_17 ve € H*”(Z’ Ti)’
M

where v : MT" — Z is the inclusion.

As an example of the localization formula, we compute the equivariant curve counting in
a Hirzebruch’s surface with an S! action in Example 10.12, the non-vanishing result of the
curve counting implies the equivariant transversality is obstructed in that example. We also
use the localization formula to provide a proof of the Hamiltonian-Floer homology H F*(M)
is isomorphic to the Morse homology H*(M, A) with Novikov field A coefficient in Example
10.13. This proof does not require analyzing the equivariant transversality near Morse flow
lines.

Part II is organized as follows: Chapter 8 reviews the de Rham theory on polyfolds and
defines equivariant cohomology for polyfolds. Theorem 1.2 is proven in Chapter 9. Chapter
10 proves the localization formula.
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1.3 Morse-Bott cohomology and equivariant
cohomology

In the study of open theories like Floer cohomology or Morse cohomology, the underlying
polyfolds Z involved have boundary and corner. In particular, the moduli spaces M :=
s71(0) have boundary and corner even if it is regularized. When G acts Z, the construction
in Theorem 1.2 does not yield a well defined map H{(Z) — H*(BG) due the appearance of
boundary. Hence the invariants in the open theory is more subtle. Moreover, there is another
feature of equivariant open theory, namely the setup tends to be Morse-Bott [14, 17]. For
example, if one can consider a closed manifold M with a G-action, then it is possible that
there is no G-invariant Morse function. However, G-invariant Morse-Bott functions exist
in abundance [6]. Therefore before studying the equivariant theory, we need to set up a
framework for Morse-Bott theory.

Morse-Bott functions were introduced by Bott in [11] as generalizations of Morse functions
and proven to be extremely useful for studying spaces in the presence of symmetries [10,
12]. After Witten’s work [105] on the construction of Morse cochain complex and Floer’s
generalization [38, 39, 40, 41] to various infinite dimensional settings, attention was drawn to
the construction of a cochain complex for the Morse-Bott counterpart. Since there are several
benefits of working in the Morse-Bott case: Morse-Bott functions usually reflect some extra
symmetries of the problem; computations in Morse-Bott theory are usually simpler because
of the extra symmetries; Morse-Bott theory appears in equivariant theory.

In the finite dimensional case, there are several methods one can apply to get a chain
resp. cochain complex for a Morse-Bott function, we will review some of them briefly in
Chapter 11:

e Austin-Braam’s model [6]: The cochain complex is generated by differential forms of
the critical manifolds, and the differential is defined by pullback and pushforward of
differential forms through the moduli spaces of gradient flow lines.

e Fukaya’s model [44]: The chain complex is generated by certain singular chain complex
of the critical manifolds, and the differential is defined by pushforward and pullback
of singular chains through the moduli spaces of gradient flow lines.

e Cascades [14, 43]: The cochain complex is generated by Morse cochain complexes of
critical manifolds after we assign appropriate Morse functions to each critical manifold.
The differential is defined by counting the “cascades”.

e Latschev’s model [70]: This can be viewed as a generalization of Harvey and Lawson’s
work [55] on Morse theory.

Under various conditions, the first three models can be generalized to infinite dimensional
case like Floer theories. In fact, the first three models can be transplanted to the abstract
setting of flow categories, where flow category was first introduced by Cohen, Jones and Segal
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in [26] to organize all the moduli spaces of flow lines in Morse and Floer theory. Roughly
speaking, the objects of a flow category usually come from critical points and the morphisms
come from gradient flow lines. In Part III, we work with flow categories under the minimal
transversality requirement, i.e. the fiber products of moduli spaces are transverse'. The
aims of Part IIT are:

e Provide another construction of Morse-Bott cochain complex, applicable to polyfold
theory, called the minimal Morse-Bott cochain complex. It is minimal in the sense that
the cochain complex is generated by the cohomology of the critical manifolds.

e Study the relations between Austin-Braam’s model, Fukaya’s model, cascades and our
minimal construction.

e Provide equivariant counterpart of the minimal construction.
The first Theorem of Part III is the following, which is rigorously stated in Theorem 12.7

Theorem 1.4. To an oriented flow category, we assign a minimal Morse-Bott cochain com-
plex (BC,dpc) over R generated by the cohomology of the critical manifolds.

To illustrate that the Theorem 1.4 is nontrivial, we point out that: (1) when the flow
category arises from a Morse-Bott function on a closed manifold, the cohomology of the
minimal Morse-Bott cochain complex is the cohomology of the base manifold, see Chapter
16; (2) when the flow category arises from a Morse case, i.e. critical points are isolated,
the cochain complex is the usual cochain complex with differential defined by counting rigid
flow lines, see Remark 12.9. To motivate the minimal construction, we study the relations
between Austin-Braam’s model and cascades. It turns out both cascades and our minimal
construction can be viewed as finite dimensional reductions of Austin-Braam’s model using
homological perturbation theory. In applications of homological perturbation theory, one
needs to choose a projection and a homotopy. For cascades, the projection and homotopy are
provided by Harvey and Lawson’s work [55] on Morse theory. While the minimal construction
is based on a more direct construction, which is closely related to the Hodge decomposition.

Austin-Braam’s
model/Fukaya’s model

|

Homological pertubation lemma

[ Cascades ] [ Minimal Construction ]

!Unlike the fiberation assumption in Austin-Braam’s model, this is generic among perturbations without
changing the Morse-Bott functional.
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When there is a G-symmetry on the Morse-Bott theory, the cohomology theory can be
enriched to a G-equivariant theory. One typical method is approximating the homotopy
quotient. From this perspective, cascades construction does not work very well with equiv-
ariant theory, one of the reasons is that we have to choose nice Morse functions on the
approximations. However, the minimal construction works very well with Borel’s construc-
tion for equivariant cohomology. Then an equivariant cochain complex can be realized as a

homotopy limit. In particular, we have the following theorem, which is rigorously stated in
Theorem 15.16.

Theorem 1.5. Let compact Lie group G acts on an oriented flow category C and preserves
the orientations. Then there is a cochain compler (BCq,d%.). The homotopy type of the
cochain complex is unique, i.e. independent of all the choices we made along the construction,

in particular, the choice of finite dimensional approzimations of the classifying space EG —
BG.

Thus the only problem of applying the minimal construction is constructing a flow cat-
egory, which is essentially a problem of regularizing moduli spaces. For this purpose, we
will apply the polyfold theory and our minimal construction is applicable to polyfold theory.
We can enrich a flow category, i.e. a system of manifolds to a system of polyfold bundles
with sc-Fredholm sections, such that the boundaries and corners of the polyfolds come from
transverse fiber products of polyfolds. We will refer to such system as a polyflow category.
Using the perturbation theory in [65], we can find coherent perturbations such that zero
sets of the sc-Fredholm sections form a flow category. In the presence of a group action,
Theorem 1.5 requires G-equivariant transversality, which is often obstructed. However, the
whole construction for Theorem 1.5 can be lifted to polyfold category using the quotient
Theorem 1.1. We outline such construction in Chapter 17 and details will appear in our
future work.

Our construction of Morse-Bott cochain complex can be generalized to other structures
in Morse-Bott cases, as long as the all the relevant moduli spaces satisfy the fiber products
transversality assumption. The desired algebraic relation can be derived in a similar way as
the proofs presented in this paper. In particular, one can define A, version of flow categories.
Following a similar construction, we can get A, algebras and categories out of it. We will
discuss this in detail in our future work.

Part IIT is organized as follows: Chapter 11 discusses the motivation of the minimal
construction from homological perturbation theory and interprets cascades construction as
an example of the application of homological perturbation theory. Chapter 12 defines the
minimal cochain complex as well as continuation maps and homotopies explicitly, and proves
that they satisfy the desired properties. Chapter 13 discusses the action spectral sequence.
Chapter 14 explains how the orientations used in Chapter 12 arise in Morse/Floer theory.
Chapter 14 also generalizes the construction to the case with local systems. Chapter 14 also
provides a more general construction which allows us to prove statements like the Gysin exact
sequence. Chapter 15 is about the equivariant theory. Chapter 16 is devoted to the case
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of Morse-Bott functions on closed manifolds and proves our minimal construction recovers
the cohomology of the base manifold. Chapter 17 outlines the project of combining our
construction with polyfold theory.

1.4 Vanishing of symplectic homology

Invariants like (equivariant) Gromov-Witten invariants and (equivariant) Floer homology
is very useful in the study of symplectic geometry. The last part of this paper is devoted
to symplectic fillings of contact manifolds using symplectic homology, which is a special
form of Floer homology. The study of the topology of fillings of a given contact manifold
was initiated by Gromov and Eliashberg in the 1980s. A combination of results in [52, 30]
shows that the Weinstein filling of the standard contact 3-sphere (S, yy) is unique up to
symplectic deformation. In general, one can ask in what case contact manifolds can determine
their Liouville fillings. For the topology of the fillings, Eliashberg-Floer-McDuff [79] proved
that any Liouville filling of (S?"7! £,4) is diffeomorphic to D?". Barth-Geiges-Zehmisch
[7] generalized the Eliashberg-Floer-McDuff theorem to the subcritical case: all Liouville
fillings of a subcritically-fillable, simply-connected contact manifold are diffeomorphic to
each other. Regarding the symplectic topology of fillings, Seidel and Smith [97] proved
that any Liouville filling of (S?"!, £,4) has vanishing symplectic homology, which provides
evidence that the filling of (52"~ £,;4) might be unique. In this note, we more generally
consider asymptotically dynamically convex contact manifolds (Definition 18.5) and their
topologically simple Liouville fillings (Definition 18.2). We prove the following theorem in
Section 18.2.

Theorem 1.6. Let (Y,€) be an asymptotically dynamically convex contact manifold of di-
mension 2n — 1 > 5. Assume Y has a Liouville filling W that is topologically simple
(i.e. cc(W) = 0 and m(Y) — m (W) is injective.) and has SH.(W;Z) = 0. Then
SH.(W',Z) = 0 for every topologically simple Liouville filling W".

Note that all the Liouville fillings of (S*"~1, £4) are diffeomorphic to D" by [79], hence all
Liouville fillings of (52", £,4) are topologically simple. Since (S*"~1, £,4) is asymptotically
dynamically convex and SH,(D?*";Z) = 0 for the standard filling (D*", wy,). Thus Theorem
1.6 reproves the Seidel-Smith theorem [97].

Recently, Lazarev [71] showed that all flexible fillings of a contact manifold have the same
integral cohomology. He also raised the following question.

Question 1.7 ([71, §8 Problem 1]). If (Y, &) has a flexible filling W, do all Liouville fillings
of (Y, &) have the same cohomology as W ¢

We answer Question 1.7 partially in Corollary 18.13: All topologically simple Liouville
fillings of Y, in particular, all Weinstein fillings, have the same integral cohomology as
W. Moreover, they all have vanishing symplectic homology. Thus corollary 11.2 provides
evidence towards the following question.
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Question 1.8. If (Y, &) has a flexible filling W, is the Liouville filling of Y unique?

Theorem 1.6 also provides an obstruction to fillability by flexible Weinstein domains. We
use this to prove that the Brieskorn manifolds of dimension greater or equal to 5 cannot
be filled by flexible Weinstein domains. We also consider the exotic contact structures
on S?"71 which were first constructed by Eliashberg [31], and were intensively studied
in [46, 28, 101, 100]. Lazarev [71, Corollary 1.12] proved that for any sphere S**~! of
dimension 2n—1 > 5, there exist infinitely many different contact structures for the standard
almost contact structure. The contact structures Lazarev constructed can be filled by flexible
Weinstein domains. However, the exotic contact structures on S#+1 S7 8§11 S§15 constructed
in [101, 100] can not be filled with flexible Weinstein domains [71, Corollary 1.12]. So a
natural question is whether we can find infinitely many contact structures on S**~! for a
fixed almost contact structure, such that they can not be filled by flexible Weinstein domains.
We answer this question affirmatively in theorem 18.18 for a large class of almost contact
structures by a modification of Lazarev’s construction.
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Chapter 2

Basics of Sc-Calculus

Sc-calculus was introduced in [58] as a generalization of the classical calculus on Banach
spaces. It is a weaker notion of differentiability such that reparametrization becomes smooth
in sc-calculus, see Example 2.8. Moreover, the dimension jump phenomenon in the gluing
analysis of J-holomorphic curves [80] can be described by sc-calculus in a smooth way, see
(61, 35]. In this chapter, we refer some basic notions and properties of sc-calculus from [65]
that will be used in this paper.

2.1 Sc-differentiability

Definition 2.1 ([65, Definition 1.1]). A sc-Banach space E consists a decreasing sequence
of Banach spaces,
EeDE D...,

such that the following two conditions are satisfied,
1. the inclusion E;; 1 — E; is compact,
2. the intersection Eo, = N;>olE; is dense in every E,,.

Given a sc-Banach space E, we can shift the levels up by k to get another sc-Banach
space EF, that is (E*); := E;,;. Note that if dimE; < oo for some i € N, then the dense
condition implies that Eg = E; = ... = R". As a consequence, we point here that sc-
calculus reviewed here, M-polyfolds and polyfolds reviewed in Chapter 3 and 4 are the
regular calculus, manifolds and orbifolds respectively, when the underlying sc-Banach spaces
are finite dimensional.

Example 2.2. The major examples are sequences of Sobolev spaces, e.g.E := H°(S') D
HY(SY) D ... and F := C°%St) D CY(S') D .... Then E = Fyp = C>(S'), hence we
will refer to points in the infinite level By as smooth points. On noncompact manifolds,
to ensure the the inclusion between levels are compact, we need to consider Sobolev space
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with weights. For ezample, H = H*(R) D> HY1(R) C ..., where 0 = § < 6; < ... and
|f|?—['ma5m = Zogigm fe(;m‘x'(sz(x))zdx-

Definition 2.3 ([65, Definition 1.2]). A linear operator T : E — F is called a sc-operator
if T : By — Fy is linear, T(E,,) CF,, and T : E,, — F,, is continuous.

A sc-subspace F C E is a sc-space F such that F; C [E; are closed subspace and F; = FyNE,.
A sc-subspace F C E has a complement G, if G C E is a sc-subspace and on every level m
we have the topological direct sum E,, = F,, ® G,,. The following propositions asserts the
existence of complement for finite dimensional subspace inside the infinite level.

Proposition 2.4 ([65, Proposition 1.1]). A finite dimensional space F is a sc-subspace
of a sc-Banach space E iff F C E, and a finite dimensional sc-subspace always has a
complement.

An open set U C E of a sc-Banach space is open set U C [y, then it has a filtration
{Up, :=UNE,,};m>o0 and U,, is an open subset of E,,. Moreover, we can shift levels up & to
get an open set U* C EF.

Definition 2.5 ([65, Definition 1.7]). Let U C E and V C F be two open subsets, then a map
f:U = Vissc® or sc-continuous iff f(U,) C V,, and the induced maps [ : U, — Vi,
are continuous for all m.

For an open set U C E, the tangent space TU of U is defined to be U' @ E, see [65,
Definition 1.8]. In particular, TU C TE = E! ® E is an open subset. The reason of the level
shift in the base is the following definition.

Definition 2.6 ([65, Definition 1.8]). Let U C E and V C F be two open subsets, then a
map f: U — V is sc provided the following conditions hold.

1. f issc.

2. For every x € Uy, there exists a bounded linear operator Df, : Eg — Fy such that for
h € E, with x + h € Uy,

jo M@+ 1) = () = DAy

|h|1—0 |h|q

=0.

3. The tangent map T'f : TU — TV defined by

Tf(x,h) = (f(z),Df.h), x €U, hé€RE,,

is sc®.

Remark 2.7. The map x — D, f is usually not continuous using the norm topology for a
sct map.
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Amap f:U — Vissc? iff Tf : TU — TV is sc*"1. A map f is sc>® if f is sc* for all
k > 0. One of the key examples of sc¢> maps is the action by reparametrization.

Example 2.8. Let F := C%(S') D CY(S') D .... We can define the map f : ROF — F
by (t,h) — h(t+-). Then f is sc™ but not C' on any level, see [35, Section 2.2] for more
details.

Another important example of sc-smooth map is the following retraction, which is closely
related to the gluing construction in Gromov-Witten theory and Floer theories.

Example 2.9 ([64, Example 1.22]). Let the sc-Hilbert space E,, := Hj" (R), where d,, is the
exponential decay weight. Choose a smooth compactly supported positive function [, such
that fR B2 =1. Definer, : E — E to be:

0 t<0
= { Ja f@)Be+et)da-Blz+et) ¢>0

It was checked in [64] that 7w := (t,r;) : R x E — R X E is sc-smooth. Topologically, im 7 is
the union of the half line (—oo, 0] with the open half plane (0,00) x R.

Note that m in Example 2.9 is a retraction, i.e. m om = m. In contrast to the classical
calculus on Banach space, where the image of a smooth retraction will be a sub-Banach
manifold [20], here the image of the retraction im 7 does not posses a usual (Banach) manifold
structure, in particular, the dimension jumps. However, im 7 is a smooth object in polyfold
theory, see Chapter 3.

2.2 Properties of Sc-Calculus

Proposition 2.10 ([65, Proposition 1.6]). Let U,V be two open subsets of sc-Banach spaces
and f:U =V asc® map. Then f: U™ — V™ is also sc* for all m > 0.

Proposition 2.11 ([65, Proposition 1.7]). Let U,V be two open subsets of sc-Banach spaces
and f : U — V asc® map. Then for every m > 0, the induced maps f : Upsrp — Vi is of
class C*. Moreover, f : Uy — Vy, is of class Ct for 0 <1 < k.

Proposition 2.12 ([65, Proposition 1.8]). Let U,V be two open subsets of sc-Banach spaces
and f : U — V a map preserving the sc-structure, i.e. f(Up) C Vi,. Assume for every
m>0and 0 <1<k, f:Upp — Vi is of class CH1. Then f is sch+1.

In the case of the target F = R™, the Proposition 2.12 has the following form.

Corollary 2.13 ([65, Corollary 1.1]). Let Ube an open subset of a sc-Banach space and

f:U = R" amap. Assume for some k and all0 <1<k, f: U, — R" is of class C'*1, then

f is sc”.
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One of the most important fact about the sc-calculus is that chain rule holds.

Theorem 2.14 (|65, Theorem 1.1}). Let U,V,W be three open subsets of sc-Banach spaces
and f : U — V,g: V — W two sct maps. Then the composition go f : U — W is scl.
Moreover, T(go f) =TgoTf.

The chain rule provides a foundation towards a manifold resp. orbifold theory using
sc-calculus, which will be reviewed in the next chapter.
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Chapter 3

Free Quotients of M-polyfolds

M-polyfolds were introduced by Hofer, Wysocki and Zehnder [65, Definition 2.8] as a gener-
alization of manifolds. In this section we prove that the quotient of a tame M-polyfold by a
free group action is still a tame M-polyfold and an equivariant sc-Fredholm section descends
to a sc-Fredholm section on the quotient.

Theorem 3.1. Let X be an infinite-dimensional tame M-polyfold (Definition 5.10),p: Y —
X a tame strong M-polyfold bundle (Definition 3.12) and s : X — Y a proper sc-Fredholm
section (Definition 3.35). Assume a compact Lie group G acts on the tame strong M-polyfold
bundle p : Y — X sc-smoothly (Definition 3.14) such that the induced action px on the base
X is free and the section s is G-equivariant. Then the following holds.

1. There exists a G-invariant open set X C X2 containing Xs,, such thatp : p_l(/'?)/G —
X /G is a tame strong M-polyfold bundle and the quotient map w : p~*(X) — p~1(X)/G
s a sc-smooth strong bundle map.

2. s induces a proper sc-Fredholm section s : X' )G — p~(X") /G by 75 = s| 1.

Part (1) of Theorem 3.1 is proven in Section 3.1 and part (2) is proven in Section 3.2.
The uniqueness of the M-polyfold structure is addressed in Proposition 3.30.

Remark 3.2. A few remarks on the level shift are in order.

o Like polyfolds, M-polyfolds have level structures Xy, C ... X} C Xy = &, such that Xy
is dense in every level X;. We can shift levels up by k to get X%, i.e. (X*); = Xpys.
All the information needed to reqularize s(0) is encoded in Xy. In particular, s*(0)
and any of its reqularizing perturbations are contained in X .

e The two levels shifted in part (1) of Theorem 3.1 come from the construction of the
slices to the group action, c.f. Lemma 3.27. The extra level shift in part (2) is from
Lemma 3.40.
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o The level shift in Theorem 3.1 seems to be necessary. For example, we have the sc-
Banach space E of continuous functions on S, i.e. E; := CY(S'). Then we have a
sc-smooth S'-action on E by 0 - f := f(0+ ), for f € E and § € S*. Let X :={f €
E|f(0 +-) # f,V0 € S'}. Then X is an open subset of E, hence a M-polyfold. The
St-action restricted to X is free. Then we can give the quotient X'/S* a M-polyfold
structure, since we need Ct-differentiability to write down the local slice conditions, see
[35, Section 2.2, 4.3] for details. It is not clear whether one can give X /S* a M-polyfold
structure.

e [t is not clear to us whether one can construct the quotient bundle and section by
shifting only one level. Since in applications, the invariants are derived from the zero
set s71(0), which is contained in X. Therefore, shifting one level and three levels do
not make an essential difference.

Remark 3.3. The infinite dimensional condition is only used in part (2) of Theorem 5.1,
see Proposition 3./2.

3.1 Free quotients of M-polyfolds and strong
M-polyfold bundles

If a compact Lie group G acts on a finite dimensional manifold M freely, then the quotient
M /G is a smooth manifold, see e.g. [72]. This section proves the analogue for M-polyfolds
and M-polyfold bundles. The proof also provides a local prototype for our main theorem on
polyfolds.

M-polyfolds and M-polyfold bundles

This section reviews some definitions from [65] that will be crucial for our construction.
Let R} := [0,00). We begin with the local models that generalize open subsets of R} for
manifolds with boundary and corner. A partial quadrant is defined to be R’ x E. For every
(r,e) € RT x E, the degeneracy index d : R x E — N is defined to be

d(r,e) .= #{i € {1,...,m}|the i-th coordinate of r is zero.}.

For every x € R x E, we can define the minimal linear subspace (R x E), C R™ x E [65,
Definition 2.16] as follows: If x = (71,...,7,,e) € RT x E, then

(RT x E)y = {(v1, ..., 0m, f)lvi =01if r; =0} C R™ x E. (3.1)

This can be understood as the tangent space of the intersection of all the faces containing
x, i.e. the tangent space of the corner of degeneracy index d(z).
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Remark 3.4. The original definition of partial quadrant [65, Definition 1.6] is a closed
convex subset C' C ', such that there exists another sc-Banach space E and a linear sc-
isomorphism ¥ : B — R™ x E satisfying V(C) = R x E. Instead of including V in the
discussion, we will work with the standard model R x E to simplify notation.

Definition 3.5 ([65, Definition 2.17]). Let U be an open subset of RT x E. A sc® map
r:U — U is called a tame sc-retraction if the following conditions hold:

e d(r(z)) =d(x) for allx € U;

o at every  in 1(U)s :=1(U) N (R} x E)s, there exists a sc-subspace A C (R} x E),,
such that R™ x E = Dr,(R™ x E) @ A.

A pair (O,R7 x E) is called a tame sc-retract if there exists a tame sc-retraction r on an
open subset U C R x E, such that r(U) = O.

Remark 3.6. In [65], a sc-retract is a tuple (O, C,E') with C' C E' a partial quadrant. Since
we fix the form of partial quadrants throughout this paper, we have simplified the notation
for sc-retracts to (O,C =R x E).

The notion of smoothness for maps between open subsets of R" is generalized by polyfold
theory in two ways: First, sc-smoothness for maps between open subset of sc-Banach spaces
is defined in [65, Definition 1.9]. Second, for maps between sc-retracts, sc-smoothness is
defined as follows.

Definition 3.7 ([65, Definition 2.4]). Let (O,R7T x E) and (O',R? x E') be two tame sc-
retracts. A map f:O — O is sc-smooth if for :RT? xED U — R:L”/ x K is sc-smooth,
where v is a sc-retraction for (O,R7 x E) and U is an open subset of RT x E such that

r(U) =0.

This notion is well-defined by [65, Proposition 2.3|, i.e. the definition does not depend
on the choice of sc-retraction r and open set U.

Definition 3.8 ([65, Definition 2.8, 2.19]). Let X be a topological space. A tame M-
polyfold chart for X is a triple (O, ¢, (O,RT x E)), such that

e (O,RT x E) is a tame sc-retract;
o ¢: 0O — O is a homeomorphism from an open subset O C X.

Two tame M-polyfold charts (O, ¢, (O,RT x E)) and (O', ¢/, (O',R™ x E')) are compatible if
@ ot resp. pod™t are sc-smooth map from ¢(ONQO’) to ¢'(ONO’) resp. from ¢'(ONO’)
to (O NO') in the sense of Definition 3.7. An atlas is a covering by compatible charts. A
tame M-polyfold structure on X is a maximal atlas of tame M-polyfold charts for X. A
tame M-polyfold X is a paracompact Hausdorff space with a tame M-polyfold structure.
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The following remark defines the notion of the tangent spaces of M-polyfolds.

Remark 3.9. The tangent space of a partial quadrant T(RT x E) [65, Definition 1.8] is
defined to be (R x E)! x (R™ x E). The tangent space of a sc-retract (O, R x E) is defined
to be the sc-retract (IO, T(RT x E)), where TO = Tr(TU) is the image of the tangent map
Tr:TU — TU,(x,e) — (z,Dr.(e)) for any choice of retraction r : U — U with r(U) = O.
The tangent space of a M-polyfold X is a M-polyfold TX [65, Proposition 2.5] with charts
(TO,T¢,(TO, T(RT? x E))). Then the projection m : TX — X' defines a M-polyfold bundle
in the sense of Definition 3.11.

Definition 3.10. We say a tame M-polyfold X is infinite dimensional if for every x € X,
the dimension of the tangent space T, X 1is infinite.

M-Polyfolds in all known applications [61, 62, 102, 74| are infinite dimensional and tame.
Next we review the notion of (strong) M-polyfold bundles, which generalizes the notion
of vector bundles over manifolds.

Definition 3.11. Let X be a tame M-polyfold, Y a paracompact Hausdorff space and p :
Y — X a surjection with p~*(z) a vector space for every x € X. A tame bundle chart
for the bundle p : Y — X is a tuple (O, ®, (K, (R} x E) x F)) such that the following holds:

e there ewists an open subset U C RT' x K and a sc-smooth retraction R : U x F —
UXTF, (z,f)— (r(z),o(x)f), where o(x) is a linear map from F to F and r is a tame
retraction,

e there is homeomorphism ¢ : O — r(U) such that (O, ¢, (r(U), R} x E)) is compatible
chart for the M-polyfold X .

e d:p(O) - K := R(U x F) is bundle isomorphism, i.e. ® is a homeomorphism
such that m o ® = pop and @, : p~1(x) — im o(¢(x)) is a linear isomorphism, where
m:r(U) xF D> K — r(U) is the projection.

Two tame bundle charts (O,®, (K, (RT x E) x F)) and (O, ¥, (K', (R x E') x F')) are
compatible iff the transition maps ® oc®~1: ®(p~1(ONO")) = ' (p~1(ONO")) and Pod' ! :
' (p~H(ONO")) = d(p 1 (ONO)) are sc-smooth. Thenp:Y — X is a tame M-polyfold
bundle iff it is equipped with a strong bundle atlas.

Since fibers of M-polyfold bundles tend to be infinite dimensional vector spaces in appli-
cations, it will be necessary to have an extra “strong” structure on the bundle, which will
be used to formulate the notion of compact perturbation of a Fredholm section. In polyfold
theory, it uses the following filtrations. Let U C R x E be a open subset and F another
sc-Banach space. We define the non-symmetric product U << F’ to be the set U x F with extra
structures of (U < F)[i], which are defined to be the filtrations (U < F)[i])., := Up & Finpi-
In particular, (U < TF)[z] is an open subset of the partial quadrant (R} x E) < TF)i].
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Definition 3.12 ([65, Definition 2.26] ). Let X be a tame M-polyfold, Y a paracompact
Hausdorff space and p : Y — X a surjection with p~*(x) a vector space for every x € X. A
tame strong bundle chart for the bundle p : Y — X is a tuple (O, ®, (K, (R} x E) <F))
such that the following holds:

e there exists an open subset U C R x E and a map R : U <F — U <F,(z, f) —
(r(z), o(x)f) satisfying Ro R = R, where o(x) is a linear map from F to F and r is a
tame retraction;

o R[] :== R|wamy : (U<F)[i] = (U <F)[i] is sc-smooth for i =0,1;

e there is homeomorphism ¢ : O — r(U) such that (O, ¢, (r(U), R} x E)) is compatible
chart for the M-polyfold X .

e o:p1(O) - K := R((U <TF)[0]) is bundle isomorphism covering ¢.

Two strong bundle charts (V,®, (K, (R" x E) < F)) and (V',®',(K', (R% x E') < F')) are
compatible iff the transition maps ® o ®~1[i] : ®(p~1 (O N O)[i] = ' (p~H(ONO")[i] and
Qo d i : D(pHONO)Ni] = d(p 1 (ONO))i| are sc-smooth for i = 0,1. Then
p:Y — X is a tame strong M-polyfold bundle iff it is equipped with a strong bundle
atlas.

Note that a strong bundle ) defines two M-polyfold bundles Y[i] over X for i = 0,1, and
there is a sc¢* bundle inclusion Y[1] C Y[0] = Y covering the identity on X. Let p, : Vo — &,
and p, : Yy — A be two M-polyfold bundles, then a sc-smooth map F': Y, — ), is a bundle
map covering a map f : X, — X, iff p,o F = fop, and F is linear on each fiber (},),. If
Pa, P» are strong bundles, then F'is a strong bundle map iff F[i] : YV, [i] — W[i] are sc-smooth
bundle maps for i = 0,1. A (strong) bundle map is a (strong) bundle isomorphism iff it
admits a (strong) bundle map inverse.

Remark 3.13. Sections of Y[1] are called sc™ sections [65, Definition 2.27], which play the
role of compact perturbations.

Definition 3.14. A sc* G-action p on a tame strong M-polyfold bundle p : Y — X is a
strong bundle map p : G x Y — Y, such that p(h, p(g,y)) = p(hg,y) for h,g € G, y € Y.

Given a group action p, since p : G x Y — Y is a bundle map, it induces a map
px G x X — X. To see py is sc-smooth near a point (g,z) € G x X, we first choose sc>
section s defined on a neighborhood of z. Then px(h,y) = p(p(h, s(y))), which is sc-smooth.

Slices of free group actions

Let p : YV — X be a tame strong M-polyfold bundle. Assume p is a sc-smooth G action
on p for a compact Lie group G. The core of the proof of Theorem 3.1 is finding a slice
O C X to the group action near every point xy € X, such that O is transverse to the orbits
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of the group action. When X is a smooth manifold, we require slices to be submanifolds.
There are several notions of “smooth subset” of M-polyfolds, which generalize the notion of
submanifold, e.g. [65, Definition 2.12]. We will work with the notion from [36] in Definition
3.17.

Definition 3.15 ([36, Definition 3.2, 3.4]). Consider an open subset U C R x R* x E for
somemn > 0. A tame sc-retraction r : U — U is called R™-sliced if it satisfies mgn 01T = TRn.
A tame strong bundle retraction R : U <F — U < F is R™-sliced if it covers a R"-sliced
sc-retraction on U.

An important consequence of Definition 3.15 is that the restriction of r resp. R to
R x {v} x E resp. (R} x {v} x E) <F is a tame retraction resp. tame strong bundle
retraction for every v.

Lemma 3.16 ([36, Lemma 3.3, 3.5]). Given a R"-sliced tame retraction r : R x R" x E D
U — U, let U := (R? x {0} x E)NU. Then the restriction ¥ := rlg : U — U is a
tame retraction. Given a R"-sliced tame strong bundle retraction R : U <F — U < F, the
restriction R == R|U QF : U <F — U <TF is a tame strong bundle retraction.

Definition 3.17. Let X be tame M-polyfold. Then a subset © C X is called a slice if there
exists a tame chart (O, ¢, (O, R x R* x E)) such that O is defined by a R"-sliced retraction
r:U—=Uand O =¢ ' or((RT x {0} xE)NU)

Let p - Y — X be a tame strong M-polyfold bundle and O a subset of X. The subset
p Y (O) C Y is called a bundle slice if there exists a tame strong bundle chart (O, ®, (K, (R x
R™ x E) <)) of such that K is defined by a R"-sliced bundle retraction R : U <F — U <F

and p~1(0) = 1o R(((R™ x {0} x E)NU) < TF).

For a bundle slice p~'(O), Pl p~HO) — O is a tame strong M-polyfold bundle by
Lemma 3.16. In particular, slice O is a tame M-polyfold by itself.

The following normal form for submersions on retracts from [36] will be used to construct
the slices for the quotient. To state the lemma, we first recall the reduced tangent space
from [65]. Let (O,R7} x E) be a sc-retract. For every € O, the reduced tangent space
[65, Definition 2.15] is the subspace:

TEO := T, 0N R} x E), C T,0,
where (R} x E), is defined in (3.1). In particular, if (0,0) € O, we have T(§ ,O C {0} x E.
Remark 3.18. T2O is invariant under sc-diffeomorphism [65, Proposition 2.8]. Therefore
for a M-polyfold X and v € X, we can define TEX = d¢*1(TfO) C T, X for any chart

(0,9, (0O,R} x E)) with ¢(x) = y € O. TEX is called the reduced tangent space [65,
Definition 2.20].



CHAPTER 3. FREE QUOTIENTS OF M-POLYFOLDS 21

Lemma 3.19 ([36, Lemma 4.2, Remark 4.3]). Consider a tame sc-retract (O,R7} x E)
containing xo = (0,0) € O and a sc-smooth map f : O — R™. Suppose that f(zo) = 0
and the restriction of the tangent map DfxOITZEéO : TfﬁO — R"™ is surjective. Let K denote
ker D(f o)z, N ({0} x E), where r is a retraction for the sc-retract (O, R x E). Then we
can view K as a subspace of E of codimension n. Assume L C (TxROO)oo 1s a complement of
K in E. Then there erists neighborhoods U C R x E! of 29 and U’ C R x R™ x K! of

(0,0,0), such that there exists a sc-diffeomorphism h : U — U’ with the following properties.
e h(zg) = (0,0,0).
o foroh ™R xR"xK' DU — R" is the projection to R".
e horoh™tis a R"sliced retraction on U'. In particular, f~1(0) N U is a slice of O.
e Dh,, ({0} x L) = {0} x R" x {0} and Dh,,({0} x K!) = {0} x {0} x K.

Remark 3.20. The existence of complement L is guaranteed, see [65, Lemma 2.2].

From the perspective of Lemma 3.19, in order to construct slices for the quotient, we
need to construct submersive maps to R4 ¢ Such maps will not be globally defined on X
in general. In fact, we can only construct sc-smooth submersive maps near every smooth
point g € X.

Definition 3.21. A M-polyfold chart (O, ¢, (O,R7} x E)) is around xo if ¢(xo) = (0,0) €
R x E.

It is clear that the existence of M-polyfold chart around x is equivalent to xg € X.. Let
px : G X X — X be a sc-smooth action on the M-polyfold X. Given a M-polyfold chart
around zy and a neighborhood B C G of id, we have a sc-smooth map that parametrizes
the orbit through x( locally,

v:B =R xE, g ¢opx(g,xo). (3.2)
The infinitesimal directions of the G-action at xq in this chart is the subspace
Dvia(TiaB) € (TOw,0))00 € R™ X Eie. (3.3)
Proposition 3.22. D4 (TiqB) C (T(IS’O)O)OO C {0} x Ex, ~ Ew.

Proof. For each g € G, the map px(g,-) is a sc-diffeomorphism. By [65, Proposition 2.8,
2.10], p(g, -) preserves the degeneracy index. In particular, we have ¢popx(g,z9) € {0} xE C

R7 x E. Therefore Dyia(TiaB) C TO(0) N ({0} x E) = T|§ O C {0} x E~E. O

Proposition 3.23. If px s free, then infinitesimal directions at vy € X in a chart
(0,0,(0,R} x E)) around xq is of dimension dim G.
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Proof. Assume otherwise, that is there exists £ € TigG such that Diq(§) = 0. Then () :=
px(exp(tf), xg) : (—€,€) — X is a sc-smooth map with the property that DE(t) = 0 because of
the group property px(exp(t&), pa(exp s&), zo)) = px(exp((t + s)§), o). By [65, Proposition
1.7, po&: (=€, €)' = (—€,€) = R x E is C'. Then £(t) = xo, contradicting the free action
assumption. ]

Since Dviq(TigB) C Ew is finite dimensional, by [65, Proposition 1.1] there exists a sc-
complement H of Dvq(T3q¢B) in E. In Lemma 3.27 below, we prove that an open subset of
the shifted space ¢~1(O N (R} x H?)) C X? is a slice. First, we use Lemma 3.19 to prove
the following more general statement, which is used in Lemma 3.27 and Proposition 4.39.

Lemma 3.24. Letp : Y — X be a tame M-polyfold and (O, ®, (P, (RT x E) <F)) a tame
strong bundle chart around xy € Xo covering a tame M-polyfold chart (O, ¢, (O, R} x E)).
Let v be a tame retraction, R a strong bundle retraction covering v such that O = r(U)
and P = R(U <) for an open neighborhood U C RT x E of (0,0). For a neighborhood
B C R™ of 0, assume A : B x p~(O) — Y is a sc-smooth strong bundle map such that
A0, )|p-10) = idp-1(0). Let I' : B x O — X denote the map on the base covered by
A. Suppose that DT (g 40)(ToB % {0}) C (TEO)w and is of dimension n. Let = := D(¢ o
I)0,00)(ToB x {0}) C {0} x Eoy ~ Ey and H any sc-complement of = in E. Then the
following holds.

1. There exists open neighborhoods O" C O? of 9,V C B of 0 and a sc-smooth map
f: O =V such that O' := f71(0) is a slice of X* containing xy and p~*(O') is a
bundle slice of p : Y? — X2.

2. Forx € O, g= f(x) is the unique element g € V', such that I'(g,x) € o'

3.0 = O defined by x — T(f(x),z) is sc-smooth. N : p~(O') — p~H(O') defined
by v — A(f(p(v)),v) is a sc-smooth strong bundle map.

4. Let K := (H N T(’&O)Ol) @ (ker Drg) N ({0} x EY)) C E'. There exist neighborhoods

U CU? of (0,0), U" C RTxR"x K" 0of (0,0,0) and a sc-diffeomorphism h : U' — U”",
such that horoh™ : U" — U" is a R"-sliced retraction. Moreover O' = ¢~' o r(U)
and O' = ¢ toroh (R x {0} x K')nU").

5. Dhioo)(E) = {0} x R™ x {0}, Dh)({0} x K*) = {0} x {0} x K.

6. 0'=0'N¢L(ON (RT x H)).

Proof. Let m=, 7y be the projections to Z and Hin E = Z@® H. Let W := I'(-,¢ ' o
r(-))"1(O) N (U x B), which is open neighborhood of (0,0,0) € U x B. We consider the
well-defined sc-smooth map ¢ : U x BO W — =:

q:(z,9) = m=z0¢0l(g,¢ " or(x)).
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Since Dg(0,0,0) 10} x {0y x1o8 = 7= © D(¢ 0 I')(0,20) |10 Bx {0}, the assumption D(¢ o I') (g z0) (ToB x
{0}) = = implies that

Dq(0,0,0) |10} x {0} x5 i an isomorphism on to Z. (3.4)

Then we can apply Lemma 3.28 to get open neighborhoods U* C U* of (0,0) and V' C B of
0, and a sc-smooth function t : U* — V', such that

q(u,v) =0 for u e U, v € V iff v = t(u); (3.5)

Dt (0,0 (u) = (DQ(O,O,O)‘{O}X{O}XTOV)71 °© Dq(0,0,0) (u,0), VueR™x E'. (3.6)
Note that I'(0,-) = idp by assumption. Then we have

DQ(O,(J,O) (U, 0) = 7= O D?"(0,0) (U), Yu - R™ x ]El. (37)
Since Dr(o,0)|{oyx= = idz, (3.6) and (3.7) imply that
Dt(0,0)|{0}x=x {0} 1 surjective onto TyV. (3.8)

Note that q(r(z),g) = q(x, g), hence (3.5) implies that t or =t on U* x V. Hence t|, -~ is
a sc-smooth function.

Since = C T(]&O)O by assumption, (3.8) implies that Dt(O,O)’ng’O)O : T(IS,O)O — TV is
surjective. We can apply Lemma 3.19 to t as follows: There exist open neighborhoods
U C (U*)' cU?of(0,0), U" C R xR"xK?! of (0,0, 0) and a sc-diffeomorphism h : U" — U”
such that horoh™!is a R"sliced retraction and t o h=! is the projection to R", where

K :=ker D(t o100 N ({0} x E') = ker Dt(g0) N ({0} x E'). (3.9)

Then (3.7) implies that K = (]HI N T(I(?’O)Ol)@(ker Dr(o0 N ({0} x EY)). Let O :=r(U"),0" :=
horoh ™ (U") and O := ¢ 1(O') = ¢~ o L™ H(O") C X?. We also define H := h <idp2 and
R':=HoRoH ' and K" = R'(U" <F?). Then (O',H o ®, (K", (R7 x R" x K') < F?))
is a tame strong bundle chart for p : Y? — X? around xy covering a M-polyfold chart
(O ho ¢, (0" RT x R" x K!)). Therefore by Lemma 3.16, 0" := ¢~ (¢t~1(0) N O') is a slice
of X2 and p~'(@’) is a bundle slice. So far, we have proven Property (1) and (4). Property
(5) follows from Lemma 3.19.

Let f : O — V be the sc-smooth map defined by = — to ¢(x). Let ¢ € V and
z € @, Then I'(g,z) € f~1(0) = O is equivalent to ¢(0,(T'(g,2))) = 0 by (3.5), that is
m=0¢ol(0,I(g,x)) = 1= 0 ¢pol(g,x) = 0. Therefore I'(g,z) € O" is equivalent to (¢(z), )
is a solution to ¢ = 0 in U’ x V. Therefore by (3.5), g = t o ¢(x) = f(x). Hence property
(2) holds.

To see n(z) := I'(f(x), x) is sc-smooth. By chain rule [65, Theorem 1.1}, 7 is a sc-smooth
map from O to O. In chart U”, that is hogonogtoroh™:U" — R x R* x K! is
sc-smooth. Since im(hogponogtoroh ™) CRT x {0} xK', hogponoptorohtis
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also a sc-smooth map from U” to R™ x {0} x K'. That is n : O — O’ is sc-smooth. The
sc-smoothness of N := p(f(p(x)), z) follows from the same argument. This proves property
(3).

To show property (6), for z € O, by (3.5) t(x) = 0 is equivalent to 0 = ¢(z,0) =
m=0¢o (0,07 or(x)) = m=(x), ie. x € H. Since O’ = {¢~'(z)|t(z) = 0,z € O}, hence
O'=0'N¢ 1 (ON (R x H)). O

Remark 3.25. Property (1) - (3) in Lemma 3.2/ are directly used in the construction of
G-slices, e.g. Lemma 3.27, Proposition /.39 and Proposition 4.68. Property (4) and (5) is
used to get G-slices which is also good in the sense of Definition 3.38, see Proposition 5.4 2.

Definition 3.26. Let p be a sc-smooth action on tame strong M-polyfold bundlep : Y — X.
For every zo, a bundle G-slice of p around xq is a tuple (O,0,V, f,n, N) such that the
following holds.

o O is open subset of X and V C G is an open neighborhood of id.

e f:0O =V is a sc-smooth map, such that xo € O = f~'(id) and p~1(O) is a bundle
slice.

Forxz € O, g = f(x) is the unique element g € V' such that px(g,x) € O.

n: 0O = O defined by x — px(f(z),x) is sc-smooth. N : p~(O) — p~1(O) defined by
v = p(f(p(v)),v) is a sc-smooth strong bundle map.

e V:0 =05 X/G is injective.

Lemma 3.27. Let p be a sc-smooth action on the tame strong M-polyfold bundlep : Y — X
such that px is free. Then there exists a bundle G-slice of p : Y?* — X? around every
To € X

Proof. For zy € X, let (O, ®, (K, (R} xE) <F)) be a tame strong M-polyfold bundle chart
around x, covering a tame M-polyfold chart (O, ¢, (O,R7} x E)). Then we define

A:Bxp (0) =Y, (9,0) = plg,v),
where B C G is a neighborhood of id. Then A(id, -)|,-1(0y = id)-1(0) and A covers the map
I':Bx0— X? (g,ZL') = /)X<9733>

Since the group action is free, by Proposition 3.22 and Proposition 3.23 DI'(q 40 (TiaB X
{0}) = Dya(TaB) C TEO and dim DI(q40)(TlaB % {0}) = dim B. Hence we can apply
Lemma 3.24 to A. As a consequence, we have (&', 0, V, f,n, N) satisfying all the conditions
of a bundle G-slice except the injective condition. Moreover, by Definition 3.26, for every
open neighborhood O” € @ of zy, let O" = = 1(O"), then (O”,0",V, f,n, N) satisfies all
but the injective condition of a bundle G-slice.
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We claim that there is an open neighborhoodfé” C O of xy, such that 1|4, is injective.
Assume otherwise, that is there exist x,,y, € O’ converging to zo and g, # id € G such
that px(gn, Tn) = Yn. Since G is compact, we have lim g,, = go for a subsequence {n; };en.

1—00

The continuity of py implies that py(go, o) = . Since the group action is free, we have
go = id. In particular, there exists n € N such that g, € V. Then both z,, = px(id, z,) and
Yn = px(gn, Tn) are in O, which contradicts property (2) of Lemma 3.24. As a consequence,
(n~(O0"), 0", V, f,n, N) satisfying all the conditions of a bundle G-slice. O

Although a general implicit function theorem does not exists in sc-calculus [37], the
following special form holds. It is used in the proof of Lemma 3.27 and Lemma 3.40.

Lemma 3.28. Let ¢ : RT x E x R" — R" be a sc-smooth map. Assume ¢(0,0,0) = 0 and
Dq(0,00)({0} x {0} x R™) = R". Then there exists open neighborhoods U C R x E* of (0,0),
V CR" of 0 and a sc-smooth map f :U — V', such that

1. ¢ :R? X Epyy DU,y — Vois C™ for allm > 0.
2. q(u,v) =0 forueUw eV iffv= f(u);
8. D f0,0)(1) = (Dg(o,0,0) {03 x {0} xr») " © Dgro,0,0) (11, 0) for u € R™ x EL.

Proof. By [65, Proposition 1.7], ¢ : RT x E* x R" — R™ is a C* map. Since ¢(0,0,0) =0 and
Dq(0,0,0)({0} x {0} xR™) = R", we can apply the classical implicit function theorem for partial
quadrants in Banach spaces’. That is there exists an open neighborhoods U C R x E! of
(0,0) and V C R” of 0, and a C! map f : U — V, such that q(u,v) =0 foru € Uyv € V
iff v = f(u). Moreover, Dgu.» ({0} x {0} x R") = R". for every (u,v) € U x V with
q(u,v) = 0. It remains to prove that f is sc-smooth. For every (u,v) € U x V with
q(u,v) = 0, if u € R} x E*, we can apply the classical implicit function theorem to the
Ck map ¢ : R? x E* x R® — R" near (u,v) to get C* map f; defined near u solving
q(u,v) = 0. By the uniqueness of implicit function, we have f = f& in a neighborhood of
u in R7T x EF x R™. Therefore f : U N (RT x Ef x R") — R" is C¥. By [65, Proposition
1.8], f: U — V is sc-smooth. The last assertion follows from the classical implicit function
theorem. O]

Free quotients of M-polyfolds and M-polyfold bundles

We first prove that bundle G-slices give rise to a tame strong M-polyfold bundle structure
on the topological quotient. In particular, part (1) of Theorem 3.1 follows directly form the
following lemma.

IThe inverse function theorem for partial quadrant was discussed in [92, Theorem 2.2.4], and the implicit
function theorem for partial quadrants follows as a corollary.
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Lemma 3.29. Assume p acts on a tame strong M-polyfold bundle p : Y — X such that the

induced action pxy on X is free. For every xg € Xu, we pick a bundle G-slice (@wo, Oz Vaos fros Mros Nao)
of p around zo. Let X = Uyyex pr(G, Oy,). Thenp: p~H(X)/G — X /G is a tame strong
M-polyfold bundle, such that map

U, =moi:p HOy) < p(O) 5 pH(X)/G (3.10)

is a strong bundle morphism. Moreover, the quotient map 7 : pil(é\?) — pil(z”?)/G is a
sc-smooth strong bundle map.

Proof. By construction, X is a G-invariant open subset of X containing X,,. We claim that
for every zy € X, the following maps

eyt Oy = X 5 X/G (3.11)

induce a sc-smooth structure on X /G C X/G.
To prove this claim, we first show v, is a homeomorphism onto the image. Since ¥y,
is injective, it suffices to show that 1,, is an open map. For every open subset U4 C O,,,

we have 1, (U) = m(n;1(U)). Thus it is sufficient to prove 7! <7T(77;01 (Z;l))) C X is open.
Because 7,1 () C X is open, px <G,77;OI(L~{)> C X is also open. Since 7! (71’(77;01(2;{») =

pa (Gond @), 7 (@A) s open.

Next we will prove the compatibility between 1, and 1),,. Consider a point ¢ € X /G
such that 1, (x) = ¥, (y) = q for x € O,y € O,,. If we view z,y as points in X', then
m(z) = m(y) = ¢, i.e. there exists gy € G such that px(go,y) = . We claim the transition
map near y can be expressed as

ol 0% (2) = Ny © pac(gos 2)-

This is because 7,, is defined on a neighborhood of x = px(go,y) in O, and 7w on,, o
px (9o, %) = ™o px(go, z) = m(z). Since 7,, is sc-smooth, ¥ ! 0 1)y, is sc-smooth. Since each
slice O, is a tame M-polyfold, we give X /G a tame M-polyfold structure.

By [65, Theorem 2.2], X' is metrizable. Therefore by Lemma 3.31 below, X' /G is again a
metrizable space and so is X /G. Hence by /G is a paracompact Hausdorff space with tame
M-polyfold structure, i.e. a tame M-polyfold.

Finally we prove that the quotient map 7 X o X /G is sc®. Consider = € X , by our
construction of X, there exist gy € G and a slice O,,, such that pX(gg, z) € O,,. Therefore
the map 7 can be locally expressed as

T2 Mgy © px (9o, 2).

Since 7., and py are both sc-smooth, the quotient map 7 is sc-smooth by the chain rule.
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Similarly, bundle maps U, : p'(Oy) — p 1(X) 5 pY(X)/G gives p~1(X)/G —
X /G a tame strong M-polyfold bundle structure such that the quotient map 7 : p~}(X) —
p~1(X)/G is a sc-smooth strong bundle map. In particular,

U, o W, is a strong bundle isomorphism locally. (3.12)

This fact is used in the proof of part (2) of Theorem 3.1. O

Proposition 3.30. Assume two different sets of choices of bundle G-slices in Lemma 3.29
gie rise to two quotient M-polyfolds ?/(\a/G and fb/G. Let U be the topological quotient
(/\Afa N )?b)/G, which is an open subset of X /G containing Xo/G. Then the identity map
(X,/G)NU = (X,/G) NU is a sc-diffeomorphism, where (X,/G) N U is U with the M-
polyfold structure from ??a/G and ()/(\b/G) NU is U with the M-polyfold structure from )?b/G.
Similarly, the identity map p~"(X,)/G NP (U) — p~(X%,)/GNpL(U) is a strong bundle
isomorphism.

Proof. We will prove the claim on the base M-polyfold and the assertion on the bundle
follows from a similar argument. The quotient construction in Lemma 3.29 has the following
universal property: Let W be a G-invariant open subset of X. If there is a G-invariant sc*
map f: X NW — Z, then there exists a unique s> map f : (X/G) N (W/G) — Z such
that f = fomon X. The existence and uniqueness of a continuous map £ follows from that
(X/G) N (W/G) is the topological quotient of X N W by G. To see f is sc-smooth, we have
the following commutative diagram,

O,y NW xnw—1 Z
% l“ /
(X/G) N (W/G).

Recall from Lemma 3.29, 9y, : Oy N W — (2? /G) N (W/G) is sc-diffeomorphism onto an
open set. By the diagram above, f o1, = f] &, aw- Lherefore f is sc-smooth.

Given the conditions of this proposition, we have the following commutative diagram by
the universal property,

X.NA&y

X,/GNU X,/GNU,

where 7, resp. m, are the quotient maps on /\Afa resp. /\Afb and 7,, T, are the sc-smooth maps
induced by G-invariant maps 7, resp. m,. Since T, = T, = idy as topological maps, identity
map 7, : X, /GNU — X,/G N U is a sc-diffecomorphism with sc-smooth inverse 7. O
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The slice construction only gives M-polyfold structures resp. polyfold structures, which
are local in nature. Globally, M-polyfolds resp. polyfolds are also metrizable spaces. The
following Lemma asserts that the metrizablity passes to the quotients.

Lemma 3.31. Let X be a metrizable space, G a compact Lie group and p: G X X — X a
continuous group action, then the quotient topology on X /G is also metrizable.

Proof. Let d be a metric on X. We first show that averaging over G gives rise to a G-
invariant metric dg on X inducing the same topology. First we equip G with a left invariant
Riemannian metric and define a map dg : X x X — R, by

da(w,y) = /Gd(gfc, 9y)dg.

Then dg is a G-invariant metric and dg is continuous. We claim that dg induces the same
topology as d. The continuity implies any dg-ball contains a d-ball. It suffices to prove
that any d-ball contains a dg-ball. Assume otherwise that there is a d-ball does not contain
any dg-ball, i.e. there exist {yi}ren, such that limdg(z,yx) = 0 and d(z,y,) > C. Let
fr = d(g9z,g9yx) € C°(G). Then limg dg(z,y;) = 0 implies that the functions f converge
to 0 in the space of absolutely integrable functions L'(G) . After passing to a subsequence,
fr converge to 0 almost everywhere on G. Then there is a gy € G, such that limy fi(g0) =
limy d(gox, goyx) = 0. Since go acts continuously on X, this implies d(x,yx) — 0, which
contradicts the assumption d(z,y;) > C. Hence d, dg induce the same topology on X.

Using dg, we can equip X/G a metric as follows. Let 7 denote the quotient map X —
X/G. Then over X/G, we define

dx/c(m(z),7(y)) == minde(z, gy).
geG
For fixed z,y € X, dg(x,gy) is a continuous function on the compact space G. There-
fore minge de(, gy) exists. Because dg is G-invariant, dx/g is well defined, i.e. it only
depends on 7(x),7(y). We claim dx/g is a metric on X/G. Since dg > 0, dx/q > 0. If
dx/c(m(x), m(y)) = 0, then there exists gy € G such that dg(z, goy) = 0, hence = goy and
7(z) = 7(y). Since dg(z, gy) = da(9~!,y), we have

dxc(m(v),7(y)) = min de(z, gy)

— ind~(qgt
min de(g r,y)

-1
min de(y, 9~ )

(
= mindg(y, g
= rgrggdc;(y,gﬂ?)

= dx/q(m(y), 7(z)),

Therefore dx /g is symmetric. Finally, we check the triangle inequality. For z,y,z € X, pick
g,h € G such that dxq(n(x), 7(y)) = da(z, gy) and dx/q(7(y),7(2)) = da(y, hz), since we
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have dg(y, hz) = da(gy, ghz), then

dxja(m(z),7(y)) + dx/a(m(y),7(2)) = da(z,gy) + da(y, hz)
da(z, gy) + da(gy, ghz)
da(x, ghz)

dx/c(m(z), 7(2)).

v v

Therefore dx /g is a metric.

To finish the proof, it suffices to show that dx,s induces the quotient topology. Assume
U C X/G is open in the quotient topology. Recall that U C X/G is open iff 7= }(U) C X
is open. Then for every point x € 7 1(U), there exists a dg-ball B (x) C 7 1(U) of

radius r > 0. We claim the dx/g-ball e (m(x)) is contained in U. This is because for

any point 7(y) € Bxe (m(x)), there exists go € G such that dg(z, goy) < r. Therefore we
have goy € 71 (U), hence n(y) € U. Conversely, it suffices to check that every dy/g-ball is

open in the quotient topology. For a dy/g-ball B¢ (r(2)), we claim 71 (BYXC (r(z))) =
p(G, B4 (z)). This implies B/ “(w(x)) is open in the quotient topology. To prove the claim,
note that y € 7~1(Bi¥9 (n(z))) iff dx/c(m(x),n(y)) < r, that is there exists g € G such that
da(z, gy) < r, which is equivalent to y € p(G, B (z)). O

3.2 Free quotients of Fredholm sections

Basics of sc-Fredholm sections

The most important feature of polyfold theory is that it has a Fredholm theory package
[65, Chapter 3, 5], which includes an implicit function theorem and a perturbation theory.
The definition of sc-Fredholm section in polyfold is more involved than the classical Fred-
holm theory, since the Fredholmness of linearization is not sufficient for an implicit function
theorem, also see [37].

Recall from Definition 3.12, strong M-polyfold bundles are modeled on bundle retracts,
which can be very complicated subset of a sc-Banach space. When analyzing zero sets of
M-polyfold sections, we need to extend sections from retracts to the underlying sc-Banach
spaces so that we can apply the implicit function theorem [65, Theorem 3.7] developed for
sc-Banach spaces. Moreover, such extensions should not change the zero sets. Therefore the
following concept was introduced in [65, Definition 3.4].

Definition 3.32. Let R : U <F — U <QF,(z,e) — (r(x),o(x)e) be a tame strong bundle
retraction and s : 7(U) — R(U < F) a sc-smooth section. A filled section s’ at (0,0) € U C
R X [E is a section s/ U — U < TF with the following properties.

1. s(z) = s/(z) for x € r(U).

2. If s/ (y) = o(r(y))s’ (y) for a point y € U, then y € imr.
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3. Let S(y) := s/ (y) — o(r(y))s (y). Then DS(o,0)lkerDr g, : ker Dro,oy = F is an isomor-
phism onto ker 0(0,0).

We first show that fillings induce fillings for any restriction of the section to a slice in the
sense of Definition 3.17.

Proposition 3.33. Let R = (r,0) be a R"-sliced bundle retraction on U <F for an open
neighborhood U C R x R™ x K of (0,0,0) covering a R"-sliced retraction r. Let U :=

(R™ x {0} x K)NU, R:= R|g_p and 7 :=r|z. Assume s :r(U) — R(U < F) be a section
with filling s’ : U — F. Then the restriction to the slice § := 8|, #({U) — R(U < F) has
a filling 37 == s/|;.

Proof. 1t suffices to check the three properties of Definition 3.32. Property (1) holds because
s'|; is the restriction of s/. For property (2), if 8/ (y) = o(7(y))5/(y) for a point y € U,
then s/(y) = o(r(y))s/(y). By the property (2) of the filling s/, we have y € imr. Since
im7 = U Nimr, we have y € im 7.

For property (3), let S(y) = §/(y) — o(F(y))5/(y) for y € U and S(y) = s/(y) —
o(r(y))s’(y) for y € U. Then S = S|, hence we have DS’(QO) = DS(0,0,0)[rm x {0} xx- Since r
is R"-sliced, i.e. 7gn 07 = 7R, we have ker Dr(g ) = ker D) C R™ x {0} x K. Therefore,
we have

DS(O,O) |ker D(TO)(o,o) - DS(O,O,O) ’ker Dr0,0,0"

Therefore D§(0,0)|keer(0,0) is an isomorphism onto ker p(0,0,0) due to property (3) of the
filling s7. O

The key ingredient of the Fredholm property in polyfold theory is the following contract-
ing property, so that implicit function theorem [65, Theorem 3.7] holds. Note that for a C!
map between Banach spaces, the following contracting property holds after a C' change of
coordinate as long as the map has a Fredholm linearization.

Definition 3.34 ([65, Definition 3.6]). Let C':=R7 x R* and let W be a sc-Banach space.
A basic germ is a sc-smooth germ at (0,0) represented by a sc-smooth section

U—=U<RY xW, x (2, f(z)),
on an open neighborhood U C C x W of (0,0), such that f(0,0) =0 and
B(c,w) = mwf(c,w) —w, Y(c,w)eU

has the contracting property: For every m € N,e > 0, there exists a neighborhood U, ,, C U,
of (0,0), so that

||B(c,w) — B(e,w)||m < €llw—w|ln, V(c,w), (c,w') € Uepm. (3.13)

Then the definition of sc-Fredholm sections of strong M-polyfold bundles is the combi-
nation of Definition 3.32 and Definition 3.34.
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Definition 3.35 ([65, Definition 3.8]). Let p: Y — X be a M-polyfold bundle and s : X — Y
a sc-smooth section. A bundle chart (O, ®, (P, (R} x E) <F)) around xy € X along with
a strong bundle isomorphism A : U 9 F — U’ < (RN x W), (z,v) — (a(x),A(z)v) is a
Fredholm chart of s around xq if the following holds.

1. UCR? XE U C CxW:=R7"xRFxW are open neighborhoods of (0,0), such that
R(U «F)=P.

2. ®.s has a filling s’ : U = F.

3. a(0,0) = (0,0) and there exists a sc™-section v : U — U’ < (RN x W) such that
A.s' — v is a basic germ at (0,0).

The section s is sc-Fredholm section iff the following two conditions hold.
e Regularization property: if s(z) € YV[1],,, then x € X4 1.

e Basic germ property: for every xg € X, there exists a Fredholm chart around z
(Definition 3.35).

A sc-Fredholm section is proper, if s71(0) is compact in the X, topology.

Remark 3.36. Note that the regularization property implies that s~*(0) C X.. By [65,
Theorem 5.3], when s~(0) is compact in the X, topology, then s~*(0) is compact in the X,
topology*. As a consequence s~(0) is compact in X; topology for every i. Therefore we will
not specify the topology for the compactness going forward.

Sc-Fredholm property of quotients

The goal of this subsection is to prove part 2 of Theorem 3.1, namely that a proper G-
equivariant sc-Fredholm section descends to a proper sc-Fredholm section on the free quotient
of an M-polyfold bundle. The proof can be found at the end of this subsection. Most parts
of this proof work with the quotient of the section in local coordinates, i.e. with restrictions
of the sc-Fredholm section to G-slices (Definition 3.26) established in Lemma 3.27. Thus we
will more generally consider restrictions of sc-Fredholm sections to slices of M-polyfolds, as
defined in Definition 3.17. The following proposition follows directly from the definition of
regularization property in Definition 3.35.

Proposition 3.37. Let p : Y — X be a tame strong M-polyfold bundle with s : X — Y
a sc-Fredholm section. Assume p~'(O) is a bundle slice (Definition 3.26), then § = s|g :
O — p~YO) has the reqularization property in Definition 3.35.

2The X, topology is the inverse limit topology of X; topology on Xs.
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Next we need to address the question of whether the restriction s has the basic germ
property in Definition 3.35. Since the main condition of the basic germ property is the
contracting property (3.13) after a bundle isomorphism A in Definition 3.35, the basic germ
property of § requires some compatibility between the bundle isomorphism A and the slice O.
To be more precise, we introduce the following notion of good slice to ensure the restriction
s|s inherits the basic germ property from s, see Lemma 3.40

Definition 3.38. A slice O of X around zy € X is good with respect to a sc-Fredholm
section s : X — Y, if we have the following.

1. There is a Fredholm chart (O,®, (P, (RT x E) < F), A) around xo for s covering a
M-polyfold chart (O, ¢,(O,R? x E)). R is a strong bundle retraction covering a tame
traction r such that P = R(U <F) and O = r(U) for an open neighborhood U C R xE

of (0,0).

2. The strong bundle isomorphism A : U <{F — U’ < (RN x W) is in the form of (z,v)
(a(x), A(z)v), where a is a sc-diffeomorphism from U to a neighborhood U C C'xW :=
R7T x R* x W of (0,0) and A(z) is a linear isomorphism from F to RN x WV,

3. There is a sc-diffeomorphism h : U — U” C RTxR"xK such that horoh™ : U" — U"
is R™-sliced, h(0,0) = (0,0,0) and O = ¢t oroh ((RT x {0} x K)nU").

4. mrn 0o D(hoa )0 |orxw : W — R™ is surjective.

Remark 3.39. Suppose the slice is constructed as in Lemma 3.19 from a submersive map
f. Then the following two equivalent conditions imply goodness. Let E = TgﬁX,F =
kerDf,, N T;f])(.

1. There exists a n dimensional subspace L C TxROXOO, such that it is a complement of F
in E and D(avo @)y, (L) C {0} x W. This is the s-compatibly transversality condition
in [306, Definition 5.8]

2. D(ao @)y, (F)N{0} x Wy, is a n-codimensional subspace in D(ao @), (E)N{0} x W,.

The second condition is generically satisfied if we can perturb F', which is exactly the proof
in Proposition 3.42 of the existence of good slices.

Proof. By (3.19) of Lemma 3.19, (1) implies Definition 3.38. Next we will prove (1)<(2). If
L C TEX, is a complement of F' in E, such that D(ao¢),,(L) C {0} xW, then D(ao¢), (L)
is the complement of D(ao @), (F)N{0} x W, in D(a0¢),, (E)N{0} x W,. Hence (1)=(2).
If D(ao ), (F)N{0} x W, is n-codimensional in D(co ¢),,(E)N{0} x Woo. Let V be the
n-dimensional complement, then there exists L C E such that D(a o ¢),,(L) = V. Then
L is the complement of F' in F satisfying condition (1). O

Lemma 3.40. Let 2o € X and O a good slice of X around o with respect to a sc-Fredholm
section s : X — Y. Then there is a Fredholm chart around zo for § := s|a : O — p~1(O").
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Proof. By the assumption of O being a good slice, we have the following structures and
properties:

1. astrong bundle chart (O, ®, (P, (R} x E) <F)) around z, covering a M-polyfold chart
(0,0,(0,R} x E)), where P = R(U < F) and O = r(U) for bundle retraction R
covering tame retraction r and open neighborhood U C R x E of (0, 0);

2. &,5: 0 — P has a filling s/ : U — U < F as in Definition 3.32;

3. astrong bundle isomorphism A : U<F — U’'<1(RY x W) for an open neighborhood U’ C
C x W :=R7T x R* x W of (0,0), where A = (a, A) consisting of a sc-diffeomorphism
a:U — U’ and a sc™® family of linear isomorphism A(z) : F — RY x W parametrized
by z € U,

4. a sct-section v : U’ — U’ <1 (RN x W) such that A.s’ — v is a basic germ at (0, 0);

5. a sc-diffeomorphism h : U — U” C R? x R™ x K such that horoh ™ : U” — U" is
R"-sliced, h(0,0) = (0,0,0) and O = ¢ L or o A H((RT x {0} x K)NU");

6. mr, o D(hoa )0 lorxw : W — R™ is surjective.

Sc-smooth map H := h <idr : U <F — U” < F is a strong bundle isomorphism. Let
R" := HoRoH ™', which is a R"-sliced bundle retraction on U” <F. Then (O, Ho®, (R"(U"<
F), (R x R x K) < F)) is another strong bundle chart around xg. Then H,s' is a filling
of (H o ®),s by [36, proof of part (IIT) Lemma 4.2]. Let U" := (R7 x {0} x K) N U" and
5/ := H,s'|5,. By Proposition 3.33, 5/ is a filling of 5 : O — p~'(O) in the chart induced
by (O,H o ®, (R"(U" <F),(RT? xR* x K) <F)).

It remains to verify that 5/ is basic germ after a bundle isomorphism. We claim that
there exist a sc-Banach subspace T C W with a finite dimensional complement T, a sc-
diffeomorphism ¢ : U, — U, for open neighborhoods U, C C' x T', Us  (U”)! of (0,0) and
a strong bundle isomorphism Q : U, <1 (RY x W) — U, < F! covering ¢ such that Q*5/ is
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a basic germ. For better visualization of all the structures, we have the following diagram.

cxT >U, LU, < (RY x WH=U, < (RN x T+ x T")
] |
R7 x {0} x K! 5 U, — U, <F"

N N
R7” x {0} x K > U” U'«<F >  #(0")—=

L 1<lidp L

l(
RT <R x K> U" H.s! U’ qTF S T”(U”) R”(U” ]F) Hoo O _S>.p*1((’))
(

(Ho<I> 5=,

(Ho<I>

A " I |

RExESU—L >U<F >  r(U)—22

R(U <] ]F) <o (I) ,,,,,, O ;p_l O)

a A

Cx WU 2L 1 g (RN x W)

Filled sections on partial quadrants Sections on retracts  Sections on M-polyfolds

Here ¢ : U” — U" is the inclusion and 7 := r”|;, and R” := R"|g, are the retractions on
the slice.
Let 8 := aoh™!. Since mgn o D5@10)|{0}xw : W — R” is surjective,

T := ker (WRn o} DB(_O}())|{U}><W>

is a subspace in W of codimension n. Because mgn o Dﬁ(’(]}o)({O} x W) is a dense subspace
of mgn © DB(’O}O)({O} x W) = R", we have mgn o Dﬁ(’o}o) (W) = R"™. Therefore we can pick
n preimages of the basis of R" in W.,. They form a subspace T+ C W,,. Then we have
a splitting W = T @ T+ and 7gn © DB(_O}O)“O}XTL : T+ — R" is an isomorphism. For
(u,e) € R x K! close to (0,0), we define a sc-smooth map ¢’ by

/

q : (u,e) — (oo Bouu,e),mromyoBorilu,e)). (3.14)

That is ¢’ is the composition of the ¢, 8 and the projection from C' x W! to C' x T!. We
claim ¢’ has an inverse given by

q:(c,t) = 57 (e, t +0(c, ),
where (c,t) € C' x T! close (0,0) and 6(c,t) € T solves the following equation,

e 0 B (e, t +0) = 0. (3.15)
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Since w(c,t,0) := mrn 0 B (¢, t + 0) is a sc-smooth function from an open neighborhood of
(0,0,0) in CxTx T+ to R™ and Dw(g0,0)(0, 0, u) = TraoD 9,08~ (), i.e. Dw(g,0,0) is invertible
on T+. By Lemma 3.28, there is a sc-smooth map 6(c, t) from an open neighborhood Uy C
C x T of (0,0) to T, such that 6(c,t) solves the equation w(c,t,6) = 0 for (c,t) € U and
6 € D, where D C T is an open neighborhood of 0. Moreover, §(0,0) = 0. This shows q is
sc-smooth near (0,0). We now prove ¢ is the inverse to ¢'. First for (¢,t) € Un

¢ oqlc,t) = moxroforof (e, t+60(c,t))
= mexro fBoB e, t+0(c,t))
= (ct).

On the other hand, if (u, e) € (RTxK'") g™ (Un)Nmprofor (D) and let (¢, t) == ¢'(u,e) =
Toxt o fou(u,e). Then (¢,t + mpi o foi(u,e)) = f(u,e), which means 0 := 7p1 o foi(u,e)
solves equation (3.15) in Ug x D. Then we have on (R7 x K')Ng™H(Un) Npe 0 B0 (D),

goq(ue) = B (q(rk)+ (0,70 Bou(u,e)))
=" Blofouure)

= (u,e).
Therefore ¢ is the inverse to ¢ locally. Moreover, ¢ has the following property

Borog(e,t)=LFoqlct)=(c,t+0(ct)). (3.16)

We choose open neighborhoods U, € U”,Ux C Up, such that ¢ : Uy — Un,q: Uy — U,
are inverse to each other.

The strong bundle isomorphism Q : U, <1 (RY x W) — U, < F! is defined by (z,v) —
(q(x), A(h™ o roq(z)) " w). It has an inverse (z,v) — (¢'(z), A(h™! o t(x))v). It remains to
show that Q*5/ is a basic germ at (0,0).

First, we have

Q'5(et) = A orogle )i (glc 1)
= Ahlorop(e,t)s’(htoroq(et))
= A’ (aoh ™ orog(et)).

Let 0 := Q"1 H A*)\ : Uy — U, < (RY x W), which is a sc™-section on U,. Let B(c,w)
denote my o A, s/ (¢, w) — mwy(c, w) —w and B(c,t) denote wp o Q*3f (¢, t) — mpof(t, w) —t =
mroA.sf oforog(c,t)—mroyoBorog(c,t)—t. Toshow Q*5/ is a basic germ, it suffices
to prove B(c,t) has the contracting property (3.13). By (3.16) we have

Ble,t) = mroA,sfoBorog(c,t)—mroyoBorog(ct)—t
= mroA.s/(c,t+0(c,t)) —mroy(e,t+0(c,t)) —t
= 7T (B(C>t+9(ca t)))
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Since B(c,w) has contracting property (3.13) and (0,0) = 0, Ve > 0,m > 1 € N there exist
an open neighborhood U, ,,, C C x T,, of (0,0), over which we have:

1B(c.t1) — Ble.t2)|

Since 6(c,t) is C* on C x T,, for m > 1 by Lemma 3.28, ||6(c, t;) — 0(c, t2)||w,, is bounded
by Om”tl - t2||']1‘m on U(m) c C' xT,,. Since ||t1 - tg”wm = ||t1 - t2||11‘m for t1,t5 € T,,, we
have

m —

T,, < €]|0(c, t1) +t1 —0(c, ta) — 1o

Wi -

|B(c,t1) — Blc, ta)|r,, < €(C + D[ty — tall1,, V(e t1), (¢, t2) € Ueyn NU(m).
This proves that Q*3” is a basic germ at (0,0). ]

Remark 3.41. In the proof of Lemma 3.40, a good slice is used to get a sc-diffeomorphism
q such that (3.16) holds. The importance of (3.16) is that B o 1o q does not change the
coordinate in C, so that we can use the contracting property of A,s’.

Next we prove the existence of good slices. We first prove a more general result that
will also be used in later in the construction of polyfold quotient. When constructing slices
using Lemma 3.24, we can choose different complements H to construct different changes of
coordinates h. When the base M-polyfold is infinite dimensional, then it is always possible
to find a complement H such that the slice constructed in Lemma 3.24 is good. To be more
specific, we have the following proposition.

Proposition 3.42. Let ((O,®, (P, (R} xE) <)), A) be a Fredholm chart (Definition 5.35)
of strong M-polyfold bundle p : Y — X around xy € X, with respect to a sc-Fredholm section
s: X = Y. Suppose the covered chart on the base is (O, ¢, (O, R xE)). Assume the bundle
isomorphism A is the form of

U<F = U <a®RY xW), (2,v) (a(z), A(z)v),

where U C RT X E and U' € C x W := R?” x R¥ x W are neighborhoods of (0,0). Under
the assumptions of Lemma 3.2/, that is

1. for a neighborhood B C R™ of 0 we have a strong bundle map A : B x p~1(O) — Y
such that A(0,-) = id,-1(0);

2. let ' : Bx O — X denote the map on the base covered by A, then = := D(¢ o
) 0,00)(ToB x {0}) C (TE(0))os C {0} X Eoo and dim = = n.

If X s infinite dimensional, then there exists a sc-complement H of = in E, such that the
slice O' C X? yield by Lemma 3.2/ is good with respect to s.

Remark 3.43. Recall that in Lemma 3.17, G-slices (Definition 3.26) are constructed by
applying Lemma 3.2/ to A : Bxp~1(O) — Y, (g,v) — p(g,v), where B C G is a neighborhood
id and p: G x Y — Y s the action. Therefore by Proposition 3.42 and Lemma 3.27, if the
base M-polyfold X is infinite dimensional, then there exists G-slice (@, O,V, f,n,N) around
Ty € X such that O C X2 is good.
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Proof. 1f we pick a sc-complement H of = in E, then Lemma 3.24 yields a slice O c x2
around xg. And by property (4) of Lemma 3.24, there is a change of coordinate h : U' — U”
for neighborhoods U’ C U? of (0,0) and U” C R} x R™ x K of (0,0,0), such that the
slice O = ¢t or o h Y ((R? x {0} x K') N U”). Recall from Definition 3.38, to show O’
is a good slice, it suffices to prove mgn 0 D(h o a™1)(0,0)|{0yxw2 is surjective onto R™. Since
Do 0,0) ({0} x W?) € R™ x E? is finite codimensional in E? and T(Ig'mO2 C {0} x E* is
infinite dimensional by assumption, then

N :=T(§ 0> N Do 0,0) ({0} x W?) C T(§0% € {0} x E?
is infinite dimensional and it is sufficient to prove
Tgn © Dhg 0 (N) = R" (3.17)
By property (4) and (5) of Lemma 3.24, we have
man 0 Dhio) ({0} x E) =R", e 0 Dh0)(T(50)0” N ({0} x H)) = 0. (3.18)

Note that =@ T(§ 0> N ({0} x H) = T§ 0% then by (3.18), (3.17) is equivalent to N +
T500? N ({0} x H) = 7§ ,)O*. Let 7= denote the projection of E = = @ H to E. Then it
suffices to prove m=(N) = Z.

We claim that there exists a projection 7, : E — Z such that 7.(N) = Z. Then by the
discussion above H := ker . gives rise to a good slice. To prove the claim, we first pick
any projection 7y : E — = and then we will perturb my to 7. so that m.(N) = =. Since N
is infinite dimensional, we can pick linearly independent vectors 6y,...,6, € N such that
(01,...,0,) "= = {0}. Then by the Hahn-Banach theorem, there are continuous linear
functionals (hence sc-smooth) /; : E — R such that [;,(;) = §;; and = C kerl;. Let &,...,&,
be a basis of =, then we define for € := (e1,...,¢,) € R™,

Te:E— 2 e mle)+ Z eili(e)é;.
i=1

Therefore 7.(§;) = & and 7 o . = 7, for every e, that is 7, is a projection from E to =. If

we consider 7¢|(g,,. g,), then
n
det(mel(o,,..0,)) = H ¢; + lower order terms,
i=1
when we use {0y,...,0,} and {&,...,&,} as basis. Therefore there exists e such that
7r€|<91 _____ 6,) is an isomorphism. Hence the claim is proven for such .. O

Proof of part (2) of Theorem 3.1. Let {(Oq, Og, Vi, fo 1z, Na) }aex.. be the bundle G-slices
used in Lemma 3.29 for the construction of X. Therefore by Lemma 3.29, ¥, : p~1(O,) <>
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~

p 10, 5 pY(X)/G in (3.10) are strong bundle isomorphisms, where 7 : p~!(X) —
*1(2?)/G is the quotient map and ¢ : p~*(O,) — p~(O,) is the inclusion.

Since the section s is G-equivariant, s induces a continuous section 5 : X1/G — p~(X!)/G
by s| 31 = m*5. To see 5 is sc-smooth and has the regularization property, since Vs = *7*5 =
t*s = § 1= 5|51, it suffices to show § is sc-smooth and has the regularization property. Then
by Propositioﬁ 3.37, s is sc-smooth and has the regularization property.

Next, we claim that 5 : X'/G — p~1(X!)/G has the basic germ property. It suffices
to show that there is a Fredholm chart in O} around x for 5. By Remark 3.43, for every
z € X there exists a bundle G-slice (O, (’);, V!, f. 1., N') around z such that O, C X2
is a good slice. In particular, by Lemma 3.15 there is a Fredholm chart around z in (O’)"
for & = sl : (O = p((O.)Y). The good slice @, is not necessarily O, in the

construction of X. However, by (3.12) W' o W/, is a strong bundle isomorphism, where W/,
are the map in (3.10) for slices O.,. Since s is G-equivariant, we have

§ = slopn = (V,)'5 = (U1 0 ) W5 = (¥, 0 U)'5

in a neighborhood of x where the strong bundle isomorphism ¥ 1o ¥’ is defined. Therefore
there is a Fredholm chart in O} around z for 3.

Since s71(0) is compact in X topology, by Remark 3.36, s71(0) is compact in X3 topology.
Because 57(0) = s71(0)/G and G is compact, 57*(0) is compact in X®/G topology, i.e. the
X'/G topology. That is 5: X'/G — p~}(X!)/G is a proper sc-Fredholm section. O
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Chapter 4

Finite Isotropy quotient of Polyfolds

In this section, we prove the main result Theorem 1.1 except the claims on orientation and
good position. Polyfolds are modeled on groupoids as in [84], hence should be thought
of as the orbifold version of M-polyfolds. Since a polyfold can have finite isotropy, the
quotient theorem for polyfolds also allows the group action to have finite isotropy. If one
works on general polyfolds, some pathological polyfolds, e.g Example 4.19 and 4.20, obstruct
the construction in this paper. In particular, the Hausdorffness of quotients might fail, see
Remark 4.51 and Example 4.52. Therefore we introduce regular polyfolds and bundles in
Definition 4.13 and Definition 4.57, the quotient construction works for regular polyfolds and
regular polyfold bundles. Polyfolds in current applications are all regular and regularity can
be checked easily by Proposition 4.16, Proposition 4.17 and Corollary 4.18. We also point
out that orbifolds are always regular. Hence such constrain only exists in polyfold theory.

We review the basics of polyfolds and introduce regular polyfolds in Section 3.1. Section
3.2 introduces the definition of group actions on polyfolds and Section 3.3 discusses properties
of group actions. We construct the polyfold quotients in Section 3.4. Section 3.5 is about
quotients of polyfold bundles and sc-Fredholm sections.

4.1 Regular polyfolds

We first recall definitions and properties of polyfolds that will be used in this paper from
[65]. For that purpose, we first recall the definition of an ep-groupoid.

Ep-groupoids and regular ep-groupoids

Definition 4.1 ([65, Def 7.3]). An ep-groupoid (X, X) is a groupoid with M-polyfold
structures on the object set X and the morphism set X. Moreover, all the structure maps:
source s, target t, composition m, unit u and inverse i are sc-smooth and the following two
properties hold,

e étale: s,t are surjective local sc-diffeomorphisms;
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e proper: for every v € X, there exists an open neighborhood V of x, such that t :
s Y V) — X is proper, where V is the closure of V in X.!

An ep-groupoid is tame if the object space X is a tame M-polyfold.

The proper condition implies that for every z € X', the isotorpy group stab, is finite [65,
Proposition 7.4]. The étale condition implies that every ¢ € X there exists neighborhoods
Usp) C X, Uypy C X and Uy C X of 5(¢),t(¢) and ¢, such that both s : Uy — U4 and
t : Uy — Uy are diffeomorphisms. The following definition was introduced in [65, Section
7.1].

Definition 4.2. For every ¢ € X, we define
Ly:=to 8_1, U5(¢) — Mt(¢), (41)
which 1s a sc-diffeomorphism.

Definition 4.3. Let G be a finite group. Assume there is a sc-smooth group action p :
G x O — O on a M-polyfold O. The translation groupoid G x O is defined to be:

obj(G x O) := 0O, mor(G x O) :==G x O.
The structure maps are defined by:

s:(g,z) — x, t:(g,z)— plg,x).

The composition for (h,y) and (g,x) satisfying y = p(g,x) is defined to be (hg,z). The
inverse map is given by i(g,z) = (g7, p(g,)) and the unit map is given by u(zx) = (id, z).

It is clear that the source and target maps of G x O are étale and the G x O is proper
by Proposition 4.9 below. Therefore G x O is an ep-groupoid. The following theorem, as
another consequence of the étale and proper properties in Definition 4.1, essentially says that
an ep-groupoid is locally isomorphic to a translation groupoid.

Theorem 4.4 ([65, Thm 7.1]). Given an ep-groupoid (X, X), an object x € X and an open
neighborhood V C X of x. Then there exists an open neighborhood U C V of x and a group
homomorphism defined by

stab, — Diffo.(U), ¢ — Ly.

where Diffg.(U) is the group of sc-diffeomorphism from U to itself. Moreover, there is a
sc-smooth map
> :stab, xU — X,

such that they have the following properties:

'Hence for every open set W with W C V, t : s71(W) — X is proper.
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o X(¢,x) = ¢;
o s(X(o,y) =y and t(X(¢,y)) = Ly(y) for ally € U and ¢ € stab,;

e If 1y — z s a morphism connecting two objects y,z € U, then there is a unique

¢ € stab, such that (¢, y) = .

In other words, stab, xU (E)) (X, X) is a fully faithful functor, where iy : U — X is the
inclusion.

The following corollary is a direct consequence of Theorem 4.4 and Definition 4.2.

Corollary 4.5. Let (X, X) be an ep-groupoid and U C X a neighborhood of x € X such
that Theorem 4./ holds. Let ¢ € X such that s(¢),t(y)) € U. Then Ly is defined on U and
there ewists ¢ € stab, such that Ly, = Lg on U.

Remark 4.6. If (X, X) is only an étale groupoid with finite isotropy. Then for every x € X
and open neighborhood V containing x, there exists an open neighborhood U containing x
such that

stab, — Diffs.(U), ¢ — L,

is a group homomorphism, see the proof of [65, Thm 7.1].

The fully faithful functor stab, xU () (X, X) can be thought of as the local charts on

an ep-groupoid. To be more precise, the following definition was introduced in [65]. For an
ep-groupoid (X, X)), there is an equivalence relation ~x on X such that x ~x y iff there
exists ¢ € X with s(¢) = z and t(¢) = y. Let |X| :== X/ ~x. Then |X] is a topological
space equipped with the quotient topology. We use |- | to denote the quotient map X — |X|.

Definition 4.7 ([65, Definition 7.9]). Let (X, X) be an ep-groupoid and x be an object in
X. A local uniformizer around x is a fully faithful functor

U, : stab, xU, — (X, X),
where U, C X is an open neighborhood of x, such that the following properties hold:

1. on the object level W0 : U, — X is an inclusion of open subset, on the morphism level
Ul stab, xU, — X is sc-smooth;

2. on the orbit space |V,| : U,/ stab, — |X| is homeomorphism onto an open subset of
|X|, i.e. |Us| is open in |X].

The existence of local uniformizers is guaranteed by Theorem 4.4 and the assertion on the
homeomorphism of the orbit space was proven in [65, Proposition 7.6]. From the perspective
of Theorem 4.4, a local uniformizer is essentially determined by the open neighborhood
U, C X of x. Hence we will call U, a local uniformizer when there is no confusion.

In constructions of ep-groupoids, we need to verify the properness in Definition 4.1. For
that purpose, we introduce the following characterization of properness in Proposition 4.9
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Definition 4.8. An orbit set in an open subset U C X of a point x € X is defined to be
the set Sy = {0 € X|s(¢) €e U, t(¢) = z}.

Note that we do not require x € U and the orbit set S,z only depends on |z| € |X|
and U. Then Theorem 4.4 implies that if U/, is a local uniformizer around z and y € U,,
the cardinality of the orbit set S,;, is |stab,|. Also note that ¢ : s™}(V) — X being
proper implies that ¢(s~(V)) C X is sequentially closed. Since M-polyfold X is metrizable,
t(s71(V)) is closed. In fact, those two properties imply properness of an étale groupoid, i.e.
we have the following proposition.

Proposition 4.9. Let (X, X) be an étale groupoid with finite isotropy. Assume for every
x € X, there exists an open neighborhood U, C X of x, such that the following two conditions
hold.

1. For everyy € Uy, |Syu,| = |stab,|.

2. There exists an open neighborhood V, C V, C U, of z, such that t(s~1(V,)) is a closed
subset of X.

Then (X, X) is an ep-groupoid.

Proof. We claim that t : s7%(V,) — X is proper. Let K C X be compact set. It suffices
to prove t~*(K) N s~ 1(V,) C X is compact. We will prove compactness by a finite cover of
compact sets.

Let n := |stab, |. By assumption (1), for y € t(s™*(U)), we have the orbit set S,z =
{¢1,...,¢n}, such that t(¢;) = y and s(¢;) € U,. Because the source and target maps s,t
are local sc-diffeomorphisms, #(s7(U,)) is open and there exist open neighborhood O C
t(s7*(U,)) of y and open neighborhoods O(1),...,0(n) of ¢, ..., ¢, in X, such that O(i)N
O(j) = 0 for all i # j and both tlou : O(i) = O, slou : O(i) = s(O(i)) C U, are
sc-diffeomorphisms for all 7. For every z € O, by assumption (1) there are also exactly n
morphisms ¢, ..., 9, € X, such that s(i;) € U, and £(;) = z. Since (t|0(i))71 (z) already
provides n such elements, we must have ¢; € O(i) (after a permutation). Therefore for every
set W C O, the set of all the morphisms from U, to W is completely described by:

n

') nsT ) = [JoG) Nt W Ht|0
i=1
As a consequence, for every open neighborhood @’ C X of y with O’ C O, we have

n

O N K) N s ) = [ [(tow) ™ (@ N K)

i=1

is compact, since O' N K C O is compat. Since s~1(V,) is closed and s~1(V,) C s~ H(U,), we
have (0" N K) N s~(V,) is compact. To sum up, we prove that for every y € t(s~1(U,))
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there exists an open neighborhood O" C t(s™!(U,)) of y such that (t|s_1(vz))*1(@ NK)=
1O’ N K)Nns~Y(V,) is compact.

By assumption (2) that t(s7'(V,)) is closed, K Nt(s7*(V,)) is compact. Therefore we
can cover the compact set K Nt(s~1(V,)) by finitely many such @’. Then (1) 1K) =
t71(K) N s71(V,) is a union of finitely many compact sets, hence is also compact. O]

The next proposition asserts that one only needs to verify the first condition in Proposi-
tion 4.9 for very few points.

Proposition 4.10. Let (X, X) be an étale groupoid with finite isotropy. Suppose U C X is
an open neighborhood of x and |stabyy | = |stab, | for ally € U. Then for every y € U,
there exists an open neighborhood ¥V C U of y, such that |S, | = stab, for z € V.

Proof. Let n := |stab, |. Since |S,y| = |stab, | = n for y € U, there exists ¢1,...,¢, € X
such that s(¢;) € U and t(¢;) = y. We assume ¢; € stab, iff i < k. By the étable property,
there exist open neighborhood O C U of y and disjoint open neighborhoods O(i) C X of
¢;, such that s : O(i) — s(O(i)) CU and t : O(i) — O are diffeomorphisms. Moreover, we
can assume ONs(0(7)) = 0 and s(O(j)) Ns(O(i)) = 0 for i > k and j < k. By Remark 4.6,
there exists open neighborhood ¥V C O N¥_; s(O(i)) of y admitting a stab, action defined by
¢i = Ly,. Then |S, | > |stab, | = k by construction of V. By the same argument used in
Proposition 4.9, we have S, = {t|5}l)(z)} for z € O. Note that s(tab)(z)) € s(0(j)) and
s(O(j))NV =0 for j > k. Since S,y C S.y. we have |S, | < k for every z € V. Hence the
proposition holds. O

Next we introduce the concept of regular ep-groupoid, the motivation of such definition
is to rule out pathological ep-groupoids in Example 4.19 and Example 4.20.

Definition 4.11. For x € X, a local uniformizer stab, XU around x is regular if the
following two conditions are met:

1. if Lyly =1idy for some open subset YV C U and ¢ € stab,, then Ly =1id on U;

2. for every connected’ uniformizer W C U around x, if ® : W — stab, is a map such
that Le(y(-) : W — X,z = Lg)(2) is sc-smooth, then there exists ¢ € stab,, such
that Loz (2) = Lg(2) for all z € W.

By Definition 4.11, any smaller uniformizer around x inside a regular uniformizer around
x is also regular.

Remark 4.12. The second condition in Definition 4.11 can be weakened from all VW C U
to a (countable) local topology basis {W; C U}ien. All the arguments used in this paper go
through. For the simplicity of notation, we only work with Definition 4.11 in this paper.

2Since M-polyfolds are locally path connected, path connectedness is equivalent to connectedness.
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Definition 4.13. An ep-groupoid (X, X) is regular, if for any point x € X, there exists a
reqular local uniformizer around x.?

Remark 4.14. [t is not clear whether the reqularity of (X, X) implies the regularity of
(X%, X% for other i > 0. However, if the condition in Corollary /4.18 holds, then (X, X?)
are reqular for all i > 0.

In most of the applications, we can use one of the following propositions to confirm
regularity. We first recall the definition of effective ep-groupoid. Let Diffs.(z) be the group
of germs of diffecomorphisms fixing z. Then an action stab, — Diff;.(i) in Theorem 4.4
descends to a group homomorphism stab, — Diff,.(x). The effective part of stab, is
defined to be

stab®® := stab, /(ker(stab, — Diffs(z))). (4.2)

Definition 4.15 ([65, Definition 7.11)). An ep-groupoid is effective if the homomorphism
stab, — Diffs.(x) is injective for any x € X, i.e. stab, = stabfff.

The reason of passing to germs is that there might exist neighborhoods V C U C X of z,
such that stab, — Diff,.(U) is injective but stab, — Diff..(V) is not injective, e.g. Example
4.19.

Proposition 4.16. Let (X, X) be an effective groupoid. Assume for every x € X, there
exists a local uniformizer U around x, such that for any connected uniformizer V C U
around x, we have V\ U idestab, Fix(¢) is connected, where Fix(¢) is the fized set of L.
Then (X, X) is reqular.

Proposition 4.17. If (X, X) has the property that for any v € X and ¢ € stab, if
DLy : T, X — T, X is the identity map, then Ly is the identity map near x. Then (X, X) is
reqular.

As a simple corollary of Proposition 4.17, we have the following.

Corollary 4.18. If the linearized action stab, — hom(T,X,T,X) defined by ¢ — (DLy),
is injective for every point v € Xy, then (X, X) is a reqular ep-groupoid.

By Proposition 4.17, if the ep-groupoid is modeled on finite dimensional manifolds, i.e.
an orbifold, then it is automatically regular. However, the dimension jump phenomenon in
M-polyfolds may destroy the regular property, see Example 4.19 and 4.20. The reason of
introducing regularity is related to the Hausdorffness of the quotient polyfolds, see Remark
4.51 and Example 4.52. The second property is used to get Proposition 4.33, so that we can
control the isotropy of the quotient ep-groupoid, see (4.8). For the other consequences of the
second property, see Proposition A.6 and Theorem A.7

3The regularity of an ep-groupoid should be differed from the regularity of the topology on the orbits
space.
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Proposition 4.16 is proven in the appendix. Proposition 4.17 was proven in [65, Lemma
10.2]. In fact, [65, Lemma 10.2] only stated the second property of a regular uniformizer.
However the conditions in Proposition 4.17 imply that the set S := {z € U,|DL, = id}
is both open and closed in U,, for a uniformizer . Hence when U,, is connected, S # ()
implies S = Uy. Therefore if Ly = id on some V C U, Ly = id on U,,. Since Uy, is dense in
U, Ly =id on Y. This proves the first property of a regular uniformizer.

In applications [61, 62, 102, 74], Corollary 4.18 holds. From another perspective, all
the related ep-groupoids are effective and the fixed set Fix(¢) of a nontrivial element ¢ has
“infinite codimension”. Hence it is easy to verify the connectedness of the complement.
Therefore the polyfolds appear in current applications are regular.

Unlike the orbifold case, irregular ep-groupoids exist. The following two examples shows
that there exist ep-groupoids do not satisfy any one of the two properties of regularity.

Example 4.19. Consider the following retraction from [64, Ezample 1.22]. Let the sc-
Hilbert space E,, := HJ" (R), where 0 = 6y < 6, < ... < 4,y < ... are the exponential decay

weights. Choose a smooth compactly supported positive function 3, such that fR B? = 1.
Define ry : IE — E to be:

0, t < 0;
Je f(@)B(x+et)dr - Bz +er), t>0.

It was checked in [64] that m : R x E — R X E, (¢, f) — (t,7:(f)) defines a s¢> retraction.
Then the retract im 7 defines an M-polyfold M. Pictorially, M is a closed ray attached to an
open half plane at (0,0). There is a Zo action on the M-polyfold M induced by multiplying
—1 on the E component. The translation groupoid Zs x M is an ep-groupoid, but it does not
have the regular property at (0,0), since ¢ # id € stab(o ) fizes the half line part, but does
not fix the half plane part.

) i={

Example 4.20. Let E and r; denote the same objects as in FExample 4.19. Then we have
a sc-retraction ™ 1 R x E — R x E, (¢, f) — (t,ry(f)) by the same argument in [64].
Topologically, the retract im m is two open half spaces (—oo,0) x R and (0,00) X R connected
at the origin. Zs can act on R x E by sending (t,x) to (t,—x), such action induces a sc-
smooth Zy action on immw. We claim the second property of reqularity fails for the action
ep-groupoid Zo X imm. Let W :im7m — Zo be the map such that ¥ = id € Zs when t < 0
and ¥ is the nontrivial element of Zy when t > 0, then n : im7 — im7, 2 — Ly (2) is
sc-smooth. This is because o m can be expressed as

_ (t,?“,t(f», t S O;
non(t f) —{ (t.—ry(f)), t>0.

This map is sc-smooth by the same argument in [64]. Therefore the second property of
reqularity does not hold for the action groupoid Zo X imm. It is easy to check directly that
neither Proposition /.16 nor Proposition 4.17 hold for Zs X im .
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Generalized maps between ep-groupoids

In this subsection, we review the construction of the category of ep-groupoids. A functor
F:(X,X) — (¥,Y) between ep-groupoids is sc-smooth if both the map on objects FY :
X — Y and the map on morphisms F': X — Y are sc-smooth.

Definition 4.21 ([65, Definition 10.1]). A sc-smooth functor F : (X, X) — (¥,Y) is an
equivalence provided it has the following properties:

o F s fully faithful;

e the induced map |F|: |X| — |Y| between the orbit spaces is a homeomorphism;
e 0 is a local sc-diffeomorphism.

When there is no ambiguity, we will also abbreviate F° and F'* to F.

Definition 4.22 ([65, Definition 10.2]). Two sc-smooth functors F,G from (X, X) to (V,Y)
are called naturally equivalent if there exists a sc-smooth map 7 : X — Y such that
T(z) € Y is a morphism from F(z) to G(z) and the following diagram commutes for any
morphism ¢ € X from x to y,

The sc-smooth map T : X — Y s called the natural transformation from F to G and
symbolically referred to as 7 : F' = G.

It was shown in [65, Section 10.1] that “naturally equivariant” is an equivalence relation
between sc-smooth functors. If two functors F' and G are naturally equivalent, then |F| =
|G|. Hence two naturally equivalent functors should be thought of as the “same map” on
ep-groupoids. However, if we only use sc-smooth functors (up to natural equivalence) as
morphisms between the ep-groupoids, we will not have enough morphisms. In particular,
the equivalences in Definition 4.21 do not necessarily have inverses. Therefore we need to
invert equivalence formally, which is the process of localization. Then the following definition
was introduced in [65].

Definition 4.23 ([65, Definition 10.8]). A diagram from ep-groupoid (X, X) to ep-groupoid
V,Y) is
(%, X) £ (2,2) 5 (0,Y),

where F is an equivalence and ® is a sc-smooth functor. A digram (X, X) vl (2", 2") o

(V,Y) is a refinement of (X, X) L (2,7) 2 (V,Y), if there is an equivalence H :
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(2'.Z2") — (Z,Z) such that Ho F = F' and H o ® = ®'. FEquivalently, we have the
following 2-commutative diagram of groupoids:

Sl >s

(2'.2')

Two diagrams (X, X) £ (2,2) 3 (YY) and (X, X) & (2,2') 2 (,Y) are equivalent
if they admit a common refinement. A generalized map from (X, X) to (J,Y) is an
equivalence class [d] of a diagram d from (X, X) to (J,Y).

F/ !
(
Y

Common refinement defines an equivalence relation by [65, Lemma 10.4]. Using gen-
eralized maps as the morphisms between ep-groupoids, we form a category & 2(E~!) [65,
Theorem 10.3], where E stands for the class of equivalences between ep-groupoids. We call
isomorphisms in & Z(E~!) generalized isomorphisms. The following important property
holds for generalized isomorphisms.

Theorem 4.24 ([65, Theorem 10.4]). A generalized map [a] = [(X, X) £ (Z,2) 4 (V,Y)]
is a generalized isomorphism iff G is an equivalence. Moreover, the inverse is [a]™' =

V. Y) & (2,2) 5 (x, X)),

As a special case, a sc-smooth functor & : (X, X) — (),Y) is an isomorphism in
EP(E) iff ¢ is an equivalence.

Basics of polyfolds

Definition 4.25 ([65, Definition 16.1]). A polyfold structure for a topological space Z
is a pair (X, X),«), where (X, X) is an ep-groupoid and « is a homeomorphism from the
orbits space |X| to Z.

Definition 4.26 ([65, Definition 16.2,16.3]). Two polyfold structures (X, X), ), (¥, Y), 5)
are equivalent, if there exist a third ep-groupoid (Z, Z) and equivalences (X, X) Vil (Z,2) <
(V,Y), such that co |F| = o |G|. A polyfold (Z,c) is a paracompact space Z with an
equivalence class of polyfold structures c. We will suppress ¢ when there is no confusion. A
polyfold is regular resp. tame resp. infinite dimensional if it has a polyfold structure
(X, X),a) such that (X, X) is reqular resp. tame resp. infinite dimensional *.

The polyfold definition in [65, Definition 16.3] does not require paracompactness. Since
partition of unit is very important in application, we only work with paracompact poly-

4By [65, Lemma 16.2], all polyfold structures are regular resp. tame resp. infinite dimensional.
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fold®. By [65, Proposition 16.1], a topological space admitting a polyfold structure is locally
metrizable and regular Hausdorff. Then being paracompact implies that the polyfold is
also metrizable. Then by [65, Proposition 7.12], Z* and any open subsets of Z* are also
paracompact polyfolds.

To get a category of polyfolds &, we need to define the morphisms between polyfolds.
Given two polyfolds (Z,¢) and (W,d), we can choose two polyfold structures ((X, X), a)
and ((V,Y), ) respectively. Then we define a morphism between those two polyfold
structures is a pair (f, f), where f is a generalized map from (X, X) to (J,Y) and f :
Z — W, such that f oa = fo|[f|. Suppose we have another pair of polyfold structures
(X', X"), o) and ((V',Y’), ') respectively and a morphism (f, f’) between them. Then
(f, f) is equivalent to (', f) if we have the following commutative diagram:

(X, X),0) (1, 7),8)

l(midz) j(gvidw)
, lyf/
(x, x7), ") T (v, ),

where h and g are generalized isomorphisms and the commutativity is in the sense of gof =
' o b as generalized maps and f = f’. A morphism between two polyfolds is an equivalence
class of morphisms between polyfold structures. Therefore we have a category &2 of polyfolds,
see [65, Definition 16.8].

To simplify notations, we will abbreviate a and write Z = |X| from now on.
Then a morphism between polyfolds Z = |X| and W = |))| is represented an equivalence
class of a generalized map §: (X, X) — (),Y).

4.2 Group actions on polyfolds

Now we give a tentative definition of a sc* group action on a polyfold.

Definition 4.27. Let Z be a polyfold, a sc® G-action on Z is pair (p,B) with the following
structures.

1. pis a continuous action G X Z — Z.

2. P (%, G) = L is a functor sending * to Z, such that p(g,z) = |B(g)|(z), here we use
IB(g)| to denote the underlying topological map of the polyfold morphism B(g).

3. Let g € G and p,q € Z such that p(g,p) = q. Then there exist a neighborhood U
of g, two equivalent polyfold structures (X, X) and (),Y), two points x € X,y € Y

®The partition of unity on polyfold requires more than paracompactness, see [65, Theoorem 7.4]. If the
M-polyfold structures on the object space is built on sc-Hilbert space, then we will have sc-smooth partition
unity, see [65, Theorem 5.12, Corollary 5.2, Theorem 7.4]. Also note that the construction in Lemma 3.24 is
closed in the sc-Hilbert space category.
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with |z| = p, ly| = q and a local uniformizer U C X around z. So that the U-family
of polyfold maps U — Moru(|U|, Z) defined by h +— P(h)|u is represented by the
following sc-smooth functor

pga s U X (stab, xU) — (V,Y),

satisfying py.(g,x) = y.

Remark 4.28. The continuous action p is completely determined by *B, where the continuity
follows from (3) in Definition 4.27.

Remark 4.29. Assume G acts on Z by (p,’B). Since for each h € G morphism B(h) is
an isomorphism of polyfold, i.e. P(h) is represented by generalized isomorphisms. Then we
have pg . (h,-) is fully faithful by Theorem 4.2/. By Proposition A.4, pg(h,:) U — Y is a
sc-diffeomorphism onto the open image set for every h € U.

The following proposition provides a natural characterization of group action.
Proposition 4.30. Letp : G x Z — Z be a polyfold morphism such that
1. p(id,-) =idyz as polyfold morphism;

2. p(gh,-) =p(g,-) op(h,-) as polyfold morphism.
Then p induces a G-action (p,B), where p = |p| and B(g) = p(g,-).

Proof. 1t suffices to prove the existence of local representations of 8. Note that p can be

represented the following digram G x (X', X) L W, W) 2 (V,Y) with F' an equivalence.
For every (g,x) € G x X, there are local uniformizers of G x (X, X) around (g, z) in the
form of U x (stab, xU), where U is a local uniformizer for (X, X) around « and U C G is
a neighborhood of g. Since F'is an equivalence, for small enough U and U, we can assume
a local uniformizer of W also in the form of U x (stab, xU). Then B is locally represented

by (I)’Ux(stabz xU)- ]

4.3 Properties of group actions

In this subsection, we study the properties of group actions on polyfolds. Recall from Defini-
tion 4.27, we have local representatives of group actions p,, : U x (stab, xU) — (Y, Y). If
we want to compose such local actions, we need to modify p, , so that it is defined (partially)
on one polyfold structure (X, X). For this purpose, we fix a polyfold structure (X, X). Let
x,y € X such that p(g,|z|) = |y| in Z = |X|. Then by Definition 4.27, the action can be
locally represented by

Pg.zq - U, x (stabxa D(Z/{a) — (Xb,Xb> (43)
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where (X,, X,), (X}, X}) are polyfold structures of Z and stab,, xU, is a local uniformizer
of (X, X,) around x, with |z,| = || € Z. Since (X, X)), (X,, X,), (X, X)) are equivalent
polyfold structures, then we have the following sequence of equivalences of ep-groupoids,
note that we suppress the morphism spaces since there are no ambiguities,

F, Gy

Xaﬂg,xa(ga')/k.b

E

x <fa WaGa_> u,

W, -t &, (4.4)

where F,, G,, F}, Gy, are all equivalences and |Gy|o| Fy| 10| py 2. (9, -)[o|Galo|Fu| ™t = p(g, ), i-e.
over the orbit space |U,| the composition of the sequence covers the action p(g, -). Moreover,
there exist w, € Wy, wp, € Wy, € X,0 € X,,n € X, such that F,(w,) = ¢(z),
0(Ga(wa)) = Tas N(Pg2 (95 Ta)) = Fo(wp) and Gy(wp) = P (y), i.e.

X Fa Wa Ga Xa Pg,xq (97') Xb Fb Wb Gb X

Z Lo~ Pg,za (9, 2a) Yy

¢ o ]
Fo(w,) =—w, — Gy (w,) Fy(wy) wy Gy (wy)

Here pg 5, is only partially defined on &,,. The first row here just indicates where the elements
are from and the directions of equivalences. We point out that arrows in the lower half of the
diagram have two different meanings, the vertical arrows are morphisms in one ep-groupoid
and the horizontal arrows are the maps on objects of equivalences. Let F, ,,, and Fj,, denote
the local sc-diffeomorphisms F;, and Fj, near w, in W, and wy in W, respectively. Then by
Remark 4.29, we have the following proposition.

Proposition 4.31. There exist neighborhoods V C X of x and V C U C G of g, we have
for every h € V,

L(h,z) = L;l 0Gyo Fyu, ' 0Lyopge(h,-)oLsoGyoF,,, ' oLyz) (4.5)
defines a local sc-diffeomorphism from V.

Since on the orbit space, |['(h,-)| = p(h,-). We call I" a local lift of the action at
(g,x,y). I is not unique, it depends on choices of w,, wy, ¢,1,d,n as well as the polyfold
structures W,, W, X, Xj.

Definition 4.32. Let Z be a polyfold with a G-action (p,*B) and (X, X) a polyfold structure
of Z = |X|. Let x,y € X,g € G such that p(g, |x|) = |y|. We define L(x,y,g) to be the set
of germs of all local lifts at (g,x,y).
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Although there are infinitely many different choices involved in the construction of
L(z,y,g), the following proposition asserts that L(x,y,g) is a finite set for regular poly-
folds.

Proposition 4.33. Let Z be a regular polyfold with a G-action and (X, X) a polyfold struc-
ture of Z = |X|. Then for x,y € X and g € G, the isotropy stab, acts on L(x,y,q) by
precomposing the local sc-diffeomorphism Ly for ¢ € stab, and this action is transitive. The
isotropy stab, also acts on L(x,y,g) by post-composing L, for ¢ € stab,, this action is also
transitive.

Roughly speaking, this proposition is a consequence of that all the functors in (4.5) are
equivalences. Regularity plays an important role in the proof of Proposition 4.33. Indeed,
the irregular polyfold in Example 4.20 provides an example such that Proposition 4.33 does
not hold, see Example 4.52.

Corollary 4.34. |L(z,y,g)| = |stab™| = \stabzﬂ\, where S.taubi,ﬁ,stabzff are the effective
parts defined in (4.2).

L(z,y, g) also has the following group properties.

Proposition 4.35. Let Z be a reqular polyfold with a G-action and (X, X) a polyfold struc-
ture of Z = |X|. Then for x,y € X and g € G, L(x,y,g) has the following structures.

1. For every ¢ € mor(y,z), I' = Ly oI defines a bijection from L(z,y,g) to L(z, z,g).
And I — TI' o L, defines a bijection from L(z,x,g) to L(y,x,g).

2. There is a well-defined multiplication o : L(y, z,g) x L(z,y,h) — L(x, z, gh) with the
property that if I'y € L(y, z,9) and I's € L(x,y,h), then

Iy oTy(egh, z) = T1(eg, Ta(h, 2)) = T1(g, Ta(g ™ egh, 2)) (4.6)
for € in a neighborhood of id € G and z in a neighborhood of x.

3. There is a unique identity element I'yq € L(x, z,id), such that T'y4(id, 2) = z for z in an
open neighborhood of x. This identity is both left and right identity in the multiplication
structure.

4. There is an (both right and left) inverse map L(x,y,qg) — L(y,z,g~1) with respect to
the multiplication and identity structures above.

5. Forx € X, g € G, there exists an open neighborhood U x O xV of (x,y,g) in X xCx G
such that all the local lifts in L(x,y, g) is defined on V x U with image in O. Moreover,
for any (2',g') € U x V and y' € O such that p(q',|2'|) = ||, every element I €
L(z',y',q') is represented by the restriction of a unique element I' € L(x,y,g) to a
neighborhood of (¢',x') as germ.

We prove Proposition 4.33 and Proposition 4.35 in the appendix.
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4.4 Quotients of polyfolds

In this subsection, we construct quotients of polyfolds. We first construct local uniformizers
of the quotient ep-groupoids in Proposition 4.39. Then we assemble such local uniformizers in
Theorem 4.42 to form quotient ep-groupoids, which give polyfold structures on the quotients.

Definition 4.36. Let Z be a polyfold with a sc-smooth G-action (p,P) and (X, X) a polyfold
structure. For each z € Z, the isotropy G, is defined to be the isotorpy of p at z. For each
r € X, the isotropy G, is defined to be G|,. An action has finite isotropy iff for every
z€Z, |G, < .

For zy € X, let Iy, € L(xo, xo,id) be the identity element as asserted in Proposition
4.35. Then we can define the infinitesimal directions of the group action at x to be

Gzy = D(Fxo)(id:ffo)(TidG x {0}).

Then we have analogue of Proposition 3.22 and Proposition 3.23 as follows.

Proposition 4.37. If the action has finite isotropy, then g,, C (TxROX)OO and dimg,, =
dim G.

Proof. By (4.4), T'y,(€,T'4,(6,2)) = 'y, (€0, x) for €,0 close to id and z close to xy. Then
the proof of Proposition 3.23 applies here and dimg,, = dimG. Since I', (e, -) is a local
sc-diffeomorphism for € close to id by Proposition 4.31, the arguments in Proposition 3.22
prove that g,, C (TEX). O

We point out here a property of g,, that will be used in Remark 4.53. Let g € G, and
a local lift I' € L(xq, x¢, go), then

DF(QOJJO)({O} X gxo) = g:co~ (47)

By (4.6), for € € G close to id, we have

I-‘(907 Fxo (g(]_leg()a [Eo)) = F(6907 xO) = FJ:()(E7 F(g(h mO)) - Fx() (Ea :L‘Cl)-

Then (4.7) is proven by taking derivatives in e.

To construct quotient polyfolds, we need to introduce the analogue of G-slices in the
ep-groupoid setup. Of course slices for ep-groupoids should be translation ep-groupoids. We
first discuss the isotropy of the quotients. For every x € X, let stabgc;2 = Ugeq, L(z, 2, g).
Then stabi2 is a group by Proposition 4.35. Moreover, we have an exact sequence of groups:

1 — stab®® — stab® — G, — 1, (4.8)

where the first map is the inclusion stab®® ~ L(xz, z,id) < stab? and the second map is the
projection. As a consequence, stab? is a finite group with |stab® | = |stab™ | - |G,|.
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Definition 4.38. Let Z be a regqular polyfold with a sc-smooth G-action with finite isotropy
and (X, X) a polyfold structure. For every xog € X, a G-slice for the polyfold structure
(X, X) around xq is a tuple (U, U,V, f,n) such that the following holds.

1. U C X is an open neighborhood of xo and V' C G is an open neighborhood of id.
2. Let Ty denote the identity element in L(xg, xo,1d), Ty is defined on V x U.

3. U = f~(0) is slice (Definition 3.17) of X containing x,.

4. Forx elU, g = f(x) is the unique element g € V' such that To(g,z) € U.
5. m:U — U defined by x — To(f(x),z) is sc-smooth.

6. There s a sc-smooth action of stabfg0 on U defined by

IFoy:=nT(g,y)), VI'€L(x,z,90),y€U. (4.9)

7. For every y € U, the set S,a = 1{(z971)z € UgeGT e L(y,z,9)} has exactly
| stab® | elements.

Proposition 4.39. Let Z be a reqular polyfold with a sc-smooth G-action with finite isotropy

and (X, X) a polyfold structure. For every xy € Xu, there exists a G-slice for the polyfold
structure (X%, X?) of Z? around x.

Proof. By Proposition 4.37, we can apply Lemma 3.24 to the identity element I'y € L(xg, 70, 1d).
Therefore we have a tuple (W, W, V, f,n) such that the following holds.

(i) W C X2 is an open neighborhood zy and V' C G is an open neighborhood id.
(ii) T'g is defined on V' x W.

(iv) For x € W, g = f(z) is the unique element g € V such that T'y(g,x) € W.

)

)
(iii) W ~1(0) is slice of X containing .

)
(v) n: W — W defined by z — To(f(x),z) is sc-smooth.
vi)

vi) Property (5) of Proposition 4.35 holds for every I' € stab® on W x V.
zo

Moreover, for every open neighborhood W' € W of xg, let W = =1 (W'). Then the tuple
W', W', V, flw,nlw) also has property (i)-(vi).

Next we will construct an neighborhood V € W of x4 so that (4.9) defines a sc-smooth
group action on V. First, we pick a small enough neighborhood W' C W of z, such that
(4.9) is well-defined for every T' € Stabx ,ie. D(go, W) C W for every I' € L(zq, xo, o).
Since

L'©y=n((9,y)) = To(f(T(g0,%)), (90, 9)), (4.10)
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and the inverse to 'y is itself, we can require the neighborhood W is small enough such that
we can invert (4.10) to get

T'(go,y) = To(f(T(g0,y)) ., T @y), VI €stab?,yeW. (4.11)

Moreover, we can shrink W’ further such that the following equations are defined and hold
for every I'y € L(zo, %9, 91) and 'y € L(xg, x9, g2) and y € W',

(Tol) oy = 7y ol(g192,9))
= n(T1(g1, 292, y))
Ly n(C1(g1, To(f(T2(g2,9)) " T2 @ y)))
=2 n(C1(g1fTa(g2,y) ' Ta ©y)
=2 n(To(g1.f(T2(g2,9)) 91, T1(g1, T2 © )
W (Mg, T 0 y)))
= oMoy (4.12)
Since .
Loy =nlo(id, y)) =nly) =y, YyeW, (4.13)

(4.12) implies that "' © (' ©y) = y for every y € W'. Hence T'® is injective on W'. Pick an
open neighborhood O Cc W, such that T® (O) ¢ W' for all T. Then the injectivity of I'"1®
on W and I'' © (' ©y) =y on O imply that I' ® (O) = ('~ 1@) L(0). As a consequence,
I'® (O) is open in W' for every I'. We define

V= ﬁI‘EstabgoF © (@)

Then V C W' is an open neighborhood of xy. Therefore (4.12) implies that (4.9) defines a
sc-smooth group action of StabQ on V. Moreover, for every open neighborhood V' C V of
0, the stab$ action can be restrlcted to V" = Npestan I © V) cV.

zo

Finally, we claim that we can find a neighborhood U C V of z, invariant under the s.tab?0

action, such that [S, ;| = |stab§0 | for every y € U. First we pick a smaller neighborhood
V' C V such that for all y € V' and I' € L(xg, o, go),

T'©y =n(g0,) = Lo(£(T(d0, ), (g0, ) = T(F(T (90, ))g0, ). (4.14)

For every open neighborhood U’ C V' of g, let U := Nrestab, I'o (U') c U and T, denotes

the restriction of I' to L(y, T ® y, f(T'(g0,¥))g0). Then (' ® y, f(T'(g0,9))g0, Ty) € S, by
(4.14). By the uniqueness of the restriction in the property (5) of Proposition 4.35, different
I' € stab? gives different elements in S, 1> thus [, ;7| > | stab® |.
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Assume otherwise that the last assertion does not hold for any of such U. Then there ex-
ists a shrinking sequence of open neighborhoods U (k) C V' invariant under the staubf0 action
, such that the last assertion does not hold on U(k). In other words, we have y;, € U(k) such

that limy, y, — 2o and for each k there are at least | stab® |41 tuples {(2%, g&, F;e)}1<i<| stab@ 41

with T% (gt yx) = 2% € Z;{(k) and limy 2; — x. After passing to a subsequence, we can as-
sume limy gi € G, for all i. Therefore there is a set I C {1,...,] Stabfo | + 1} with at
least |staub§30 |/|Gzo| +1 = |stalo§;2f | + 1 elements, such that for all i € I, lim; g, = gy € G,.
By property (vi), T% is a restriction of some I' € L(z,z,g9). After passing to a subse-
quence, we can assume L% is the restriction of a fixed T" € L(z,z,go) for a fixed 7. Since
| L(o, 7o, go)| = | stabl |, there is a subset J C I containing at least two elements such that
for j € J, Fi is the restriction of a common I" € L(x, z, go). Then we have zil = F(gil, Yk )
zi"’ = F(gf, yx) for j1, jo € J. Therefore for k > 0, we have

2 =T(gl", yr) = To(92 96" T (g0, yr))-

Since 21! € U(k) C V~V, by property (iv) we have 995" = f(T(go, yx)). Therefore zil =IOy
Similarly, we have gi’g;" = f(I'(go, yx)) and z)? = I' ©y;. This contradicts that (z]', g, I%")
and (27%, gi°,I'}?) are different. O

We will see later that S, ;; is the orbit set (Definition 4.8) for the quotient ep-groupoids.
The last assertion in Proposition 4.39 will be used to prove the properness of the quotient
ep-groupoids. We also need the following two results to prove the paracompactness of the
morphism space for the quotient ep-groupoids.

Lemma 4.40 ([65, Lemma 2.7]). A regular Hausdorff space Y is paracompact iff for any
open covers of Y, there exists a locally finite refinement consisting of closed sets.

Proposition 4.41 ([65, Proposition 2.17]). Let Y be a reqular Hausdorff space, let (Y;):er be
a locally finite family of closed subsets of Y such that Y = U;erY;. If every Y; is paracompact,
then Y 1s paracompact.

Now we have all the prerequisites for the proof of the following theorem.

Theorem 4.42. Let Z be a regular tame polyfold and (X, X) a polyfold structure. Assume
compact Lie group G acts on Z sc-smoothly and the action only has finite isotropy. For
every Tog € Xoo, let (U, Usy, Vaos foo, o) be a G-slice for (X%, X?) around zo. We define

sets ~
Q = H uzoa

0 EXoo

Q = {(z,y,9.D)|z,ye Q,ge G, € L(z,y,9)},
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and maps
sQ Q — 9 (z,y,9, ) — =z,
tq: Q — 9 (z,y,9.T) — v,
in QS XtQ — Q ((y,z,g,F),(m,y,h,H)) = (IL’,Z,gh,FOH),
ugQ Q0 — Q: x — (x,z,id,Ty),
iQ : Q — Q; (7,9,9,T) = (y,2,9",T71),

where Ty € L(x,z,1d) is the identity element. Then Q,Q can be equipped with M-polyfold
structures so that (Q, Q) is an ep-groupoid.

Let Z = Uyyexp(G, Uy, |) C Z2. Then Z is a G-invariant open set of Z2 containing
Zo and (Q Q) defines a polyfold structure on Z/G such that the topological quotient map
Te:Z — Z/G is covered by a sc-smooth polyfold map q : Z — Z/G

Proof. From the definition of Q, @ and the structure maps, (Q, Q) is a groupoid. Q is a
tame M-polyfold since it is a disjoint union of tame M-polyfolds. The remaining part of the
proof is divided into several claims.

Claim 4.43. Q has a M-polyfold structure.

Proof. We first give Q a topology. Let U C O, W C O,V C G be open subsets and I" a
local lift defined on V' x U. We claim all such (U4 x W x V' x {I'}) N Q form a topological
basis, here T" is thought of as the germ restricted to the point in V' xU. For any (z,y,g,T') €
U x W x V' x{T"HNnU" x W' x V" x {T"}) N Q, we have the restrictions of I and
I' to (g,x) is the same as ' as a germ. Hence we can find smaller neighborhood U C
UNU' WCWnwW and Vc V' NV such that (z,y,9, ) C(UXW xV x{T})NQ C
U XW x V' x{T"HNU" x W' x V" x {I'"})N Q. This proves the claim and we can use
this topological basis to put a topology on Q.
Next we equip @ with a M-polyfold structure. Let (z,y,9,[') € Q. If y € U, for w e Xy
then map
8(?21 tz e (2,m0(T(g, 2)), fu(T(g,2))g, Ffw(l"(g,z))g,z) €Q (4.15)

is well-defined on a neighborhood V C Q of x to @, where I'f (r(g.))g,- is the restriction of
I to a neighborhood of (f,(I'(g,2)),2). We chose V small enough such that the following
conditions hold for every z € V.

1. I'(g, 2) is defined and I'(g, 2) € U,

2. Let g, := fu(['(g,2))g, then g, is in a neighborhood V' C G of g, such that property
(5) of Proposition 4.35 holds on V x V' for L(x,y, g).

3. Forg e V'andz € V, Ty .(¢,2) =Tw(d'g ", T'(g,2)), where T, is the identity element
in L(w,w,id) defined on U,,.
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We claim sél is the local inverse to sg near (r,y,g,I') as the notation indicates. Since
5Q 0 sél = idy, it is sufficient to prove 3631 is an open map. For every open subset O C V, let
(2',y, g, T") € (OxU, xV'x{T}HNQ. Since I"(¢', ') =1/, by (3) ¥ =Tw(g'g ', T(g,2")).
By property (4) of Definition 4.38 and (1) here, we have ¢'g! = fu(l(g,2")) and ' =
Nw(L(g,2’)). That is (2,1, ¢',1") € 351(0). Hence sél((’)) = (O xU, xV'x{T'})NQ which
is open in Q. Therefore sél gives @ a tame M-polyfold structures locally. The transition
maps are the identity map on Q, thus @ has a tame M-polyfold structure and the source
map sg : Q@ — Q is a local sc-diffeomorphism. The target map tg : Q@ — Q is sc™, since the
composition of target map tg with (4.15) is

z = 1w(l(g,2)),

which is a local sc-diffeomorphism, as one can write down a local s¢™ inverse just like (4.15).
Similarly the unit map wug, the inverse map ig and the multiplication mg are sc>. This
proves the étale property. O

Claim 4.44. Q is Hausdorff and paracompact and (Q, Q) is an étale ep-groupoid.

Proof. By our definition of the topology on @, we have a continuous projection:

T:Q — Qx QxG.

Because Q x Q x G is Hausdorff, any two points in Q with different projections are separated
by open sets. If two points have same projection, i.e. (z,y,g,I'1) and (x,y, g,'2), such that
I'y # I's. Then by Proposition 4.33, I'y, = I'y o Ly, for some ¢ € stab,. Since I'y # I'y and
the ep-groupoid (X, X) is regular, thus L4 does not fix any open set near x. Then for z in a
neighborhood of z and h in a neighborhood of g, we have I'y ;. # I'a -, where I'y1 j, 2, o p, 2
are the restrictions of I'y, I's to (h, z). Thus (z,y,g,1'1) and (x,y, g,'2) can be separated by
UXxW XV x{T1} and U x W x V x {I'y} for some open neighborhoods U, W,V of z,vy, g.

We will use Proposition 4.41 to prove that @ is paracompact. We first prove that the
map 7 : Q — Q x Q x (G is closed map. Let C be a closed subset of Q. Note that if
we have (zx, Y, gx) € Q X Q X G such that (zg, yg, gx) — (2,y,9) and (zk, Yk, 9, ['x) € C,
then by Proposition 4.35, there is a I' € L(x,y, g) such that after passing to a subsequence
['x is the restriction of a I'. This shows that (z,y,¢,T') € Q is a limit point of C, hence
(x,y,9,T) € C and (z,y,g) € n(C). Therefore 7 is a closed map. Next we claim that Q
is a regular space. That is for p = (x,y,9,I") € Q and a closed set C C Q not containing
p, we can separate them by non-intersecting open sets. If 7(p) ¢ 7(C), since Q x Q X G is
regular, we can separate p and C. If 7(p) € 7(C), by Proposition 4.33 C N7~ (x(p)) is a
finite set. Since @ is Hausdorff, we can find an open neighborhood U C Q of pand V' C Q
of CNa~!(r(p)) separating p and C N7~ (7(p)). Note that p and C\V can be separated
since 7(p) ¢ w(C\V'). Therefore p and C can be separated hence @ is regular.

Next we apply Proposition 4.41 as follows. Observe that for every (z,y,9) € Q x Q X G,
the preimage 7~ '(z,y,g) C Q is a finite set. Then we can find small neighborhood U x W x
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V CQx QxGof (z,y,9), such that 7= (U x W x V) has finitely many components and
over each component sq is a sc-diffeomorphism onto its image. Therefore 7= (U x W x V) is
a paracompact space hence metrizable. Since Q x Q x (G is a metrizable space and is covered
by such open sets U x W x V. By Lemma 4.40, we can find a locally finite refinement
{C;}ier consisting closed sets. Then {771(C;)}ier is a locally finite covering of Q by closed
sets. Since 7 1(C}) is a closed subset of some metrizable space 71U x W x V), 7~ 1(C)
is also metrizable and hence paracompact. We have @ is also paracompact by Proposition
4.41. Therefore @ is a M-polyfold and (Q, Q) is an étable groupoid. O

Claim 4.45. (Q, Q) is an ep-groupoid.

Proof. From our construction stab® in (4.8) is the isotropy group of (Q, Q) for z € Q. By
Definition 4.38, the orbit set S, ;; has | stab® | elements for y € U,. Then by Proposition
4.10, the first condition of Proposition 4.9 holds. Thus to prove the properness, we need to
prove that for any z € Q there exists a arbitrary small open neighborhood V C Q of z with
the property that tQ(sél(V)) is a closed set of Q. For every open neighborhood © C U, of
z, we can pick V C O, such that V is contained in an open set W C U, C X? which has
the property that ¢ : s7(WW) — &2 is proper. Moreover, for small enough V), we can assume
there is neighborhood V' C G of id, such that W = T',(V, V). We claim that

W =T,(V,V). (4.16)

This is because a sequence z; € W converge Too, iff 7,(2;) — 7.(2s) in V and fo(2;) —
fo(2oo), that is 7o € T(V,V). By (4.16), W C n;1(V). Since Q is metrizable, to show
tQ(sg?l(V)) is a closed set, it is enough to show it is sequentially closed. We pick a sequence
Y € tQ(sél (V)) converging to yo. € U,. Tt suffices to show that y., € tQ(sél(V)). Since
yr € to(sg'(V)), there is z, € V C U, and g, € G such that p(gy, |zx|) = |yx|. Since G
is compact, we can assume limy gr — go € G by choosing a subsequence. We choose any
Joo € X% such that p(gy ", [Yoo|) = [Foo| and pick any I' € L(yeo, Foo, g5 1)+ Let G := Lgy ', yr),
then limy, § = o in X2. We also define & := I',(gy " gk, 21 ). Then for k big enough, &, € W
by (4.16). Note that in the orbits space |X?|, we have

P90 i leel) = |2kl p(go " lywl) = 19l.

Therefore |T;| = |§x| in |X?|. By the properness of t : s71(W) — X2, there exists To, € W
and a morphism ¢ : Zoo — Joo. Since 7, (Zs) € V, we have a morphism in Q from 7, (%) to
Yoo defined by

(nz(:i‘OO)v Yoo, gogx(jOO>’ F_l o Lq5 o Fa:)
Here I, is understood as the restriction of the identity element in L(x, z,id) to L(1n(Zo ), Too, f2(Teo))-
Therefore o is in tg(sq' (V). Thus we prove that to(sg'(V)) is a closed set of Q and the
properness follows. Hence (Q, Q) is an ep-groupoid. ]

Claim 4.46. Z/G is a tame polyfold.



CHAPTER 4. FINITE ISOTROPY QUOTIENT OF POLYFOLDS 59

Proof. By the definition of Z , 7 C 7% is a G-invariant open neighborhood Z,,. By Lemma
3.31, Z /@G is metrizable space. Let S denote the composition of maps

B:05H X | =225 722G,

where i : Q — X? is defined by inclusion of the slices U, — X2. We claim § induces a
homeomorphism |5| : |Q| — Z/G. First, for x,y € Q, the existence of (z,y,9,I') € Q
is equivalent to that |z| and |y| are in the same G-orbit in Z. As a consequence || is
well-defined and is a bijection. Since [ is continuous, || is also continuous. Therefore to
show that || is homeomorphism, it suffices to show that |3| is an open map. Let U be
an open set of |Q|. Let mg := Q — |Q|, 1 : [I,,ex.. Uz, — Q defined by nly,, = 7., and
v [ yen, Uny — X2 defined by the inclusions U, < &*. Then

BI(V) = 7g omg oi(ng' (U)) = na(p(G, mx o (™ (mg' (U)))))-

Since ¢ and 7y are open maps by [65, Proposition 7.6]. Then my o «(n~! (75" (U))) is open,
therefore p(G, mxou(n~ (5" (U)))) is a G-invariant open set of Z2. Hence |8|(U) is open. [

Claim 4.47. There is sc-smooth polyfold map q covering the topological quotient mg : 7 —
Z /G.

Proof. Let (X, X) be the full subcategory (X2, X2) with orbit space Z. Then (X, X) gives
7 a polyfold structure. But we will construct another equivalent polyfold structure on 7 to
write down the quotient map. Let z € X', then there is an open neighborhood V, C X with
the following structures.

1. There exists u € Xx, v € U, and g € G such that p(g, |z|) = |v].
2. Thereis I' € L(z,v,g) with I'(g, z) = v and

U(fu(T(g:2))g, x) = Tu(fu(T (g, 2), (g, x)) = nu(T'(g,2)) € U,
is defined for z € V,.

For each z € X, we pick a V, along with the corresponding u, v, g and I'. Then we define
an ep-groupoid (7,T) as follows:

T=][V.. T:={(éylreV.yecVéeX o) =y}

The structures maps are:

s (x,0,y) — =
t (x, ¢y) — y
m: (Y9, 2), (x,0,y)) — (v,¢08,2)
u (z,0,9) = (y,0 " 2)
i r — (x,id,x)
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The natural functor T — X by sending =z € V, to x € X and (x,¢,y) to ¢ is an equivalence.
Hence (T, T) is also a polyfold structure for Z.

The record of u,v, g and I' for each V), is then used to construct a functor from (7,T)
to (Q Q). We claim there is a functor @ : T — Q covering the topological quotient map
76 Z — Z/G as follows. For z € V., we define p, := f,(I'(g,2))g and A, is the restriction
of I'in L(x,(py, x), ps). Let (x,¢,y) € T be a morphism. Then we define

0 z = Dyl pg, ) € Uy
(#,0,9) = (Q(@),Qy), pypz ' Ay 0 Lg 0 AY).

It is a functor by the definition of our structure maps and is sc™ as every component in
(4.17) are sc™. O

(4.17)

O

Remark 4.48. If for every xq € X, we pick two different G-slices around xy to construct
two quotient ep-groupoids (Qq, Qu), (v, Qp) and give Z;/G, Z)/G polyfold structures. Then
we can take union of two sets of slices to form an ep-groupoid (Qaup, Qup), which gives (2 U
Zb)/G a polyfold structure. The natural inclusions (Qa,Qa) (Qab,Qab) and (Qp, Qb)
(Qabs Qab) induce the open inclusions of polyfolds Za)G = (Z,UZ,)/G and Zb/G — (Z,U
7,)/G. As a consequence, Zo/G and Z,)G restrict to the same polyfold on (Z, N Z,)/G.

Proposition 4.49. Let Z be a regular tame polyfold and (X,, X,), (X, Xp) two polyfold
structures. Assume compact Lie group G acts on Z sc-smoothly and the action only has
finite isotropy. Let Z,,Z, C Z* be two open G-invariant open sets containing Zs, such
that Z.)G,Zy/G are the quotient polyfolds constructed from (X, X,) resp. (X, Xp) from
Theorem 4.09. Then there exists a G-invariant open set 7 C Lo N 2Ly, containing Zs., such
that Z,)G, Zy /G restricted to Z /G are the same polyfold.

Proof. Since (X,, X,), (X, Xp) are equivalent polyfold structures, we have equivalences
(X, Xa) £ w,w) 5 (X, Xp). We apply Theorem 4.42 to (W, W), i.e. we pick G-slices
Uz Uzgs Vo s fmo,nxo) for (W?, W?) around zy € W, to construct a quotient ep-groupoid
(@, Q") and gives Zyw/G a polyfold structure. We can also require that F |u10 , Glu,, are sc-
diffeomorphisms. Then (F(Uy,), F(Usy ), Vags Frfaos Fillny) and (G(Us,), G(Z/{ )s Vaos G fg s
Gy) are G-slices for (A7, X7) and (/'\f'2 X7). By Remark 4.48, (F(Us,), F(Uy,), Viy, Fu Sios
F.n,,) and Z »/ G induce the equivalent polyfold structures on (ZWﬂZ )/G, (G(Us,), G (Usy),
Vo, Gifan: G *77:,;0) and Z,/G induce the equivalent polyfold structures on (ZW N Z,) /G.
Therefore Z,/G, Z,/G restricted to (Zy N Z, N Z,)/G are the same polyfold. O

Remark 4.50. The challenge of constructing a quotient ep-groupoid is the construction of
the morphism space. Qur approach in Theorem 4./2 is geometric in the sense that two
morphisms are different iff they are represented by different geometric data (x,y,g,T). The
reqular property of polyfold is to control local lifts T € L(z,y, g). It is not clear to us how to
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construct a quotient ep-groupoid (Q, Q) with the isotorpy staubi2 satisfying an exact sequence
1 — stab, — staubi2 — G, — 1.

Remark 4.51. When G s the trivial group, the construction in Theorem 4.2 gives an
effective polyfold structure on Z C Z%. One can still apply the construction in Theorem
4.42 to Example 4.19, then the new morphism space contains two open half planes and one
half-line with the attaching point is a double point, thus not Hausdorff. This illustrates the
role of the first property of reqularity’.

The following example shows the importance of the second property in the definition of
regularity (Definition 4.11).

Example 4.52. If we apply the construction in Theorem 4.42 to FExample 4.20 with the
trivial group action. Since the sc-diffeomorphism n : im7m — im 7 in Example 4.20 can be
completed to an equivalence between Zo X imm and itself. Hence n induces a local lift of
the trivial action near (0,0) and non = id. Moreover n # Ly, where ¢ is the nontrivial
element of Zy = stab(go). The isotropy group stab(%p) for the quotient construction is Zg X 2o
generated by n and Ly. Therefore (4.8) does not holds anymore.

In this example, one can still carry out the remaining construction. If we use im7 as
the only slice for the construction, then the resulted morphism space Q is two copies of im
with two extra points p,q corresponding to 1 and n o Ly, such that p connects the negative
side of one copy with the positive side of the other copy and q connects the remaining two
sides. As a result, Q is no longer Hausdorff due to p and q. We see from this example that
the second property of reqularity is crucial for the control of the isotropy of the quotient. It
is not clear to us where there exists an example with |stab® | = co.

Remark 4.53. If one wants to take another quotient on top of a quotient, we need to
study whether the quotient is reqular. The situation depends on the external group action.
For example, if we think of the action groupoids in Ezample 4.19 and FExample 4.20 as
quotients of Zo actions, then the quotient polyfolds are not reqular. In light of Corollary
4.18, we give a sufficient condition for the quotient to be reqular. Following the discussion in
(4.7), DI'(go, -)z, preserve the infinitesimal direction g, for go € Gy, and I' € L(xg, zo, go)-
Then for every o € X, we can define the map stabgo — hom(To X /8ugs Tuo X /8zy) DY
' € L(xg,x0,90) — [DI'(go,)z)- If such map is injective for every ro € Xy, then the
quotient polyfold is reqular.

4.5 Quotients of polyfold bundles and sections

In this section, we prove Theorem 1.1 up to the claims on good position and orientation
The proof is analogous to the proof of Theorem 4.42. The construction of quotient polyfold

SHowever, to get an effective ep-groupoid out of a general ep-groupoid, one only needs the first condition
in the regular property (Definition 4.11), see the proof of [65, Proposition 7.9].
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bundles is analogous to the construction of quotient polyfolds in Theorem 4.42, once we set
up the counterpart of Proposition 4.39 in the bundle case.

Regular strong polyfold bundles and sc-Fredholm sections

We first recall the basics of polyfold bundles and sc-Fredholm sections that will be used here.
Like the polyfold case, we review the bundles over ep-groupoids first.

Definition 4.54 ([65, Definition 8.4] ). A sc-smooth functor P : (€, E) — (X, X) between
two tame ep-groupoids is a tame strong ep-groupoid bundle, if the following properties
hold.

1. On the object space P° : & — X is a tame strong M-polyfold bundle.

2. The morphism space E is the fiber product X, xpo €. And P' : E — X s the
projection to the X component.

3. The structure maps on E are given by

s(g,e) = e

t(g,e) = ulg,e);
m((g,e), (h,a)) = (goh,a);

ule) = (1,e);

i(g,e) = (i(g),n(g,e)).

4. The target map p has following properties:

e tyoPl = Ploy, ie. pis a bundle map E — £ covering the target map
ty : X — X,

o 1 is surjective local sc-diffeomorphism and linear from fiber Ey to & (), for
¢peX;

o u(ly,e)=ce, foree &,;

o u(goh,e) = ulg,u(h,e)).

Note that for ¢ € X, there exist open neighborhoods U, (4), Ui, 4y C X and Uy C X of
sx(¢),tx(¢) and ¢, such that ty : Uy — Uy, (¢) and sy : Uy — U, (4) are sc-diffeomorphisms.
Then t : (PY) "1 (Uy) = (P°) ' (Usp(g)) and s : (P)"H(Uy) — (P°) ' (Us,(g)) are both strong
bundle isomorphisms. In particular, we can define the following strong bundle isomorphism
covering Ly (Definition 4.2),

R¢ =to 571 : (P(J)il(us(gs)) — (PO)*l(Z/{t(@).

Ry is a special case of local action Ly on the ep-groupoid (€, E) for (¢,0) € E.
To introduce the definition of regular strong bundle, we first define a local uniformizer
for a strong polyfold bundle.
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Proposition 4.55. Let P : (£, E) — (X,X) be a tame strong ep-groupoid bundle and
x € X. Assume ¢, : stab, xU — (X, X)) is a local uniformizer of (X, X) around x. Then
there exists a diagram of sc-smooth functors

stab, & (PO)"L(U) —=~ (€, E)

I |

staby xU —2* (X, X),

such that the following holds.
1. stab, acts on (P°)~Y(U) by bundle isomorphisms.
2. U, is fully faithful and on the object level WO : (P°)~Y(U) — &£ is the inclusion.
3. On the orbit space |¥,| : (P°)~Y(U)/stab, — |(P°)~1(U)| C |&| is a homeomorphism.

Proof. stab, acts on (P°)~'(U) by ¢ € stab, — Ry;. We write ¢, = (idy, X) : stab, xU —
(X, X). Then we can define ¥, : stab, x (P°)~Y(U) — (€, E) by

o ()N U) = €,

Ul i stab, x(PY)"HU) = E, (¢,e) = (X(¢, P’(e)),e) € E = X, xpo £.
Then W is fully faithful and on object level |¥,| : (P%)~'(U)/stab, — [(P°)~'(U)| C |€] is a

homeomorphism. O]

From the proof above, we see that (P)~!'(i) is a local uniformizer of (£, E) around
(z,0) € £ and is also a strong bundle over Y. We will call ¥, : stab, x(P°)~1(U) — (£, E)
a local uniformizer for tame strong ep-groupoid bundle P around x. When there
is no ambiguity, we will call (P°)~}(U/) a local uniformizer of P around z. Let Diff” ()
denotes the group of germs of bundle isomorphism fixing . Then the action in Proposition
4.55 defines a homomorphism stab, — Diff7(z). We define the effective part

stab™ .= stab, / ker(stab, — Diff™ (z)).
Note that stab™® might be different from stab®™ defined in (4.2) for the base.

Definition 4.56. Let P : (£, E) — (X, X) be a strong ep-groupoid bundle. For x € X,
a local uniformizer stab, x P~ (U) around x is regular if the following two conditions are
met:

1. if Ry|p-1(v) = idp-1(y) for some open subset V C U, then R, =id on P~ (U);

2. for every path connected uniformizer W C U of X around x, if ® : P~(WW) — stab,
is a a map such that Rewy(w) : P~H W) — P~Y(W) is sc-smooth, then there exists
¢ € stab,, such that Req(w) = Ry(w) for allw € P~ (V).
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Definition 4.57. A strong ep-groupoid bundle P : (£, E) — (X, X) is regular, if for any
point x € X, there exists a regular local uniformizer of P around x.

Note that the a strong ep-groupoid bundle being regular is different from the underlying
ep-groupoid being regular. It seems that being regular as a bundle is weaker than being reg-
ular as an ep-groupoid, since a regular bundle uniformizer around z is a regular uniformizer
around (z,0). The regularity of a bundle maybe only imply the regularity around the zero
section.

The counterparts of Proposition 4.16, Proposition 4.17 and Corollary 4.18 hold for strong
ep-groupoid bundles for the same reason. That is we have the following.

Proposition 4.58. Let P : (£, E) — (X,X) be a strong ep-groupoid bundle such that
stab;;’eff = stab, for all x € X. Assume for every v € X, there exists a local uni-
formizer U around x, such that for any connected uniformizer V C U around x, we have
P W)\ Uszidestab, Fix(¢) is connected, where Fix(¢) is the fived set of Rs. Then P is
reqular.

Proposition 4.59. If the strong ep-groupoid bundle P : (£, E) — (X, X) has the property
that for any x € X and ¢ € stab, if DRy : T(,0)& — T(40E is the identity map, then
Ry =1id locally. Then P is reqular.

We point out that the regularity of a bundle is not related to the regularity of the base.
For example we can think of the ep-groupoid Z, x M in Example 4.19 as an ep-groupoid
bundle over the trivial action groupoid Zy x R. Then Zy x M is not regular bundle, but the
base is regular. On the other hand, Z, x (M x R) is an ep-groupoid bundle over Zy x M,
where Zy acts on the R coordinate by multiplying —1. Then Z; x (M x R) is a regular
bundle over the irregular ep-groupoid Zo x M.

A strong bundle functor F' : (£, E) — (F, F) between two strong ep-groupoid bundles
(E,E) = (X,X) and (F,F) = (,Y) is a sc-smooth functor, such that F°: £ — F and
F': E — F arc both strong bundle maps. As a consequence, F' induces a sc-smooth functor
f:(X,X)— (¥,Y) on the bases.

Definition 4.60 ([65, Definition 10.10]). A strong bundle equivalence
F: (&, E)— (F,F)
15 a strong bundle functor, moreover the following two conditions hold.

1. F[i] : (1], Ei]) — (Fli], F[i]) are equivalences between ep-groupoids for i = 0,1,
covering an equivalence f: (X, X) = (V,Y).

2. FO F! are local strong bundle isomorphisms.

Just like the ep-groupoid situation, one can define generalized strong bundle maps be-
tween strong ep-groupoid bundles [65, Section 10.5], i.e. an equivalence of diagram of strong
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bundle functors & & H = F , where F'is a strong bundle equivalence. Then one can define
the category of strong ep-groupoid bundles .#& Z(F~1') [65, Definition 10.4], where F' is
the class of strong bundle equivalences. The objects of /& Z(F~!) are strong ep-groupoid
bundles and the morphisms of .#& Z2(F~1) are generalized strong bundle maps. Sections of
strong ep-groupoids can be pulled back through generalized strong bundle maps and can be
pushed forward if the generalized bundle map is an isomorphism [65, Theorem 10.9].

Definition 4.61 ([65, Definition 8.7]). A sc-Fredholm section of a strong bundle P :
(£,E) = (X, X) is a sc-smooth functor S : (X, X) — (€, E), such that P o S = id(x x)
and S° : X — & is a sc-Fredholm section of the strong M-polyfold bundle P° : € — X. The
section is called proper if |(S71(0)| C |X| is compact in the |Xy| topology’.

Definition 4.62 ([65, Definition 16.16]). Let p : W — Z be a surjection between paracompact

Hausdorff spaces, a strong polyfold bundle structure ((€, E) =R (X, X),T,7) is the following
structure:

1. P: (£, E) — (X, X) is a strong ep-groupoid bundle;
2. T & = W and v : |X| — Z are homeomorphisms, such that m oI =~ o|P]|.

The equivalence between strong polyfold bundle structures are defined similarly as the
equivalence between polyfold structures, see [65, Definition 16.17]. A strong polyfold bun-
dle p : W — Z a surjection between paracompact Hausdorff spaces with an equivalence
class of strong polyfold bundle structures, see [65, Definition 16.18]. Then one can define
the category of strong polyfold bundles, see [65, Section 16.3] for more details. Let ¥/ P %
denotes the category of strong polyfold bundles [65, Definition 16.18, 16.22]. The sections
of strong polyfold bundle [65, Definition 16.27] are represented by sections of a strong poly-
fold bundle structure up to the equivalences induced by the pullbacks of strong polyfold
bundle structure equivalences. A section is sc-Fredholm [65, Definition 16.40] if one of the
representative sections (hence all) is sc-Fredholm. By [65, Proposition 10.7], a section of
a strong polyfold bundle has a unique representative for a strong polyfold bundle struc-
ture. To simplify notations, we will abbreviate a strong polyfold bundle structure
((&,E) 5 (X, X),I',v) to (€, F) 5 (X, X) in the remaining part of this paper. That
is Z = |X| and W = |€]. And a strong polyfold bundle map is represented by an equivalence
class of generalized strong bundle maps.

Group action on strong polyfold bundles

Definition 4.63. A sc>™ G-action on a strong polyfold bundle p : W — Z is a pair (p,P)
such that following holds.

"As a consequence, |ST1(0)] is compact in all | ;| topology and | X, | topology, by the same proof as [65,
Theorem 5.3]
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1. p: GxW — W is a continuous group action.
2. PB: (%, G) = S PRB is a functor sending = to W, such that p(g,w) = |P(g)|(w).

3. Let g € G and p,q € Z such that p(g,(p,0)) = (¢,0). Then there exist a neighborhood

U of g, two equivalent polyfold bundle structures (€, E) K (X, X),(F, F) < ),Y),
two points x € X,y € Y with |x| = p,|y| = q and a local uniformizer U around x.
So that the U-family of polyfold bundle maps U — Mory ([P~ (U)|, W) defined by
h — B(h) is represented by the following sc-smooth bundle map

pow: U x (stab, x P71 (U)) — (F, F),

satisfying py.(g, (z,0)) = (y,0).

Assume G acts onp: W — Z by (p,B). A section s : Z — W is G-equivariant iff it is
invariant under the pullback of strong bundle isomorphism B(g) for all g € G.

It is clear that a group action (p,B) on p : W — Z induces a group action (pz,Pz) on
the base Z in the sense of Definition 4.27.

Remark 4.64. By an analogue of Proposition A.J, pg.(h,-) is a local strong bundle isomor-
phism from P~1(U).

We can define local lifts for an action on a strong polyfold bundle like before. Let (p,B)

actson p: W — Z and (€, FE) KR (X, X) a strong bundle structure on p. Let z,y € X
and assume pz(g, |z|) = |y| in Z = |X|. Then by assumption, the action can be locally

represented by
Pg,zq U x (Stabﬂca KPJI(U)) - (51)7 Eb>7 (418>

where (&,, E,) i (X, Xa), (&, Ey) R (X, X3) are two strong polyfold bundle stronges and
stab,, x P, (U,) is a local uniformizer of P, with |z,| = |z| € Z. Then we have the following
sequence of equivalences of ep-groupoids bundles, note that we suppress the morphism spaces
since there are no ambiguities,

g, Lreal9) o0 Fo g G g (4.19)
C
5<i'Ha Ga PYU,)

where F,, G,, F},, Gy are all strong bundle equivalences and |Gy| o |Fy| ™" 0 |pg.r, (g, )] 0 |Gal ©
|F,|™* = p(g,-), i.e. over the orbit space |P; ()| the composition of the sequence covers

the action p(g,-). Let fa, ga, fo, g be the induced equivalences on the bases of F,, G, Fy, Gy.
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There exist w, € Wy, wy € Wy, 0, € X,§ € X,,n € X,, such that f,(w,) = ¢(x),
0(9a(Wa)) = Ta, U(Pwa (9, 7a)) = fo(ws) and gy(ws) = ¥(y), i.e.

F, Gy

g Ha ga Pg,xq (97') gb Hb g
Pj Qal/ Pal le LQb LP
fa Ja PZ,g,za (97) fb 9b
X W, X, Xy W X
xz Lq —>pZ,g,ra(gvxa) Yy
| | | |
fa(wa> <~ W, _>ga(wa) fb(wb) Wy gb(wb)

Here pg ., is only partially defined on &,. Let F,,, and Fj,, denote the local bundle
diffeomorphisms F, and Fj near w, in W, and wy in W, respectively. Then by Remark 4.64,
there exists a open neighborhood V C X of x, such that for h close to g,

A(h,w) = R;l 0Gyo Fyu, ' 0 Ry pgan(hy-) o RsoGyoFyy ™' o Ry(w) (4.20)

defines a local bundle isomorphism from P~!()). We call A a local lift of the bundle
action at (g,x,y). Moreover, every local lift A induces a local lift of the action on the
base:

['(h,z) = qul g © fb,wbi1 0 Lyopzgu,(hs-) o Lsog,o fa,wail o Ly(2). (4.21)

We will use (A, I') to denote a local lift of the bundle actions, although I' is determined by
A. (A, T) is not unique, but the only ambiguity comes from isotropy. That is we have the
following analogue of Proposition 4.33 with an identical proof. Let L™ (x,y, g) denotes set of
germs local lifts of the bundle action at (g,z,y). The germ here is in the sense of the base
topology, i.e. Ay = Ay as germs iff Ay|y.p-10) = Asolyxp-1@) where V C G and U C X are
neighborhoods of g and x respectively.

Proposition 4.65. Let p: W — Z be a regular strong polyfold bundle with a G-action and

(&, FE) =i (X, X) a strong polyfold bundle structure. Then for z,y € X and g € G, the
isotropy stab, acts on L™(x,y,g) by precomposing with the local bundle diffeomorphism R,
for ¢ € stab,, and this action is transitive. stab, also acts on L™(x,y, g) by post-composing
Ry for ¢ € stab,, this action is also transitive.

Proof. The claim follows from s similar diagram chasing in the proof of Proposition 4.33 by
replacing Lemma A.2 with Lemma A.3. m

We point out here that there exist (A1, T'1), (Ag, I's) such that A; # Ay but I'y = I'y. For
example, let 7 : R — pt be a trivial bundle over a point. Z, acts on 7 by multiplying —1.
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Then the translation groupoid Z5 x 7 is an ep-groupoid bundle over Zy x pt. Then there
are two local lifts (A, T'1), (A2, I'2) of the action of the trivial group with I'; = I's. The key
observation here is that the effective isotropy staub:’eff of the bundle might be larger than the
effective isotropy stab®™ of the base.

The local lifts in L™(z,y, g) also have the group properties like Proposition 4.35.

Proposition 4.66. Let p : W — Z be a regular strong polyfold bundle with a G action

and (€, F) ER (X, X) a strong polyfold bundle structure. Then for z,y € X and g € G,
L™(z,y,g) has the following structures.

1. For every ¢ € mor(y, z), A — RyoA defines a bijection from L™(x,y,g) to L™(x, z,g).
And A — Ao Ry defines a bijection from L™(z,x,g) to L™ (y,x,g).

2. There is a well-defined multiplication o : L™ (y, z, g) x L™ (x,y,h) — L™(x, z,gh). More-
over, if Ay € L™(y,z,g9) and Ay € L™(x,y, h), then

Ao A2(€gh, w) = A1(€9, A2(h, U))) =N\ (9> A2(971€9ha w))

for € in a neighborhood of id € G, and P(w) in a neighborhood of x. Therefore the
induced local lifts on the base also have the property

[y 0Ty(egh, z) = Ti(eg, Ta(h, 2)) = T1(g, T2(g™ " egh, 2)), (4.22)
for € in a neighborhood of id € G and z in a neighborhood of x.

3. There is a unique identity element Niq € L™(z,x,id), such that Ajq(id,w) = w. This
identity is both left and right identity in the multiplication structure.

4. There is an (both right and left) inverse map L™(z,y,q9) — L™(y,x,g~") with respect
to the multiplication and identity structures above.

5. There exists an open neighborhood U x V of (x,g) in X x G, such that all the local
lifts in L™(x,y,g) is defined on V- x P~YU). Moreover, for any (z',g') € U x V and
let y' :=To(q,2") for (Ao, T) € L™(2,y,9), then every element N' € L™(2',y,¢') is
represented by the restriction of a unique element A € L™(z,y,g).

Proof. The claim follows from an analogues proof of Proposition 4.35 by replacing Proposi-
tion 4.33 with Proposition 4.65. O

Note that for every x € X, Ugeq, L™(z,x,g) forms a group by Proposition 4.66. Let
stabe denote the group Ugeq, L™ (2,2, g). It is clear that we have an exact sequence of
groups:

1 — stab™® — stab?? — G, — 1, (4.23)

where the first map is the inclusion stab™® ~ L7(z, z,1id) < stab®“ and the second map is
the projection. In particular, stab”® is a finite group with |stab?? | = |stab™" | - |G,|. For
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TeXy, let (Ag, Iy) be the identity element in L™ (xg, g, 1d). Then we define the infinitesimal
directions to be

a0 = D(T'0) 1a.20) (TyG x {0}) (4.24)

By the same argument in Proposition 4.37, we have g,, C (TJCROX)OO and dimg,, = dimG.
As a consequence, we have the existence of G-slice defined below, which is a analogue of
Proposition 4.39.

Definition 4.67. Let p : W — Z be a reqular strong polyfold bundle with a sc-smooth G-
action with finite isotropy and P : (€, E) — (X, X) a polyfold bundle structure. Let (Ag,T)
be the idenity element in R(zo,x¢,id). A G-slice for P around xo € X, is a tuple
(U,Z;l, V., f,m, N) such that the following holds.

1. U C X s an open neighborhood xo and V C G is an open neighborhood id.
Ay is defined on V x P~HU).

U = f~1(0) is slice of X containing xo and P~ (U) is a bundle slice.

Forx €U, g= f(z) is the unique element g € V such that T'o(g,x) € U.

n:U — U defined by = — To(f(x),x) is sc-smooth and N : P~Y(UU) — P~ (U) defined
by v — No(f(P(v)),v) is a sc-smooth strong bundle map.

6. There is sc-smooth action of stabff acts on P‘l(Z;I) defined by

A®wv:= N(A(g,v)), VA€ L™(x0,20,90),v € P 1 U). (4.25)

7. For every v € P~ (U), the set
Sypi@y = {9, M)u € P7HU), g € G, A € L™(P(v), P(u), 9), A(g,v) = u}
has ezxactly |StabfoQ | elements. As a consequnce, for every y € U, the set
S, =1(z,9,N)|z € U,ge G AeL™(y,z29)}
also has ezactly | stabL® | elements.

The following proposition follows from the same proof of Proposition 4.39 and the asser-
tion on good slices follows from Proposition 3.42.

Proposition 4.68. Let p : W — Z be a reqular strong polyfold bundle with a sc-smooth
G-action such the induced action on Z has finite isotropy. Let P : (£, E) — (X, X) be a
polyfold bundle structure. Then for every xo € X, there exists a G-slice (Z/{,Z;{, V. f,n,N)
for P: E? — X? around x.

If X is infinite dimensional and there exists a sc-Fredholm section s : X — &, then U
can be chosen to be good with respect to s (Definition 3.38).
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Quotient of strong polyfold bundles and sections

Theorem 4.69. Let p : W — Z be a reqular tame strong polyfold bundle such that Z 1is
infinite dimensional. A compact Lie group G acts on p sc-smoothly. If the G-action on Z
only has ﬁnite _isotropy, then there is a G-invariant open dense set Z C Z% containing Z.
such that p~*(Z )/G — Z /G can be equipped with a strong tame polyfold bundle structure.
Moreover, the topological quotient map e 1 p- (Z) —p I (Z )/G is covered by sc-smooth
strong polyfold bundle map q : p~ (Z) —p Y Z )/G

If s : Z — W is a G-equivariant pmper sc-Fredholm section. Then s induces a proper
sc-Fredholm section's : Z' )G — p~(ZY) /G by q*5 = s| 1.

Proof. The proof is analogous to the proof of Theorem 4.42 by replacing Proposition 4.39
with Proposition 4.68. Let P : (£,E) — (X,X) be strong polyfold bundle structure of
p: W — Z. If we pick a G-slice Uy, Uy, Vy, fo,1a, Ny) for P : 2 — X% around every
r € X, then we can construct two ep-groupoids by

=[[ P'eh), 2= ]] t.

IGXoo $€Xoo

and
EQ = {(u,v,9,(A,T))|(u,v,9) € EQ x £Q x G, (A,T) € L™(P(u), P(v),g), A(g,u) = v},

Q :={(z,y,9.(AT)|(z,y,9) € QX Qx G, (AT) € L™(z,y,9)}.
The structure maps are defined similarily as in Theorem 4.42. By the same argument
of Theorem 4.42, (£Q, EQ) and (Q, Q) are ep-groupoids. The obvious projection Py :
(EQ,EQ) — (Q,Q) defines a strong ep-groupoid bundle and gives p~*(2)/G — Z/G a
strong polyfold bundle structure, where Z = Ucx_pz (G, |Us|) C Z2.

Let S : (X,X) — (&, E) be the representative of the section s, such representative
is unique by [65, Proposition 10.7]. Let (A,I') € L™(z,y,g) and assume A is defined on
V x P7Y(U) for neighborhoods V C G of g and U C X of x. Since s is G-equivariant and
by the uniqueness of representative S on X (also on U), we have:

SOT(h, 2)) = A(h, S°(2)), V(h,z) €V xU (4.26)

Let Sg : Q — £Q denote the restriction S|y : U, — P~1(U,). We define S}, : Q — EQ to
be
(2,9, 9. (A,T)) = (S5(2), S5(y), 9, (A, T)). (4.27)

(4.27) is well-defined by (4.26). We claim Sg = (Sg,54) is a functor from (Q, Q) to
(EQ,EQ). 1t is clear that sgg 0 Sh = Sp 0 sg and teg 0 S, = 5§ o tg, where sgg, 50 are
the source maps for (£Q, EQ) and (Q,Q), tso,to are the target maps for (£Q, EQ) and
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(Q,Q). It remains to prove that the compatibility with composition. Let mgg and mg
denote the composition in (£Q, EQ) and (Q, Q). Then we have

So(mo(y, 2,9, (A1, T1)), (x,y, b, (A2, T2)))
= Ség((:c, z,gh, (A1 o Ay, Ty 0 T'y)))

(Sg(x), Sg(z), gh, (A1 oAy, Ty 0T))

mgg((S%(y), 55(2)797 (A1, T4)), (582($)a S?g(?/)a h,(A2,T5)))
= mea(SH(y: 2,9, (A1,T1)), So(x, 4, hy (Mg, Ta)).

This finishes the proof of the claim. By Proposition 4.68, for every x € X, there exists
G-slice U,, such that S%](%)l has a Fredholm chart around x by Lemma 3.40. Although U,
may be different from /., Solg, is equivalent to Sg |z by a strong bundle isomorphism like
the proof of Theorem 3.1. Hence S%|z]l has a Fredholm chart around x. By Proposition 3.37,
S¢ has the regularizing property Therefore Sg : Q' — £9' is a sc-Fredholm functor, hence

the induced section 5 : Z'/G — 71(Z')/G on the quotient polyfold is sc-Fredholm. 57(0)
is compact because 571(0) = s7!(0)/G and both s71(0) and G are compact. O

Remark 4.70. By the same argument in Proposition /.49, if one uses two sets of different
choices of G-slice and polyfold bundle structure to construct two quotient polyfold bundle

“1(Z,)/G and p~Y(Z)/G, then there exists a G-invariant open set Z C Z, N Z, containing
Zoo such that the restrictions of p~*(Z,)/G.p~(Z)/G give equivalent polyfold structures on

“Y2)/G.

Remark 4.71. Theorem /.69 provides a quotient of the base polyfold Z even if Z is not
reqular. Assume the base is also reqular, the constructions in Theorem /.69 and Theorem
4.42 may yield different quotients. The reason is that stabg’cff and stabfcff may be different.
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Chapter 5

Orientation and Good Position

5.1 Orientation

Orientations of Fredholm sections were discussed in [65, Chapter 6, Section 9.3 and 18.5]. In
the case of M-polyfold, let s : X — ) be a sc-Fredholm section of a tame strong M-polyfold
bundle p : Y — X. Then there exists a Z, bundle det s over X,,, which is essentially the
Zs reduction of the “determinant bundle” of the linearization Ds, see [65, Chapter 6] for
details. The sc-Fredholm section is orientable if det s admits a continuous section and an
orientation of s is a continuous section of det s.

Theorem 5.1 ([65, Theorem 6.3]). If the sc-Fredholm section s is oriented, then (s+p)~*(0)
is an oriented manifold for every transverse sct-perturbation p.

In the case of ep-groupoids and polyfolds, let S : (X, X) — (£, E) be a sc-Fredholm
functor of a tame strong ep-groupoid bundle P : (£, E) — (X,X). Then we have an
orientation bundle det.S on X,. By [65, Theorem 12.11], for every ¢ € X, there is an
induced map ¢ : det Ss(g) — det Syg). Therefore det S can be made into a Z, bundle over

(X, X) such that ¢ are the morphisms.

Definition 5.2 ([65, Definition 12.12]). An orientation of S is a continuous section of det S,
such that it is invariant under ¢ for all ¢ € X .

Proposition 5.3 ([65, Proposition 12.4]). A sc-Fredholm section S is orientable iff the
following two condition holds.

1. |det S| — |Xx| is a two to one cover.
2. |det S| = |X| admits a continuous section.

The orientations can be transferred through generalized strong bundle isomorphisms, see
(65, Theorem 12.12]. Then an orientation for polyfold sc-Fredholm section is an equiva-
lence class of orientations on strong polyfold bundle structures, where two orientations are
equivalent iff they are connected by a generalized strong bundle isomorphism.
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Proposition 5.4. Under the assumptions of Theorem /.69, assume the sc-Fredholm section
s 1 Z — W s oriented. Let dets := |detS| is the trivial Zy bundle over Z with a
continuous section o as asserted in Proposition 5.5. Then G acts on det s continuously and
det s/G = dets on the quotient Z,/G.

Proposition requires some setup for the orientation bundles on polyfolds, we will prove
Proposition 5.4 in our future work.

Definition 5.5. Under the assumptions of Proposition 5.4, the G-action preserves the s-
orientation if the G-action on the trivial Zy bundle det s preserve the section o.

By Proposition 5.4, when G is connected, every G-action preserves the s-action. As
another straightforward corollary of Proposition 5.4, we have the following.

Proposition 5.6. If the G-action preserves the s-orientation, then dets is a two to one
covering of Zs /G and admits a continuous section, i.e. S is oriented.

5.2 Good position

Tame polyfolds have well-behaved boundary and corner structures, which play important
roles in Floer-type theories like Hamiltonian-Floer homology and SFT. The discussions on
the boundary and corners of tame M-polyfold resp. polyfold can be found in [65, Section
2.3].

Definition 5.7 ([65, Definition 5.9]). Given a sc-Fredholm section s : X — Y of a tame
strong M-polyfold bundle p : Y — X, we say s is in general position if the linearization
Ds, : T,X — Y, for x € s7(0) is surjective and ker Ds, has a sc-complement in the reduced
tangent space TRX . Equivalently, s is in general position if for all x € s~(0) the restricted
linearization Ds,|rry TEX — Y, is surjective. In other words, s restricted to all the
boundary and corner is transverse to 0.

A sc-Fredholm section s : Z — W of a tame strong polyfold bundle p : W — Z is in
general position, s has a representative S : (X, X) — (€, E) for a strong polyfold structure

(X, X) Eit (€, E), such that S° is in general position.

Remark 5.8. Under the assumptions of Theorem /.69, if s is in general position, then
5 18 also in general position. Let (Z;{,Ll,V,f,n, N) be a G-slice around v € X, since the
infinitesimal directions = of the gorp action is contained in TEU. Moreover, T*U = :@TxRZ;{.
Since s is G-equivariant, we have Ds,(Z) = 0. Therefore Dsy|pry — Y, being surjective
implies that sz’Tﬂ? — Y, 18 surjective, that is 5 is general position.

[65, Theorem 5.6, Theorem 15.6] assert that there exist sc™- perturbations resp. sc*-

multisection perturbations so that the perturbed sections are in general position in the
M-polyfold resp. polyfold case. Moreover, the zero set of a sc-Fredholm section resp. multi-
section in general position is a manifold resp. branched ep*-subgroupoid with boundary and
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corner [65, Definition 9.1, and the degeneracy index on the zero set equals to the degener-
acy index of the base M-polyfold resp. polyfold. However, if one imposes extra conditions
on the perturbations, general position may not be possible. Therefore the concept of good
position was introduced in [65, Definition 3.16]. When a sc-Fredholm (multi)section is in
good position on the boundary, the zero set still has boundary and corner structure by [65,
Theorem 3.13]. In this subsection, we prove the good position is preserved under the quotient
construction.

Definition 5.9 ([65, Definition 3.9]). A closed linear subspace N of R™ x E is in good
position to the partial quadrant C := R x E, if NN C has a nonempty interior in N and
there exist a sc-complement N+ of N in R™ x E and positive constant c, so that for any
point (ng,n1) € N @ Nt satisfying

In1lo < ¢|nolo,
the statements ng +ny; € C' and ng € C' are equivalent.

The boundary of a M-polyfold resp. polyfold OX resp. 0Z is the set of points with
degeneracy index greater than one.

Definition 5.10 ([59, Definition 5.15],[65, Definition 3.16]). Let s : X — Y be a sc-Fredholm
section of a tame strong M-polyfold bundle p : Y — X. Then s is called in good position
on the boundary if for every x € s71(0) N X, the linearization Ds, : T,X — Y, is
surjective and the kernel of Ds! is in good position for a filler s’ of s on a partial quadrant
R} xE. A sc-Fredholm section of a strong polyfold bundle is in good position on the boundary
iof there is a representative in good position on the boundary.

Proposition 5.11. Let s : X — Y be a sc-Fredholm section of a tame strong M-polyfold
bundlep: Y — X. If s : X — Y is in good on the boundary thens : X* — Y* is in good
position on the boundary for every k > 1.

Proposition 5.12. Under the same conditions in Theorem /.69, assume s is in good position
on the boundary. Then the induced section s on the quotient is also in good position on the
boundary.

Proof of Proposition 5.12. By the constriction in Theorem 4.69, it suffices to verify the good
position on every G-slice. Let P : (£, E) — (X, X) be a strong polyfold bundle structure
for p: W — Z. For every y € 57 1(0) € Zo/G, there exists x € X, such that |z| € s71(0)
and 7(|z|) = y, where m : Z — Z/G is the projection. Let (U,U,V, f,n,N) be the G-slice of
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P around x that used in the construction of the quotient in Theorem 4.69.

(R™ x {0} x K3) > U’ 2~ U’ < F?

T

R? x R" x K3 5 U 22 7 9 F*

S

RT x B2 50— O A3,

where s/ is filling of s on open neighborhood O C R™ x E? of (0,0) such that U, is home-
omorphic to a retract r(O) by some chart map, h: O — U C R x R" x K? is the change
of coordinate to a R"-sliced retract asserted by Lemma 3.27 and 57 is the filler of 5 on the
slice U,..

By assumption, we can assume s/ is good position at z, that is Ds{o,o) is surjective and

N := ker Ds{o,o) C R™ x E, has a complement N* C R™ x E such that conditions in
Definition 5.9 hold for constant ¢, note that good position condition for s/ initially does not
have level shift. Since all norms on finite dimensional space N are equivalent, there exists
B > 0 such that |ni|3 < B|ng|s implies |ni|o < c|nglo for ng € N,n; € N;j. Therefore if
In1|3 < Blnols, no +ny € C:= R} x E3 is equivalent to ng € C.

Let = be the infinitesimal directions of the group action at x and H is the complement of
Z in E used in Lemma 3.27. Note that = C N because s is equivariant. Since Dh o) (Z) =

{0} x R™ x {0} by Lemma 3.19, we have DE{&O) is also surjective. So we only need to verify
the condition on the complement.

Let N := ker Dg{o,a) = Dho,0)(N)N(R™x {0} xK?). We define 7 : (N+)* — R™x {0} xK?
by v > Trm {0y <3 © DRo,0yv. By Lemme 3.19, 7(v) = 0 iff v € EN(N+)3. Note that = C N,
therefore 7 is injective.

We claim im7@® N = R™x {0} xK3. If e € im 7NN, in particular Dh(io%o,o)e € N. Assume
e = Trmx{0}xks © DRy (v) for v € (N1)3. Then Trm x {0y xk3 © Dho,0)(v) € Dho)(IN), that
is Dhooy(v —u) € {0} x R™ x {0} for some v € N. Hence v —u € Z. Since = C N,
v € N. Therefore v = 0, which implies e = 0. This proves im7 N N = {0}. Next,
for any vector v € R™ x {0} x K*® we have v = Dh(oono + Dhoni for ng € N,ny €
(N+)?. Then v = Dhooyno + Tiopxrex{0yDRo,0yn1 + 7(n1). There exists £ € Z, such that
W{O}XR"X{O}Dh(O,D)nl = Dh(o,O)f- Then Dh(O,O)nO + W{O}XR”X{O}Dh(O,O)nl = Dh(O,O)(nO + 5)-
Since Dh0)no + Tioyxrrx oy Dho,oyn1 € R™ x {0} x K®. Note that ng + £ € N, hence we
have Dh0)yno + mo1xrex{oyPDho,0n1 € N. This shows v has a splitting in im7 and N.
Hence the claim holds.

We claim im 7 is a complement of N so that the conditions in Definition 5.9 hold. First,
there exists D > 0, such that |n;]o < D|no|o for ng € N,n; € im 7 implies that |v;]3 < Blug|s
for vo € N,v; € (N+)? with Dh)(vo) = no,7(v1) = ny. Therefore for |ni|y < D|nglo,
vg+ v € Ciff vyg € C. Since RT x R" x K* = Dho)C, ng +n1 € RT x {0} x K* iff



CHAPTER 5. ORIENTATION AND GOOD POSITION 76

Dh(_O%QO)nO + Dh(_(fmo)(nl) € C, that is Vg + V1 +§ € C for f = _Dh(_O}O,O) ¢) 7T{0}><]R”><{0} 0]
Dh)(v1) € E. Since £ € = C {0} x E?, hence vy +v; +§ € C iff vy +v; € C. To sum
up, for |nilo < Dlnglo, no + n1 € R x {0} x K* iff vy € C, which is equivalent to that

ng € R x {0} x K. O

Combining Theorem 4.69, Proposition 5.6 and Proposition 5.12, we get a proof of the
main Theorem 1.1.
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Chapter 6

Equivariant Transversality

As corollaries of Theorem 1.1 and the perturbation theory [65, Theorem 5.6, Theorem 15.4]
on polyfolds, we have the following basic equivariant transversality results.

Corollary 6.1. Letp : Y — X be a tame strong M-polyfold bundle equipped with a sc-smooth
G-action and a G-equivariant proper sc-Fredholm section s, such that the induced action on
X is free. Assume X is infinite dimensional and supports sc-smooth bump functions. Then
there exists an G-invariant open neighborhood X C X 3 containing X and an equivariant
sct-perturbation v on X, such that s + 7 is proper and in general position. Moreover, if s
15 already in general position on a G-invariant closed set C' C X, then v can be chosen to

satisfy v|c = 0.

Proof. By Theorem 3.1, 5 is a sc-Fredholm section of p~1(X)/G — X /G for a G-invariant
open set X c s containing X,,. By [65, Theorem 5.6], there exists a sc™-perturbation 7
on /'?/G such that s + 7 is proper and in general position. Let v := 7*%, then s + 7 is
G-equivariant, proper and transverse. By Remark 5.8, s 4+« is in general position. For the
last assertion, we can chose ¥|c/q¢ = 0 by the proof of [65, Theorem 5.6]. Then 7| =0. O

Remark 6.2. Since the quotient construction preserves good position by Proposition 14.5,
by [65, Theorem 5.7] we can require s + ~ is in good position on the boundary given s is in
good position on the boundary.

Remark 6.3. Since X contains of neighborhood of s~1(0) in X3, if we choose the suppy
small enough, then v can be extended to X3 by 0. However, if there are infinite M-polyfolds
with free group actions, keeping the property on the supports in a coherent way might be
challenging. Since in applications, we only need regular moduli spaces, which are contained
n Xoo, having v defined on a neighborhood of X, is sufficient.

By [65, Theorem 15.4], we have the following polyfold version with an identical proof.

Corollary 6.4. Let p : W — Z be a reqular tame strong polyfold bundle equipped with a
sc-smooth G-action and a G-equivariant proper sc-Fredholm section s, such that the induced
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action on Z has finite isotropy. Assume Z is infinite-dimensional and supports sc-smooth
bump functions. Then there exists a G-invariant neighborhood Z of 73 containing Zs, and
an equivariant sct-multisection perturbation rk defined on Z, such that s + K is proper and
in general position. Moreover, if s is already in general position on a G-invariant closed set
C C Z, then k can be chosen to satisfy k|c = 0.

Remark 6.5. [65, Theorem 5.6, Theorem 15.4] assert the abundance of transverse pertur-
bations and the perturbation can be chosen to be supported in arbitrarily small neighborhoods
of s71(0). One can get similar properties for equivariant perturbations under the conditions
in Corollary 6.1 and Corollary 6./.

For more general group actions, equivariant transversality is often obstructed. The ob-
structions usually arise from points with larger isotropy. Therefore the first step to analyze
equivariant transversality would be understanding those with biggest isotropy group, namely
the fixed locus. Moreover, the study of fixed locus is important for the localization theorem
10.4 and 10.7. We will first discuss the finite dimensional case to motivate the discussion in
the polyfold case.

6.1 Manifold case

In this subsection, we discuss equivariant transversality near the fixed locus in the case of
manifolds. We first show that there is a standard local model for the equivariant transver-
sality problem near the fixed locus. We call a vector bundle p : E — M a G-vector
bundle iff G acts on p such that the G-action on M is trivial. Then the fibers of G-vector
bundle is a G-representation. Let {V*}\ca denote the set of all the nontrivial irreducible
G-representations.

Proposition 6.6. Let p: E — M be a G-vector bundle and p denotes the G-action. Then
there is a decomposition of G-vector bundles E = E€ ®\cp B such that EC is fized by the
G-action and the fibers of E* are sums of the irreducible representation V.

Proof. Since GG is compact, every finite dimensional representation can be decomposed into
direct sum of irreducible representations. Since each fiber F, can be decomposed into ir-
reducible representations, it suffices to show that the V* component of E, forms a smooth
subbundle. Let x* : G — R denote the character of the irreducible representation V*. We
equip G with a Haar measure p such that u(G) = 1, then

dim V*

P:E—>FE
i UHdimREnd(V/\)

/G 3 @)plg, v)dp

defines a smooth projection on E, e.g see [19]. On each fiber P} : E, — E, is the projection
to the V* component. Therefore E* := ker(id —P?*) is a smooth subbundle of E. O
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Proposition 6.7. Let p: E — M be a vector bundle over a closed manifold with a G-action
p for a compact group G. Suppose MG C M is the fived point set of the induced G-action
pyv on M. Then we have the following.

1. M€ is a submanifold of M.

2. Let N denote the normal bundle of MY C M, then the linearization of py; induces a
G-action on N such that N is G-vector bundle.

3. There exists a G-invariant open neighborhood U C M of MC, such that there is a
G-equivariant bundle isomorphism

O Ely — 7 (E|ye),
where T is the projection from N to M.

Proof. We equip M with a G-invariant metric d. If x € M¢, then there is a linear represen-

tation:
D(pa)z : G — O(T, M),

where O(T, M) is the orthogonal group. By the uniqueness of geodesic, we have

pr(g, exp(§)) = exp(D(par)a(9) <€), VE € T, M.

Therefore M¢ is a submanifold and the tangent T, M¢ is the fixed subspace (T, M)%. Let
7w : N — M denote the normal bundle of M C M. Linearization D(py/)x induces a
G-action on each fiber N,. Then by the equivariant tubular neighborhood theorem [34,
Theorem 3.18], there is a G-invariant neighborhood of M equivariantly diffeomorphic to
the normal bundle N. With a little abuse of notation, we will call this tubular neighborhood
N.

Fixing a connection, we have a bundle isomorphism V¥ : E|y — 7*(E|yc) by parallel
transportation, such that ¥ is equivariant on F|,;c. We can write ¥ as (z,v) — (x, ¥ (x,v)),
where 1 (z,v) € Elz(z). We equip G with a Haar measure p such that ;(G) = 1, then we
define

& Bl = " (Blue), (1,v) - ( [0 (o5 (e 0) du) |

Then @ is an equivariant bundle map and ®[g . = ¥|g .. Hence ® is an equivariant
bundle isomorphism for a smaller G-invariant tubular neighborhood of M¢ in N. [

As a corollary of Proposition 6.7, the equivariant transversality problem on the fixed
locus M is equivalent to the equivariant transversality problem on 7*(E|¢) — N. Since
N, E|pe are G-vector bundles over M%, by Proposition 6.6 we have decompositions of G-
vector bundles:

N = @rea N2, E|yc i= E€ ®yep BN
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Let s : N — 7*(E|yc) be a G-equivariant section. If s(x) = 0 for z € MY, then the
linearized operator Ds, can be decomposed into

A
Ds, = D%, @xen D sy,

where D%s, : T,M% — EwG is the linearization of the fixed part s|ye : M¢ — E© and
D*s, : N} — E2 is G-equivariant. Thus G-equivariant transversality on MY means that
slye : M® — EC is transverse to 0 and all D*s, are surjective for all z € s[,,o(0). If
rank E* > rank N* for some ), then we can not expect equivariant transversality, unless
5|]T4IG(0) = 0.

Even if rank E* < rank N* for all A € A appearing in the decomposition, there are still
some other obstructions. The spaces of equivariant linear maps Homg (N7, E2) form a vector
bundle over manifold M%. We define

S* .= {(z,h) € Homg(N*, EM)|z € M® h € Homg(N), E2) is not surjective.}.  (6.1)

Then S* — M is a fiber bundle. Therefore the equivariant transversality near fixed locus
can be characterized by

1. 8|yo : MY — EY is transverse to 0;
2. D) ¢ S* for all z € s|;/¢(0) and A € A.

For the irreducible representation V*, by Schur’s Lemma the endomorphism ring Endg(V?*)
is a finite-dimensional division ring over R. Hence by Frobenius Theorem, there are only three
possibilities for Endg(V?) , namely R, C and H. The not-onto maps in Homg (V)" (V*)™) =
Hompy,a,vry (Endg (V)" Endg(V*)™), i.e. Endg(V*)-coefficient matrices with rank smaller
than m. Such matrices form a determinantal variety S and S has real codimension (n —
m+1) dimg Endg(V?) in Homgya,, (12 (Ende(VA)", Ende(VA)™) [54, Proposition 12.2]. The
singularities come those matrices with rank than m — 1, whose real codimension in § is
(m—n+3) dimg Endg(V?). Therefore when m > n, this singularities are of real codimension
bigger than 3 dimg Endg (V) > 3. Since the fibers of S* are those determinantal varieties,
then there is a well-defined Euler class e(S*) € Heodims g (M€) represented by a pseudo-cycle
t=1(S?) for a generic section t of Homg(N?*, E*) — MY.! Then if e(EY — M%) Ue(S*) # 0
for some )\, it is impossible find equivariant transverse sections on M¢, here e(E¢ — M%)
is the Euler class of B¢ — M.

However in the following simple case, we can use a dimension argument to get equivariant
transversality near the fixed locus.

Proposition 6.8. Following the notation in Proposition 6.7, let s : N — w*(E|yc¢) be a
G-equivariant section. Let Sy be the fiber bundle defined in (6.1). If

ind D*s

dim M¢ — rank E¢ < codim S* = (dim 2

+ 1) dimg Endg(V?)

1See [80] for details on pseudo-cycles.
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for all X such that dim E* > 0, then there exists G-equivariant section v such that s + vy is
transverse to 0 on M.

Proof. Let v: MY — EY be a perturbation such that s|¢ +7v: M% — E¢ is transverse to
0. Then s + 7%y is a G-equivariant section such that (s + 7*7)|ye : MY — EY is transverse
to 0. Hence without loss of generality, we can assume s|yec : MY — EY is transverse to 0.
In particular s71(0) N M is a smooth manifold with dimension dim M¢ — rank EY.

For each A such that dim £* > 0, we can find a section

t*:s7H0) N ME — Homg(N?, E’\)]SA(O)QMG,

such that D*s, +t*(x) ¢ S* for every z € s71(0)N M. This is because dim(s~1(0)N M%) <
codim S*. We can extend t* to a section of Homg(N*, E*) — M. For all other \ such that
dim E* = 0, we define t* = 0. Since @y eat® can be understood as an equivariant section

N — 7*(E| ) vanishing on MY, then s+ @®yept? is a G-equivariant transverse section near
ME. ]

6.2 Polyfold case

Let p: W — Z be a strong polyfold bundle with G-action and s : Z — W an equivariant
proper sc-Fredholm section. We need an analogue of Proposition 6.7 in the polyfold case,
thus we introduce the following assumptions. Like before, we define G-tame (strong)
M-polyfold bundle to be a tame (strong) M-polyfold bundle 7 : N' — X with a sc-
smooth action p, such that the induced action py is trivial. Let A be the index set for all
the nontrivial irreducible representations V) of G. To guarantee the existence of bump
functions and partition of unity, we assume from now on that all the M-polyfolds

are modeled on sc-Hilbert spaces®.. Such assumption also plays a role in Proposition
A8.

Definition 6.9. We say the G-action on p : W — Z satisfies the tubular neighborhood
assumption on the fixed locus without isotropy if the following conditions hold.

1. The fized part ZS and WC are tame subpolyfolds [65, Definition 16.10] of Z and W,
such that W€ is a strong polyfold bundle over Z%. Since s is equivariant, we have

s = s|ye : Z9 — WY, We also require s is a proper sc-Fredholm section.

2. Z% has no isotropy, i.e. Z% is a tame M-polyfold. Hence W is a tame strong M-
polyfold bundle over ZC.

3. There ezists a G-invariant neighborhood N of ZC in Z, such that there is a projection
7 : N — Z% making N a G-tame M-polyfold bundle. We have a decomposition of

2In fact, it is sufficient to assume the first level spaces are Hilbert spaces. Such assumption is also used
to get sc-smooth bump functions, see [65, Corollary 5.2]
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G-tame M-polyfold bundles N = ®xcpa N>, such that each fiber of N* is V* @ H, where
H is a sc-Hilbert space. Here & stands for some completion of the direct sum, see
Remark 6.12

4. The G-tame strong M-polyfold bundle W\ e has a similar decomposition, i.e. we
have G-tame strong M-polyfold bundles W* over Z¢ for X € A, such that W{i]|zc =
WE i @reaW?[i] for i = 0,1. Moreover, there is a G-equivariant strong bundle iso-
morphism Wy — m*(W|za).

5. If W2 is not the rank zero bundle, then dim(W?), = oo for every x € Z©.

Remark 6.10. A less restrictive assumption is dropping (2) in Definition 6.9, so that the
fized locus Z€ is a polyfold and all W< N* W* are polyfold bundles. Condition (2) guaran-
tees the existences of a global stabilization in Proposition 6.15, which is important for us to
actually get the equivariant transversality when possible.

In the following, we will abbreviate tubular neighborhood assumption on the fixed locus
without isotropy (Definition 6.9) to tubular neighborhood assumption.

Remark 6.11. The tubular neighborhood assumption does not always hold for general poly-
folds. In fact, the tubular neighborhood Theorem does not hold for M-polyfolds. For example,
there is mo neighborhood of the origin with linear structures in the object M-polyfold in Fx-
ample 4.19. Such phenomenon is due to that M-polyfolds are modeled on retracts. Although
one may expect a tubular neighborhood of retract fiberation, we need linear structures in the
proof of Theorem 6.17.

Remark 6.12. Let E* be a family of sc-Hilbert spaces for X € A and {k*} a family of
positive integers for i € Ny € A. One can define Hilbert space F; as the completion of
OacaE} using the norm | > eMNp = S ki er; fore* € B} If ... C F; C ... C Fyis a
sc-Hilbert space, we use ®xexE> to denote ... C F; C ... C Fy. Although & depends on the
weights {k**}, we will not emphasis the weights since we only need the fact that ®ycpE is
a subspace of ®renE> for the arguments in this paper. We point out here that in condition
(4) of Definition 6.9 the weights for W/i]|ze = WE[i|@reaWai] could be different for i =0
and 1.

Remark 6.13. The condition (11.3) in Definition 0.9 is used in the proof of Proposition
6.15. Such condition is satisfied in all known applications.

Definition 6.9 without (2) is usually satisfied in applications. The no-isotorpy assumption
holds for the S'-action on the Hamilton Floer homology polyfold, see Section 7 for details.

Proposition 6.14. Suppose the tubular neighborhood assumption (Definition 6.9) holds,
then there exists G-equivariant sct perturbation vy, such that (s + v)|ze : 29 — W is
transverse to 0 and s + vy is proper. In particular, (s ++)71(0) N Z% is a compact manifold.

Moreover, one can choose vy such that supp v is contained in arbitrarily small neighborhood
of sTH0)N Z% in Z.
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Proof. By [65, Theorem 5.6], we can find a sct-perturbation 7 such that s% +7: Z¢ — W¢
is a proper transverse section. For small neighborhood U C Z of s71(0) N Z%, we can
assume supp 7 is contained in U N Z¢. Using the tubular neighborhood assumptions, 7*7
is a G-equivariant sc™-perturbation on N. By Corollary A.15, there exists a G-invariant
bump function f : N — [0,1] such that f|cir)-10) = 1 and supp f C U . Then fr*r is
G-equivariant sct-perturbation on Z and (s + f7*7)| ¢ := s¢ +7: Z% — WY is transverse

to 0 and v := fn*7 is supported in U. Since v can be chosen to be arbitrarily small in
some auxiliary norm ([65, Definition 5.1]) by a similar argument, then s+ is proper by [65,
Theorem 5.1] O

Let 2 € ZS such that s(z) = 0. Since Z¢ and N are M-polyfolds by assumption, we can
take linearization of s on Z¢ instead of on a polyfold structure. Since s is equivariant, we
have

Ds, = D%, @ren D*ss,

where D%s,, is the linearization of syc : Z% — WY at 2 and D*s are G-equivariant linear
Fredholm operators from N} — W2. To get equivariant transversality near Z¢, we need
at least ind D*s, > 0 for all A and x € s71(0) N Z%. To translate the discussion in the
finite dimensional case to the polyfold world, we need to understand Homg(N*, W*). In the
following, we show that we can find a finite dimensional substitute of Homg(N*, W?).

Proposition 6.15. Under the tubular neighborhood assumption (Definition 6.9), assume
s71(0) N Z% is a compact manifold. Then there is a G-invariant finite-dimensional trivial

subbundle W C W2 over s71(0) N Z% with constant rank, such that W covers Coker D*s
over s71(0) N Z¢.

For every o € Z& | there exists sc* perturbation 7 : Z¢ — W€ such that s(x) +7(x) = 0.
Then fr*1 is a G-equivariant perturbation defined on Z for an equivariant bump function
f supported in a neighborhood x. Then we can define D*s, to be D*(s + fr*7),, i.e. the
A-component of D(s + f7*7),. Since D*(fi7*1) — fom*72), = 0 for different choices of f and
7, D*s, is well-defined for every z € ZS.

Proposition 6.16. Under the tubular neighborhood assumption (Definition 6.9), we have
the following.

1. Suppose that s¢ : Z¢ — W is transverse to 0. Let W™ be a trivial bundle asserted in
Proposition 6.15, then N = (D’\s)_l(W)\) is smooth subbundle in N2 over s~1(0) N
Z%. Moreover, rank Ni - rankWi = ind D*s,

2. ind D*s is locally constant on Z< .

3. For every k € N, {z € s71(0) N Z%| dim Coker D*s,, < k} is an open subset of ZS .
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We prove Proposition 6.15 and Proposition 6.16 in the appendix.
After applying Proposition 6.16, we choose a G-invariant decomposition N* = e ® N*

by Proposition A.8. Take 7 € Homg (N)‘, W)\), then D*s 477 O N» — W is surjective

. — . . — . .
iff DAs|a 4+ 77 1 N© — W™ is surjective onto W". Such 7* provides the sc*-perturbation
N

T 0 TTsph in the M\-direction.

Theorem 6.17. Suppose the tubular neighborhood assumption (Definition 6.9) holds. If for
all X € A and x € s71(0) N ZC such that D*s, is not surjective, we have

ind Ds,,

o T 1) dimg Endg(V?), (6.2)

inds¢ < (
then there exists a G-invariant sc*-perturbation v supported in N, such that s+ v is proper
and transverse to 0 on Z©.

Proof. By Proposition 6.14 and Proposition 6.16, we can assume s& : Z¢NWY is transverse
to 0 and (6.2) holds for every x € M := s71(0) N Z% such that D*s, is not surjective.

By Proposition 6.15, there exists G-equivariant trivial subbundle W o w covering the
cokernel of D*s, and N = D’\sfl(ﬁ/\) is a finite rank bundle over M. Since the fiber

bundle (6.1) in HomG(NA,WA) has codimension (% + 1) dimg Endg(V?). Therefore

we can find a section 7 in Homg(ﬁ/\,W}\) — M, such that D*s,| s 4 77(x) is surjective
for every point in x € M. Using the projection N* — ~ guaranteed by Proposition A.8,

then TAWNA is a sc> bundle map N* — W c W[1] over M. Since M is the zero set of

the transverse sc-Fredholm section s¢ : Z¢ — W€, then by [65, Theorem 3.13] M c Z5'
is sub-M-polyfold in the sense of [65, Definition 2.12]. That is for every x € M, there
exists a neighborhood V' C Z¢ of x and a sc-smooth retraction r : V' — V such that
r(V) =V N M. Then r*(1* o mxx ) |vens - Ny = W[1]|y defines a sc-smooth bundle map
by Proposition 6.19. By a partition of unity argument, we can find a sc-smooth bundle
map 6* : Ny — WH1]|y for a neighborhood U C Z¢ of M. By Corollary A.15 and
Corollary A.16, we can assume 6* : N*|;y — WA[1]|y is a G-equivariant bundle map and
02| Ny = e oms. Using the tubular neighborhood assumption, 6> can be treated as a sc*-
section of W — Z on N|y C Z. We apply the same procedure to all A, such that D*s,, is not
surjective for some x € M. By Proposition 6.16 and the compactness of M, there are only
finitely many A such that D*s is not surjective for some point € M. Then s+ f Y e 0> is
an equivariant section and transverse on Z¢, where f is a G-invariant bump function on N
such that f|axfoy = 1 and supp f C N|y. We can chose f such that [, , 0* is supported
in arbitrarily small neighborhood of M x {0} in Z and arbitrarily small in some auxiliary
norm, then s + > ., 6> is proper on any closed subset of N. O

In the case of S'-action, every nontrivial irreducible representation is two-dimensional
and classified by a non-negative integer weight. The endomorphism ring is isomorphic to C.
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Corollary 6.18. Assume G = S' and the tubular neighborhood assumption(Definition 6.9)
holds. Suppose for all weights A\ € Nt and z € s71(0)N Z5" such that Ds, is not surjective,
we have ind D*s, + 2 > ind DS sy. Then there exists a S'-invariant nAez'ghborhood 7 c 78
containing Zs, and an equivariant sct-multisection perturbation kon Z, such that s + K is
proper and in general position.

Proof. By Theorem 6.17, there is a S'-equivariant sc*-perturbation ~ supported in N such
that s + ~ is transverse to 0 on Z5'. By [37, Corollary 3.3], there is a S'-invariant neigh-
borhood U C Z3 of ZSI, such that s + 7 is proper and transverse to 0 on U C Z3. Let
C :=TU\Z%, then C is a closed subset in Z3\Z5'. Since the S'-action on Z\Z5" has finite
isotropy, by Corollary 6.4 there exists an equivariant transverse sct-multisection perturba-
tion T on V C Z?’\ZS1 containing ZC,O\ZEO1 such that 7|cny = v|cnv and s + 7 is proper on

Z3\U. Then
B (z), zeU;
() = { Z(z), z € V\U;

is an equivariant transverse perturbation defined on the G-invariant open set Z:=VUUC
Z3 containing Z.. O

The following Proposition is a direct consequence of the chain rule [65, Theorem 1.1].

Proposition 6.19. Let (K,R7 x E) x F) and (P, (R} x E) x H) be two tame M-polyfold
bundle retracts over one tame M-polyfold retract (O,R7 x E). Let Ry, Ry be the bundle
retractions defining K and P and assume both Ry and Ry cover the tame tractions r on
the base. Suppose we have sc-smooth retraction m : O — O and a sc-smooth bundle map

f:Kl[:(0) — P|ﬂ-(o), then
m™f: K — P, (z,v)— Re(z,mgo f(Ri(m(x),v)))

15 sc-smooth bundle map extending f.
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Chapter 7

Application: Hamiltonian Floer
Homology for Autonomous
Hamiltonians

Floer’s original proof [40] of the weak Arnold’s conjecture was constructing Hamiltonian
Floer homology using a C? small Morse function as the Hamiltonian. If one can achieve
transversality using a time independent almost complex structure for both Floer homology
and Morse homology, then there is an identification between Floer chain complex and Morse
chain complex. This is because that there is an S! action on the Floer trajectories by rotation,
then any 0O-dimensional moduli space of Floer trajectories must be independent of the S!
coordinate. Hence they can be identified with the O-dimensional moduli spaces of gradient
trajectories. When sphere bubbles can be excluded, the equivariant transversality was proven
in [40, 95] using different strategies. Since polyfold theory provides a framework to deal
with the bubbling phenomena, a proof of weak Arnold’s conjecture for general symplectic
manifolds is essentially setting up the equivariant transversality on the Hamiltonian Floer
homology polyfolds. In this section, we give a sketch of such proof.

7.1 Hamiltonian Floer Homology Polyfolds

Let H be a C? small Morse function on the closed symplectic manifold (M, w), such that all
the time-1 period orbits of the Hamiltonian vector field X are critical points of H. Let C'(H)
denote the set of critical points of H. We can assume H is also self-indexing in the sense that
H(z) > H(y) iff indz > indy for all x,y € C(H), where indz,indy are the Morse-index.
We also pick an almost complex structure J such that w(-, J-) satisfies Sard-Smale condition
for Morse function H. Let i := min{ [, u*w|u is a nontrivial J holomorphic sphere}, which
is a positive number. We rescale H so that max H — min H < h.

Assumption 7.1. We make the following assumptions on the Hamiltonian Floer homology
polyfolds.
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1.

For every pair of critical points x,y and a homology class A € Ho(M) in the image
of the Hurewicz map mo(M) — Ho(M) such that H(z) — H(y) + w(A) > 0, there is
reqular tame strong polyfold bundle py 4 : Wy ya — Zzy 4 with a sc-Fredholm section
SpyA 1 Lyya —> Wyya. Moreover, inds,, 4 = inde — indy + 2¢1(A) — 1. The
mazximal degeneracy index on each polyfold Z,, 4 is finite. Zy, o is a M-polyfold for
every x,y € C(H).

Let 017 denote the boundary points with degeneracy index 1 and 0yZ denote the interior
points. Then

W$7y7A|ale,y,A = I_l Wx’Z:AO‘aozac,z,Ao X Wx’Z’AOIa()ZZ’%AI ’
z€C(H)
Ag+A1=A
Moreover, 527y,A’302x,z,A0 X00Zzy,4, — Swz,A0 X Szy,Ar-

The reparametrization in the S* direction gives a S*-action on p,, a such that s, , 4 is
St-equivariant. The S*-action on Z,,, a has finite isotropy unless A = 0. The S*-action
0N Pryo: Wayo = Zuyo satisfies the tubular neighborhood assumption (Definition 6.9)

when indx —indy = 1,2. The fived part s, 0,51 - Zf;o — WIS; o s the sc-Fredholm
z,y,0 o 7

section on the Morse homology M-polyfold for (H,w(-,J-)). Since we assume the Sard-
Smale condition for (H,w(-,J")), Szy0l,s1 : Zf;o — Wg;o is transverse to 0.
z,y,0 4 4

For every x,y such that indx — indy = 1,2 and i € N, ind D's, 0 = 0 on s, ,(0) N

z,y,0
Sl
ZLy,O'

Assumption (1) and (2) are expected to be derived from SFT polyfolds in [62]. Since
max H — min H < h, there is no sphere bundle in Z, , ¢ hence Z, ,, is a M-polyfold. We
verify assumption (3) and (4) in Subsection 7.2 for the naive Hamiltonian Floer homology
polyfolds, which was described briefly in [102]. Therefore to verify Assumption 7.1, one can
either verify assumption (3) and (4) for the SFT polyfolds using a similar argument sketched
in Subsection 7.2 or complete the construction of Hamilton Floer homology polyfolds in
[102], i.e. include sphere bubbles.

To define the Hamiltonian Floer homology, we need perturbations satisfying the following
condition.

Definition 7.2. A family of perturbations {py, 4} is transverse and coherent iff

1.
2.
3.

For all ©,y, A, pyy 4 is defined on neighborhood of (Zy, 4)sc-
Szpy. A+ Dry.a is transverse to 0 for all x,y, A such that ind s, , 4 < 1;
For every x,y,z € C(H) and A = Ay + A1, we have

Pz,z,A = Pzy,Ao X Dy,z,Aq 5 (71)

on a neighborhood of (Zyy ay)ee X (Zy2,41)oo 1 Zyy Ay X Ly 2 A, -
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If we have a transverse and coherent perturbation family {p,, 1}, then one can define

an operator 9 on CI'" 1= @ueoimA(z), where A i= {3, jp0a) fad® VK € R, #{fa #
Olw(A) < K} < oo} is the Novikov coefficient.

o= Y (f gy 72)
yeC(H),A 7 (Swy,atPey,a)~(0)
indsz’yyA:()

It can be shown that 9 o d = 0. The corresponding homology is expected to be independent
of the abstract perturbations and defining data like H and J. The homology is called the
Hamiltonian Floer homology HF.(M). To get coherent perturbations satisfying (7.1), one
usually needs to apply some inductive argument. For this purpose, we need to extend a sc™
perturbation from the boundary. We assume the following for now.

Assumption 7.3. A sct-multisection on the boundary 0Z can be extended to Z.

The induction is usually based on the maximal degeneracy index of the polyfold, i.e. we
first find perturbations on those polyfolds without boundary and we choose the perturbations
to be transverse if the index is not bigger than 1 by [65, Theorem 15.4]. Then by coherent con-
dition (7.1), we have perturbations on the boundaries of polyfolds with maximal degeneracy
index 1. Then one can extend the perturbation from the boundary into the interior. We can
also require transversality if the index is smaller than 1. To see such requirement is feasible,
note that on Z,, 4, X Zy .4, C 0Z;. a0+4, We have indgy 4, +indy . 4, = ind, . ag4+a, —1.
Hence if ind; , 4y4+4, < 1, then either both ind, , 4, and ind, . 4, are zero or one of them is
negative. In either case, by induction hypothesis, p, , a4, X Pzy,4, is a transverse perturbation
on Zyy Ay X Zy» 4, Therefore by Assumption 7.3 and th proof of [65, Theorem 15.5], one
can find transverse extension in the interior. The induction argument goes on with respect
to the maximal degeneracy index.

Theorem 7.4. Suppose Assumption 7.1 and Assumption 7.3 hold, then there exists a trans-
verse and coherent perturbation family {ps,a} such that p,, a is S'-equivariant for all
x,y, A.

As a corollary of Theorem 7.4, one have the following.

Corollary 7.5. Using the perturbations in Theorem 7.4, let Oy denote the Morse differential,
i.€.
Our:= Y #(seyolys )70
yeC(H)
ind z—ind y=1
Then the differential in (7.2) satisfies Ox = Oyx. In particular, we have HF*(M) =
H*(M) ® A and the weak Arnold conjecture holds.
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Proof. For every z,y, A such that ind,, 4 = 0, if A # 0 then equivariant transversality
implies that (syya + peya) t(0) = 0; if A = 0 then equivariant transversality implies
that (S50 + Payo) *(0) = (Szy0 25! 0)_1(0). Hence 0x = Oy and the remaining claim
follows. l’% O

Proof of Theorem 7.4. We apply the induction argument to find such perturbations. The
self-index condition implies that Z, ,, = () for every x,y such that indz < indy. We find
sct-perturbations on polyfold Z, , 4 without boundary, such that the following properties
hold.

1. By Corollary 6.4, if A # 0 then we can assume Sy, 4 + Pz y.4 is S'-equivariant and is
transverse to 0.

2. By Corollary 6.18, If A = 0, we can assume S, ,0 + pzyo0 is S'-equivariant and is
transverse to 0 if ind s, , 0 = 0, 1.

3. For other cases, we simply require p,, o is S'-equivariant, for example p, , o = 0.

Assume we have found perturbations satisfying the properties in Theorem 7.4 for all polyfolds
with maximal degeneracy index at most k. We will prove that we can perturbations satisfying
the properties in Theorem 7.4 on for all polyfolds Z, , 4 with maximal degeneracy index k+-1.

1. Ifinds; 4 > 1, if A # 0 then the Sl action on Zzy.4 has no fixed point. We can use
quotient to find a S'-equivariant extension. If A = 0, then Z, ¢ is a M-polyfold, then
we can find one extension and by Lemma A.13 we can use an averaging argument to
find a S'-equivariant extension.

2. If ind, y 4 <1 and A # 0, since the Sl-action on the boundary 0Zy 4.4 has no fixed
locus and by induction hypothesis the perturbation on the boundary is transverse, by
Corollary 6.4 and the extension Theorem [65, Theorem 15.5], we can assume s, , 4 +
Pry.a s S'-equivariant and transverse to 0.

3. For the remaining case, i.e. ind s, 0 = 0,1, by Corollary 6.18 and [65, Theorem 15.5],
we can assume Sz 0 + Py 18 S L_equivariant and transverse to 0.

Hence Theorem 7.4 holds by induction. O]

The extension process of sct-perturbations was discussed in [65, Chapter 14]. [65, The-
orem 14.1] showed the existence of extensions for structurable sct-multisections and the
extensions can be chosen to be structurable, where structurable multisections were defined
in [65, Definition 13.17]. Then Assumption 7.3 in Theorem 7.4 can be dropped, if the fol-
lowing statement holds.

Conjecture 7.6. Under the conditions of Theorem 1.1, let q : p~"(Z) — p~Y(Z)/G be the
quotient map.
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1. If Kk is structurable sc™-multisection on E/G, then q*k 1s structurable.

2. If k is G-equivariant structurable sct-multisection on 7 , then k induces a structurable
sct-multisection on Z /G by k = q*R.

7.2 Assumption 7.1 in the naive construction

In stead of using the polyfolds for SE'T, one can construct the Hamiltonian Floer homology
polyfolds in a more direct way. Part of this construction can be found in [102].

Let v be a Morse flow line connecting x, y such that ind x—ind y = 1, then a neighborhood
of v in Zf’;,o is modeled on:

H, = {u € H"(R,v*TM)[u(0) € H}

with chart map:
u € H, — exp_ (u)

where H is a small hyperplane in T, M transversing to v at v(0), and 6; is a small weight

for the exponential decay at two ends. Similarly, there is a polyfold Z,, o of Floer flow

lines connecting x,y. There is an S! action by reparametrization in the S! direction on the

cylinder part. The sc-smoothness of this action is checked in [35, 58]. In particular, the fixed

set is exactly the flow lines constant in the S* direction without any bubbling. To verify

Assumption 7.1, we need to understand the local picture of the polyfold near the fixed locus.
Like the Morse theory case, a neighborhood of v in Z, , ¢ is modeled on:

weH, = {ue HFR x S',7*TM)[u(0,0) € H}
with chart map
"
wel, —exp,u
This is not very good for our purpose, instead, we consider the following sc-Hilbert space:
HE = {u e H¥(R x §',7*TM) /S (0, 5)ds < H)
with chart map:

F
u € H — exp,u

These two local charts are compatible. One easy way to see it is to apply the proof of
theorem 3.1 to the M-polyfolds of parametrized flow lines with translation R action, since
both models can be viewed as a slice to the R-action

The S'-action on Z, ,( gives rise to the decomposition:

]I-]Ii7 = H, Bien+ (H ® (sin i, cos it)),
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where H is H, dropping the hyperplane constraint. @ needs some explanation: write E(© =
H,, E® = H ® (sinit, cosit), the sc-structure on H induces sc-structure on E®). & means
the m-th level is a completion of the direct sum with respect to norm induced by the bilinear

form
((cosers--)s (fos fro - Dm = Y _lews fi)geo + Zi2m<€i>fi>Eéi)-

Similar construction exists in the fiber direction, the only difference is index shifted by
one and the hyperplane condition is dropped completely. The fixed locus is exactly the
M-polyfold in Morse theory, hence tubular neighborhood assumptions near the fixed locus
without isotropy holds.

The linearized operator of the Floer equation at ~ is given by

D.¢ = V& + JV,E + Ve grad H

where V is the Levi-Civita connection for metric w(-, J-). After a trivialization of v*T'M,
one can think of £ as a map from R x S! to C" and

D& = 0s§ +10:§ + A(s)§

where A(s) depends on C? norm of H. Since we can write

E(s,t) = &o(s) + Z(Sn(s) sinnt + n,(s) cosnt),
n=1
we have

D& = D%+ Z(@’l(s) sinnt + n,,(s) cosnt + i&,(s)n cos nt — in,(s)n sin nt)
n=1
+A(s)(&, sinnt + n, cosnt),
where D3 is the linearized operator of gradient flow equation. Therefore

Dz(gn; M) = (&, — innp + A(8)6n, 1, + &y + A(S)10)

When H is C? small, A(s) is small in C° norm, then D? has index 0 [91]. This verifies
condition (4) of Assumption 7.1 for z,y such that indx — indy = 1. Similar argument can
be used to verify the case of indx — indy = 2.
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Chapter 8

Equivariant de Rham Theory on
Polyfolds

8.1 De Rham theory on polyfolds

Differential forms on M-polyfolds

We will review the de Rham theory and integration theory on polyfold from [63] and [65].
Recall that the tangent space TE of an sc-Banach space E is E! @ E. In general, we have the
tangent bundle TX — X!, Since X! C X* is an sc™® map, we can pull back the tangent
bundle to get a M-polyfold bundle TX" ! y,,, — X" with a s¢™ embedding TX"™!| yi+1 C
TX!. In general, we can define TX7|y: for all j < i. When j = i — 1, it is the usual
tangent bundle TX*~!. Moreover, there are sc* embedding TX7|y: C TX*| 1, whenever
g >koo> 1.

Definition 8.1 ([65, definition 4.9]). A sc-differential k form of class (i,j),i > j form on
M-polyfold X is a sc-smooth map w : ®TX?|xi — R, which is linear in each argument
separately and skew-symmetric. Let QF(X™7) denote the space of all such forms.

When i > [,j > m, there is a natural inclusion Q*(X%) — Q*(X"™) induced by the
sc-smooth inclusion @, TX7 | vi C BT X " x1. Thus We define:

Q2 (X) = lim O*(X)
Locally the exterior differential is defined just like the normal case:
dw(Ag, ..., Ay) = Z(-l)iD(w(Ao, A AD) A
+ Z 1Z+Jw ]Ao,...7Ai...Aj,...,Ak)

1<J

The Lie bracket will need a little more differentiability to define, hence the exterior differential
d will send Q*(X*7) to another space with higher index, details are can be found in [63], we
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also include the discussion in the appendix. The upshot is over Q*_(X), d is well defined and
d? = 0, and the following functorial property holds:

Proposition 8.2. If f : X — ) is a sc-smooth map between two M-polyfolds, then there is
a functorial pull back on differential forms f*: Q% (V) — Q5 (X)), such f*d = df*.

Remark 8.3. [65] uses only Q*(X1), since {(: +1,1)} are co final in the directed system,
thus two definitions give same space.

Differential forms as sections of a sheaf

For our purpose, we need to modify the definition of differential forms. We want to show the
equivariant counterpart can be defined through Borel construction as well as the G* algebra
structure. We would like to interpolate the cohomology as a sheaf cohomology. Although,
such complication may not be necessary for applications, c.f. remark 9.3.

Since the quotient Theorem 1.1 only asserts polyfold structures on a dense set on level
3 containing the oo level, we will modify the definition to make a sheaf of differential forms
on X. Let 7; be the A&; topology. Let k >4,k > [, we have a sheaf 5, ,(-) on X, with
the 7; topology defined by:

on,n,k,l(0> = @Q*(Rk’l)a
R

where R is an open set in A; such that RNAX,, = O. To see it defines a sheaf, one only needs
to show that one can glue up local sections once they give the same intersection sections.
Assume w, € QF - (O,) for a € A | such that w, = wg on Oup 1= O, N Op for every
a, 3. Then we can find open sets R,, Rg and Ryp in &;, such that O, = R, N X, Op =
RsN Xy, Oap = Rap N X and w,, wp are defined on R, Rg. Moreover, w, = wg on Rap.
Although we can not assume R.g = R, N Rp, but we can assume R,g C R, N Rg. Since
Ra NRpg and Ryp contain O, N Op as dense subsets, w, = wpg over Ry implies w, = wp
over R, N'Rg. Therefore w, defines a unique form over U,R,. Hence (2} ; is a sheaf.

00,T;,k,
Then we have the direct limit of the sheaves' ling, , €2 denote it by (2%, .. Then we

*
00,75,k

can define the space of differential forms by
Q(X,7) = O, (Ke)

It is not hard to see the exterior differential is defined on Q*(X, 7;), making (Q*(X,7;),d)
into a cochain complex. The cohomology is denoted by H*(X, 7;).

Assume the M-polyfold is built on sc-Hilbert spaces. By the partition of unity [60,
Theorem 5.8], then Q% _(-) is a fine sheaf. And by the Poincaré lemma proved in [60] for
T € Xy. Therefore

R—QL . —Q, . —...

i.e. the sheafification of the direct limit presheaf.
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is a resolution by acyclic sheaves. By [49, Théoreme 5.10.1], the sheaf cohomology is equiv-
alent to Cech cohomology for paracompact spaces, thus H*(X,7;) = H*(X, 7;,R). Since
M-polyfold is locally contractible, thus H*(X,7;) is isomorphic to the singular cohomology
Hs*ing(XOm Ti)'

Since there are level shifts in the quotient construction, we prefer a theory without the
level topology 7;. Therefore we define:

Q" (X, Ts) = 1;1139*(?(, i)
Moreover, we have the following sequence of cochain complexes, which is also functorial:

O (X) —— QX 1) —— (X, 1) —— .. —— (X, 7o) (8.1)

Differential forms on polyfolds

Since polyfolds can be viewed analogs of orbifolds, the differential forms should be those
invariant under the local symmetries. Let (X, X)) be an ep-groupoid. Recall that every ¢ €
X induces a sc-diffeomorphism L, from a neighborhood of the source s(¢) to a neighborhood
of the target t(¢).

Definition 8.4 ([65, Definition 8.2]). A differential form of class (i,j) on (X,X) is a
differential form w on X of class (i, ), such that for every ¢ € X, Liwyg) = ws(g)- The
space of differential forms of class (i,7) is denoted by Q*((X, X))

Definition 8.5. Let Z be a polyfold and (X, X) a polyfold structure with Z = |X|. Let ;
denotes the Z; topology. For k > i and k > [, we define a sheaf Q0 ; on Zs with T;
topology to be

O

00,Ti,k,l

(U) == hﬂ O ((R, R>i7j)7

(R,R)
where R is an open subset of X' and (R, R) is a full subcategory of (X%, X*') such that
IR|N Zy =U. Then we define

* 1 *
Qoo,n T thoo,n,k,l
k,l

The exterior differential d is defined on ¥ _ satisfying d o d = 0. Definition 8.5 makes

o0, Ty

sense because of the following theorem, i.e. independent of the polyfold structure.

Theorem 8.6. [65, Theorem 11.2] Let b : (X, X) — (,Y) be a generalized isomorphism
between ep-groupoids. Then b induces pushforward b, : Q* (X, X), ;) — Q*((V,Y), ;) and
pullback b* : Q*(V,Y), ;) — Q*((X, X),7;) such that h* = b L.

We define Q% (Z) = hﬂQ*(Z”) Then we define Q*(Z, 7;) = Q. (Zs) and Q*(Z, 7)) =
ligﬂ*(Z, 7;). The cohomology are denoted by H*(Z,7;). We also have the following se-

quence:
O (Z) —= (2, 1) ——= (2, 7) —— .. ——= QO (Z, 7). (8.2)
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Since polyfolds are paracompact, H*(Z,7;) = H*(Z,7;,R). The relation with singular
cohomology depends on whether (Z, 7;) is locally contractible, which relies on the under-
standing of the finite group action on an M-polyfold.

Integration theory

In the case of M-polyfold [59], let a € Q*(X,7;), one can integrate o over a smooth man-
ifold M C X, which usually comes from zero set of a transverse Fredholm section. The
integration commutes with (8.1), moreover Stokes’ theorem holds for this integration theory.

In the case of polyfold, there is also a well-defined integration theory [63] of differential
forms on the orbit space of the branched ep-groupoid © : (X, X) — Q*. The integration
theory is compatible with the sequence (8.2), and is also invariant under the equivalence of
polyfold structures and the Stoke’s theorem holds.

Definition 8.7 (definition 1.19 [63]). A branched ep-subgroupoid of the ep-groupoid (X, X)
is a functor to Q1 having the following properties:

1. The support of © defined by supp © = {z € X|O(x) > 0} is contained in Xy

2. Every point x € supp © is contained a uniformizer around x, such that supp©O NU =
User M; where I 1s a finite index set and M; are finite dimensional submanifolds of X
in good position with respect to the boundary of 0X.

3. There exist positive rational number ;i € I such that if y € supp© NU, O(y) =
2 filyer) i
4. M; — U 1is proper.

The integration is defined as follows, pick a finite open cover {|Uy|}aca of |supp ©] and
a partition {¢,} of unity subordinate to the open cover, where U, are local uniformizers
around o € X with decompositions of supp ©. The integration of w is defined to be

1
fe = S 2o

1€l

8.2 Borel construction

Given a compact Lie group G, one can find an embedding G C U(n). By H(m,n), we mean
the compact orientable smooth manifold of n orthogonal vectors in C™. Then U(n) acts
on H(m,n) with quotient Gr(m,n), they serve as a finite dimensional approximation of the
classifying principle bundle EU(n) — BU(n). Then EG — BG can be approximated by
H(m,n) — H(m,n)/G. If we G acts on finite-dimensional smooth manifold M smoothly,
then one can define equivariant cohomology by H: (M) := H*(M x¢ EG) = l&lH*(M X
H(m,n)). We first clarify the meaning of approximation of classifying spaces.
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Definition 8.8. A chain of smooth maps Ey — Ey — ... between finite dimensional closed
manifold is called approximation to the classifying space EG — BG, if the following
conditions hold.

1. E, are principle G-bundles and E, — E,.1 are G-equivariant embeddings.
2. For all k, there exists Ny, such that for n > Ny E, is k—connected.
3. Q(F) = @Q*(En) satisfies condition (C), see Definition 8.12.

H(m,n) is indeed an approximation of BG [53]. Given any approximation Fy — Ej ...
of EG — BG, we have H (M) := H*(M xg EG) = @H*(M Xa Ey).

In the polyfold case, one also would like to approximate the homotopy quotient of the
polyfold, i.e. one needs to make Z x4 FE, a polyfold. Since the group action G on Z x E,, is
free, we can apply Theorem 1.1. Therefore there exists a G-invariant open set R,, of Z3 x E,,
containing Z., X F,, such that R, /G is a polyfold. Therefore it makes sense to talk about
O (Zoo X En,1i),3 < i < 00. Moreover, the inclusion ¢ : Z X E,, C Z x E,,; induces a map
i*: QN Zoo Xg Eny1,7) = Q(Zoo Xg En, 7). Then we can define

V(Zoo X E,13) := 1'&19*(200 Xa En,1),3 <i < oo,

and define Hj(Z, 1;) == H*(2*(Zw X E,7;)). Since i* is surjective, the following 1'&11 exact
sequence (c.f.[104]) holds:

0 = lim' B (Zoe X B i) = HP(Z % B, ) = im HY(Zog X Enymi) 0. (8.3)
The sequence (8.2) then induces the following

HiZ,m3) — ... — HZ, 7). (8.4)

8.3 Equivariant Cohomology from G* Module

To see the definition of equivariant cohomology is actually independent of the approximation,
we recall the algebraic treatment from [53] to give an alternative definition which does not
involve the approximation. This section is essentially from [53]. For a Lie algebra g, we can
associate it with a Lie superalgebra g := g_1 & go & g1. Choose a basis &;,...,§, of g, with
structure constants cfj Then g is generated by Le,, . .., L, (Lie derivative), g_; is generated
by te,, ..., e, (interior multiplication), and g; is generated by d (exterior differential). Such
that the super Lie bracket is defined as follows:

o] = 0, [Loy) =y, [LinL] = ciLy,
[d,w] = 0, [d L] = 0, [d,d] 0
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Definition 8.9 (G* Algebra/Module). A G* algebra/module is a commutative superalge-
bra/module A, together with a representation p of G on A and an action of g as superderiva-
tion on A. Moreover, the structures are consistent in the sense that

apexptt)li—o = Le

pa)Lep(a™) L ad,e;
pla)iet(a™) = tade
pla)dp(a™) = d.

A G* morphism is an algebra/module morphism commuting with all the actions.

Remark 8.10. The derivative in the first equation only needs to exist in a very week sense:
e.g. A has a topology to make sense of it, or element in A is G finite, i.e. the space spanned
by the orbit is finite dimensional. The upshot is this derivative should be linear and zero over
constant path, see [53] for more detail.

If G acts on manifold M, then Q*(M) is equipped with a G* algebra structure. Let £ € g
and&y, C [(TM) is defined to be 4|,_gexp(—t). Then Lea := L, v, teax = t¢,, v, d is the
exterior differential and p(g)a := (¢7!)*a give a G* algebra structure on Q*(M).

Proposition 8.11. If G acts sc-smoothly on polyfold Z, then U (Z), 0*(Z,7;), ¥y, are
G* algebras. Y (Z,1;) = QU (Z,1;) is a G* algebra morphism for i < j. And any equivariant
polyfold morphism F : Z —'Y induces G* algebra morphism F* : Q*(Y,1;) — Q*(Z,7;).

Definition 8.12. A G* algebra is said to be of type (C), if there exist 0° € Ay (connection
elements), such that ;6" = &} and the space spanned by 6" is G—invariant.

For a G* module A, we can define equivariant cohomology Hq(A) by picking an acyclic
G* module F satisfying condition (C'), and taking cohomology of (A® E)y.s, where subscript
bas stands for basic complex, meaning those annihilated by ¢ and G invariant. If one can
make sense of averaging over GG to get an invariant element in A. then the following is proven
in [53]. The averaging process is allowed in the case of polyfold, c.f. Appendix B.

Theorem 8.13. Hg(A) does not depend on the choice of E

One of the most important examples of acyclic G* algebra satisfying condition (C') is the
Weil algebra, which is also the “smallest” one.

Definition 8.14 (Weil Algebra). W := A g* ® S(g*), where in the wedge product the gen-
erator 0" has grading 1 and the generator (linear polynomial) 2* in the symmetric product
has grading 2. The action of G is given by dual adjoint action ad*. Since g should acts as
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deriwation, it’s enough to specify the action on the generators:

Li# = —c 6%
Lz = —cglzk;
Lt = o
LiZj = Llﬁj,
ot = 2%
dzt = 0;

Being the smallest G* algebra can be made precise by showing every G* algebra satisfying
condition (C') maps into a W* module

Definition 8.15 (W* Module). A is G* module and there is a G* module homomorphism
W ®A— A, then A is called a W* module.

If Ais a W* module, then Hg(A) = H(Apas)-

Definition 8.16. Let W be the Weil algebra for G and A a G* algebra/module. Then Weil
model is the chain compler ((A Q@ W )pus, d).

Another model which will compute the same cohomology is as follows.

Definition 8.17. Let S(g*) be the ring of polynomial over g*, then Cartan model (S(g*)®
A)Y is the G invariant A valued polynomial over g*. The differential dg = ds — 2* ® 1;.

These two models are related by Mathai-Quillen isomorphism. There is a spectral se-
quence associated to Cartan model, such that E)'? = (SP(g*)®A97P)%. The spectral sequence
converges to Hg(A) and the first page is EP? = (SP(g*) ® H7P(A))“. If G is connected then
EP? = SP(g*)¢ @ H17P(A). As corollaries of spectral sequence, we have the following:

Proposition 8.18. If G is a finite group, then Hg(A) = H(A)¢

Proposition 8.19. If G is connected, and T is a mazximal torus, W is its weyl group, then
Hg(A) = Hr(A)"

The main result on this section is that the equivariant cohomology defined in the previous
section is isomorphic to the equivariant cohomology defined using the G* algebra structure:

Theorem 8.20. For every finite-dimensional approximation of EG, we have
H (Q(Z xg E, 7)) = H(QY'(Z,7:)),3 <i < o0

As a corollary, Proposition 8.18 and 8.19 holds for equivariant cohomology.
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Proof. Let = Q*(Z x E,1;) = @Q*(ZOO X E,,71), and Q*(F) = limQ*(E,). Then
O*(E) satisfies condition (C). Hence by the definition in this section, H}(Q2(Z, 7)) =
H*(2(Z,7;) @ Q*(E))pas), on the other hand, Q*(Z x¢ E,7;) = Q*(Z X E, T;)pas- We only
need to show

H*((Y(Z X E,7i))bas) = H* ((X(Z, 7)) @ Q°(E) )bas) (8.5)

Because Q*(E) is a W* module(c.f. [53]), thus Q*(Z x E, ;) also a W* module, hence the
cohomology of the basic complex is just equivariant cohomology of the W* module. To show
(8.5) holds, it is equivalent to show

O*(Z,7) @ V(E) — O (Z x E,7)

induces an isomorphism on GG—equivariant cohomology. By the Cartan spectral sequence, it
suffices to show that the morphism above induces an isomorphism on ordinary cohomology.
Since Q*(E) is acyclic, it suffices to show Q*(Z, 7;) — Q*(Z x E, ;) induces isomorphism on
cohomology.

Since Q*(Z X Epy1,7:) — Q°(Z x E,, ;) is surjective, we have I'Lnl exact sequence:

By the Kunneth formula (Proposition B.8), H*(Z x E,, ;) = H*(Z,7;) ® H*(E,). Since
%ﬂl H*(E,) = 0, thus H*(Z x E,1;) ~ @H*(Z x E,,1;) = H*(Z,7;). In particular,
“(Z,1) = Q(Z x E,7;) induces an isomorphism on cohomology. O
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Chapter 9

Equivariant Fundamental Class

If B is an oriented closed manifold with a G-action, then pushforward induced by B — pt
defines a H*(BG) module morphism

/ cHA(B) — HE9™B(pt) = H*9™B(Bq).
B

The morphism | 5 can be understood as the equivariant fundamental class. One the other
hand, let £ — B be a finite dimensional oriented vector bundle over a closed oriented
manifold. Let e be the Euler class and s any transverse section, then

/ alNe= / 1"
B s~1(0)

As a generalization of these two facts, when GG acts on the vector bundle £ — B, then there
is map:

H{(B) — H.(pt) : a / aeg,
B

where e is the equivariant Euler class. When there is an equivariant transverse section s,
then it is the same as fs‘l(O) i*c. Such map will be referred to as the equivariant fundamental
class. Our goal of this chapter is to construct a such map in polyfold setting, where both
Euler class(as a cohomology class) and equivariant transversality are beyond reach.

Theorem 9.1. Let G be a compact Lie group and 7 : W — Z a regular strong polyfold
bundle with a sc-smooth G-action. Assume the base Z has no boundary and is infinite
dimensional. Suppose s : Z — W is a G-equivariant oriented proper Fredholm section, such
that G preserves the orientation. Then there is H*(BG) module homomorphism,

s, Hy(Z,7) — H*"(BG),Vi >3

where k = ind s € Z. Moreover, s, is compatible with (8.4).
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Remark 9.2 (Orientation convention). Let det(s) be the determinant bundle of s : Z — W,
and det s™ be the determinant bundle s™ : Z x K, — W x E,, then there is a natural
map det(s) ® det(E,) — det s"(c.f.[106]). Hence orientations of s and E, determine an
orientation of det s™. The G action on Z x E, is given by (z,e)-g = (g7 - z,e - g), and
the infinitesimal directions form a finite rank subbundle V. Let s, be the induced section
Z xg B, - W xg E,. By det(s,) ® detV — det(s"), orientations of G, E,, and det(s)
induce an orientation of det(s,). We will twist the induced orientation by (—1)4imBndim@&
heuristically, we quotient out the G from the top of E,. We orient B,, by TG®TB, = TE,.
When G acts on M trivially, the induced orientation on M X g E, is the product orientation
of M x B,,. This orientation convention is to make sure that s, = fs‘l(O) when transversality
s granted.

Proof of Theorem 9.1 in M-polyfold case. Let X be an M-polyfold with G-action, pick an
oriented approximation F, — B, to EG — BG. By Theorem 1.1, there is a quotient
M-polyfold R,, C X*® x¢g E, with strong M-polyfold bundle }* x5 E,|r, and an oriented
proper Fredholm section s,, induced by s. Then there exists an sc™ perturbation p such that
Sn, + p is a transverse section on Y X¢ E,|g, — R,. Besides, there is natural projection
Tn : Rn — E,/G = B, then we can define s, as the composition of 7,, and *,

SuadI* (X X By, i) —— H*((sn + p)1(0)) 225 H**(B,)

where pushforward ,, is defined to by [, m,.0 An = f(anrp)*l(O) O Nrin for n € H*(B,). If
there are two different small perturbations py, pa, then (s, + p;)~1(0) and (s, + p2)~'(0) are
cobordant [59]. Therefore s, is independent of p.

To show the limit of s, exists, we need to show the following commutative diagram:

Sn+1y

H*<X Xa En+1,TZ')—>H*_k(Bn+1> (91)

| |

H*(X x¢ E,, 1) —~— H**(B,)

Let N denote the tubular neighborhood of B,, C B,, 11, we orient the fibers F' by T'B,, &
TF =N =TB,1|n. Pick 7, € Q*(B,,11), supported in a radius % tubular neighborhood of
B, in B, 1, moreover 7;|p is positive and [, 7, = 1. Then 7, — dp, = || 5, in the sense of
current, more precisely:

lim AT, — i*a, Vo€ Q' (Bpi)
k—o00 Bn+1 B,

Pull N back to E, 1, we get a G-invariant tubular neighborhood N of E, C E,1. The
projection m : Y3 xa N — V3 x g E, is sc-smooth and is a bundle map. If s, +p is transverse,
then 7*p defines an sc* perturbation, such that s, + 7*p is transverse over X3 x ¢ N, with
the zero set U := 77 1((s, + p)~*(0)). We can extend the perturbation 7*p to a global
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transverse sct perturbation p, thus (s,.1+p)~'(0) contains U as a tubular neighborhood of
(sn+p)~1(0). Therefore 7, | 7;, converges to ds,+p)-1(0), i-€. for every a € Q*((sp414+p) 1 (0)):

-k

kli)m QN T — i"a.
% J (sn41+p)71(0) (sn+p)~1(0)

If the projection U — (s, +p)~'(0), N — B, are both denoted by 7, then mom,; = 7, 0.
To show the diagram (9.1) is commutative, i.e. s,,i*0 = i*s,41,0, we pair it with n €

H*(B,):

/ Spl 0N = / i AT
n (sn+p)~1(0)

= lim ONT T AT, Tk
#7200 J(sns148)71(0)

= lim ONT, TN AT Th
#2200 J(sns148)71(0)

= lim Sna1,0 AT A T

k—oo BnJrl

On the other hand:

/ 1" Sp1,0 Am = lim Snt1,0 AT N T
By,

k—o0 BnJrl

Therefore the diagram (9.1) is commutative, and there is a map s, as the composition of the
following two maps:

im sy, .

HE(X,7) = H* (Im Q" (X xgEy, 7)) = §m H (XX gEq, 7)) = lim *~*(B,) = H"~*(BG)

Moreover, for each n, 7} gives rise to a H*(B,,) module structure on H*(X x¢ E,, 7;), and
this is compatible with the commutative diagram above by the same argument. Therefore
s, is H*(BG) module homomorphism H}(X, ;) — H* *(BG).

We still have to show s, is independent of the choice of approximation, given F,, E! are
two approximations, hence so is E, x E;. Then by a similar argument we the commutative
diagram:

H*(Q*(X Xa E,Ti)) H*(X X EmTz’) Snx H*—k(Bn)

| | g

HA (X %6 (B x E'), 7)) —— H* (X x¢ (B, x E), 7)™~ H*E, x E /G)

| . 4

H*(Q(X x¢ E', 7)) H*(X xg B, ;) —= H**(B)
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which is also compatible with the directed system. The arrows in first and third columns
are isomorphism by Theorem 8.13 and 8.20, after we take inverse limit. Thus s, is well-
defined. O

The proof for polyfold case is almost same, expect we have to work with branched sub-
orbifolds:

Proof of Theorem 9.1 in polyfold case. © is defined by s, +I' on Z! x¢ E, for suitable
multivalued sc perturbation I'. Then 7°I" defines a transverse multivalued scT perturbation
of 8,41 over Z! xg N. We can extend 7*T to a global perturbation T, let ©, denote the
branched suborbifold (s,41 + I)~1(0). Then 7~ !|Supp©,| C |SuppO,| is an open set. For
each point z in |Supp©; |, there is a neighborhood V in a polyfold structure of Z! x  E,,, such
that Supp®©; is represented by U(M;, ;). Then 7=1(V) is an open set of a polyfold structure
of Z' xg N, and over 7~ *(V), 7 '|Supp©; | is represented by U(U;, 0;), with U; = 7~ 1(M;).

Let 7 be the classes as before, such that 7, — 0p,, then 7 7 has same property
over U; — M;. Let {V,} cover Supp©; with partition of unity {¢,}, over each V,, Supp©,
has local representation (M, o%), and over 7~1(V,), 7~ !|Supp©;| has local representation

(A Z

(Ug,0¢). Let n € H*(B,,), we have:

(A Z

/ "spr1,0 An = lim Snt1,0 AT A TR

k—o0 Bni1

. * * *
= khm ) ONT, (T AT (T
70 S (sn1+1)71(0)

= kh_}m ) ONT TN AT, Tk
%S (sn414T)71(0)

k—o0

1 " .
— Z\G ‘/aamaz ONTin

= / O AT
(sn+T)~1(0)

= / Snxl O AT

This proves the digram (9.1) for polyfold, hence s, is well defined for polyfold. O

= hmZ|Ga|/qam Gl N T N T T

Remark 9.3. In applications[61], there is usually an sc¢* G-equivariant map ev : Z — M.
Instead of evaluating all class in H:(Z,T;), we only evaluate those pulled back from HE(M).
Since HE (M) is defined independent of the approzimation of the classifying spaces, thus one
can verify directly that s, o ev* : H5Z(M) — H ™% (pt) is independent of approvimation.
Thus there is no need to going to the discussion in Section 8.1 in applications.
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Proposition 9.4. If s is already transverse, then s, : H:(Z, ;) — Hé_k(pt) is equivalent to
integration over G-orbifold s~1(0)

Proof. In this case, we can define s, without perturbation. O

Proposition 9.5. If W — Z is actually an M-polyfold bundle, G action is free,and G is not
discrete, then s, =0

Proof. Free action implies the quotient exists as an M-polyfold, hence there exists equivariant
transverse perturbation p, such that (s + p)~'(0) is a closed manifold with a free G action,

then [, 1) being zero on Hg((s +p)~'(0)) implies s, = 0. O

The following proposition follows from direct check:

Proposition 9.6. W, — Z; and Wy — Z5 are two M-polyfold strong bundles with sc-smooth
G1, Gy action respectively, and s1, so are two orientable equivariant proper Fredholm sections.
Denote s1 X sy as the section from Zy x Zy to Wy x Ws, then

(81 x 32)*(a A b) _ (_1)|a\indsz+ind51 indszsl*a A Sg*b c Hé‘leg(pt)
where a € HE, (Zy,7;) and b € HE (22, 7;).

Proposition 9.7. If H is a closed subgroup of G, then the following diagram is commutative:

H(Z, 1) —=> H**(BG)

| |

Hi(Z, 1) —>> H**(BH)

Proof. Assume {F,} is an approximation to E'G, then it is also an approximation to EFH,
and E,H — E,G is a G/H bundle. A transverse section sCover Z! x¢ E, will induce a
transverse section sf over Z!' xy E,. Let p denote both projections FE,, /H — E,/G and
Z'' xy E, — Z' xg E,. Therefore we have the following commutative diagram of G/H

fiberations.

sHY0) 2~ E,/H

b
s¢7H0) =~ E,/G

n

We claim that the following is commutative

st (0) = H*M(E, /H)

H* (s, (0) ]
H* (s, (0)

sGH(0) = HH(E,/G)
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Let o € H*(sg_l(())), then for all n € H*(E,,/H) we have

/ Tsop aAn = / pra AT
En/H sH™1(0)
= / a A\ TP
s¢1(0)
= / TN\ DM
En/G

= / pimea A n
En/H

where p, is the integration along the fiber. This diagram is also compatible with the direct
system. Passing to the inverse limits proves the proposition. ]
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Chapter 10

Localization Theorem

The localization theorem [3] for torus action on a closed manifold M asserts the integration
of an equivariant closed form on M, can be computed by restricting it to the fixed locus M7,

i.e. we have
/a:/ aAept o€ Hy(M),
M MT

where e is the equivariant Euler class of the normal bundle of M7 and it is invertible. When
the torus T acts on a finite-dimensional bundle V' — M,

s*(oz):/Moz/\eT(V):/MTa/\eT(V)/\e}l,

where er (V) is the equivariant Euler class of V. Since a torus representation can be classified
by its weight Z"/Zs, therefore the normal bundle N of M? in M can be decomposed as:

= & N;.

ie(zZn—{0,...,0}) /22

Let V7T be the fixed part of V|, similarly we have decomposition.

Vyr = V7 S5 Vi.

Then ez = Ajer(N;), and er(V)|yr = e(VT) A; er(V;), thus

s.(a) = /MTa/\eT(V) Aepl = /MT O‘ABS\YZT)(?\Z;T(W) — st (a A %) . (10.1)

We can also get (10.1) by analyzing the equivariant transversality near M. Let s : M — V
be an equivariant section, for simplicity, we assume s is equivariantly transverse to 0, then s,
is just [, 1. We need to understand the normal bundle of s™(0) N M™ in s7'(0). s being

equivariant implies Ds = >~ D;s, where D;s € Homy(N;, V;). If s is transverse, the normal
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bundle of s71(0) N MT in s7'(0) is @ker D;s|s-1(9)nnr. In general, the normal bundle can
be understood as the virtual bundle &(N; — Vi)|s-10)nmr, and the equivariant Euler class
should be

e’(V;)

Lef(V)

In the polyfold case, N; and V; are infinite dimensional with the equivariant Fredholm op-
erator D;s. Therefore we make the tubular neighborhood assumption without isotropy as
in Definition 6.9 to make sense of N; — V; by substituting N;, V; by finite dimensional bun-
dles. In particular, by Proposition 6.15, we can assume s|c : Z¢ — WY is transverse and
there exists a finite dimensional G-invariant trivial bundle F; C W; over a neighborhood of
s71(0) N Z% in X, covers the cokernel of D;s over s~(0) N Z¢.

A

Remark 10.1 (Orientation). Since there is a natural map det(s|zc) ®; det(D;s) = det(s).
Once we fix the representative of the weight in Z", the complex structure of F; is also fized,

therefore det D;s comes with a natural orientation, and they determine an orientation of
det(S|ZG).

Recall from Chapter 4, a G-action on a polyfold induces sets of local lifts of actions
L(z,y, g) satisfying Proposition 4.33 and Proposition 4.35.

10.1 S! localization

To prove the localization theorem, we still need another ingredient, i.e. localizing s, to
a neighborhood of s7*(0) N ZT C Z. Let LH%(M) denote the localization of H:(M) by
nontrivial element of H*(BT). In classical case, we have LH:(M) = H*(MT)@R (uy, . .., uy).
If U is T invariant neighborhood of M7 then LH%(M —U) = 0, i.e. there exists homogeneous
polynomial p in Rlus, ..., u,] = H*(BT), such that the pull back of p is zero in Hj(M —U),
then the pull back of p in H}(M) can be represented by form supported in U. So we
have [,,w Ap = [,wAp,we Hj(M). Therefore we only need to understand the tubular
neighborhood of M7T. In polyfold case, we will find such p directly. We divide the proof
into two cases, in S! case, such conclusion holds. However in general torus 7" case, we will
need a geometric assumption, which can be understood as the analog of the neighborhood
theorem of an orbit.

We fix §27*t1 — CP" as the approximation to ES' — BS!, the right S! action is given
by v-0 = e 2™ .y € §2*+L ¢ C"*1) and S?"*! is oriented such that [S1][CP"] = [S?"!]
induces the complex orientation on CP". This convention makes the first Chern class u of
the S* bundle is represented by the hyperplane divisor. The pull back to Z xg S?"*! is
denoted by u,,.

Proposition 10.2. Assume K C Z,, is a compact set in T3 topology with no fized points,
then there is S invariant open set U of K in Z3. Such that u® = 0 in H*(U x g S**! 73)
for all n.
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Proof. Let © € K — Z%, then there exists a slice S, satisfies conditions in Proposition 4.39.
Then using the S action and morphisms to move S, around, we get a full subcategory U,
of X3, whose orbits correspond to a S! equivariant neighborhood U, of z in Z3. We can
find a neighborhood O of id in G, such that O x S, — X' : (g,v) — Ti(g,v) is a local
sc-diffeomorphism.

We can define v on O x S, by a(T'S;) = 0 and « is the Maurer-Cartan form on O. We
can push-forward it to an open set of X!, the new form is still denoted by o. Then we can

define 8 on U, by

By = % Z Mo

g€St glpl=[yl,y€Sx
r'eL(p,y,9)

where m is the size of the isotropy group at x of the S! action and k is the size of effective
part of the isotropy from the polyfold structure. Since « is closed, and § locally is just
average of km terms of pull back of a by Proposition 4.39, hence 3 is sc™ and closed and
St invariant. And 3(€) = 1, for the infinitesimal direction £ of ST action.

Over S*"*1 4 is exact with a S? invariant primitive p such that p(¢) = 1. Then over
U, x S p+ Bis St invariant and p + 3 vanishes on the infinitesimal direction of the
St action on U, x S?"™1 hence p + 3 defines an element in Q* (U} xg1 S*"*1 73), besides
d(p+ ) = dp = u, this show u,, € H*(U}! x g S 13) is zero for any n.

We have find a finite S* invariant cover {U;};c;of K, such that u, = 0 in H*(U; x5
S0 7 for all n. Therefore ull! = 0 in H*(UU; x g1 S, 73) for all n. O

Because s, is a H*(BG) module map, we have:
Corollary 10.3. Given S! acts Z, if Z does not have fized point, then s, =0

Theorem 10.4. Suppose tubular neighborhood assumption (Definition 6.9) holds, we can
assume $| st Z5" 5 WS s already transverse, and MS" denotes the zero set in the fixed
locus s7(0) N Z5". Then there exists an element e € LH*(MS") = H*(M®") @ R(u), such
that e is invertible and the following localization theorem holds:

s.(0) = / iONe!
MS!

The strategy of the proof is first finding transverse perturbation p of s,, such that there
is a manifold N C CP" and MS' x N C (s, +p)~*(0). Then we can analyze the Thom class.

Proof of theorem 10.4. Over M5", Ds can be decomposed to > den Das. For any d > 0 that
Dys is not surjective over M Sl, there exists a trivial S' bundle F; C W, over an invariant
open neighborhood O of M5" in X covers Coker Dys by Proposition 6.15. Assume first we
only have one such d, let w4 denote the projection F; — O. By Proposition A.8, we have a
S* invariant complement M-polyfold bundle Fj, such that W; = F; @ F;. The projection
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to Fy is denoted by mp. Since mps is an sc™ section, then s — mps is still Fredholm|[59]. We
also have Fredholm sections
(s—mrpos)omg: Fy—W

and
(s—mrpos)omg+idp: Fy — W

It is easy to see (s — mp 0 8) 0 g 4 idp : Fy — W is equivariant transverse at 7y (M5"),
therefore M = ((s — mp 0 s) o mg + idp)~1(0) is cut out transversely and contains M5 as
submanifold. Moreover, there is diffeomorphism from (s — 7z o s)71(0) to M defined by
x> (z,7p o s(x)).

Let E; = (Dgs) ! Fy, then the normal bundle of M S'c Mis equivariant isomorphic to
E;. Therefore one can find a tubular neighborhood of M S in M equivariant diffeomorphic
to F,. By shrinking O, we can assume M is the equivariant tubular neighborhood.

Over O! x g1 S*"*! o := s — 7 o s induces a operator o,. It is clear that o, — s, is an
sct section. Moreover we have

O'nil(()) = 0'71(0) X g1 52n+1 = ]\7[ X g1 Sszrl = Ed X g1 52n+1 = Ed X O(d)

where E; X O(d) is the exterior tensor product of E; — M5 and O(d) — CP". But o, is
not transverse, since the linearized operator is zero in the Fj direction, but surjective onto
the complement. The projection from o, ~1(0) to M5" x CP" is denoted by 7. Thus

Fdlofl(o)xslsZnnLl = W*(Fd X O(d))

If dim¢ Fj; = [, then there is a holomorphic transverse section ¢ : CP" — O(d)! such that
[t71(0)] = (d[H])". The section ¢ can be extended to o= (0) x g1 S = M x g S¥H! =
E; X O(d) by pullback. Since ¢~1(0) = M and M is the zero set of a transverse section
(s —mpos)omy+idg, we can use the local picture of transverse solution described in [59] to
extend ¢ : 7H(0) X g1 S* ' = Fy|,-1(0)x, 5241 to a section t: 0" xgq S & Fyxgr S2HL
such that o, + 1 is transverse to 0 and (o, +£)71(0) = E; X O(d)|prst xs-1(0)- Let U denote

(0, +1)71(0) which is an equivariant tubular neighborhood of M5" x ¢t=1(0). We can keep
extending £ outside of O' x g1 S?"*! to the whole quotient.

The Thom class of 7 : U — M5" x ¢71(0) is denoted by 1, then i*n, € H*(M5" x t~1(0))
is the Euler class of the normal bundle, where I : M5" x t71(0) — U is the inclusion. Since
the normal bundle can be identified with E; X O(d), i*n, is the Euler class of E; K O(d)
over M5" x t71(0). Note that the Euler class of E; ) O(d) — M5 x CP" converges to
the equivariant Euler class of E; — M5, in particular it is fixed for as an element in
H*(M®") @ R[u] for n big enough. By Lefschetz hyperplane theorem, H*(MS" x CP") —
H*(M5" x t71(0)) is isomorphism for * < n + 1 — . Hence for n big enough, i*n, does not
change and equals to the equivariant Euler class e € H*(M5") @ R[u] of E; — M.

The Euler class i*n, has leading term (du)d™c£e, Moreover there is an element e~! in
H*(M5")®R(u) , such that eAe™' = 1 and u® Ae ' is in H*(M5") ® R[u], for some positive
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integer a which only depends on dim F; and dim M §' For n big, one can assume u® A e~
is in H*(M5" x t71(0)), such that u® A e A i*n, = u®.
Since projection 7 is a homotopy equivalence, we have the following diagram:

Uy

" H*(CP)

W*Ii* [id
H*(M5" x t1(0)) <=— H*(CP")
Since i*(7* (e Amiu®) An,) = miu®, and ¢* is an isomorphism, hence 7*(e™* A wiu®) An, =
miu® in H*(U).
For a fixed integer s, let 0 € H*(Z x 51 S***1). Consider f(0n+i~),1(0) O AT (et Ariu) A
N A TEu"* where s + 2i = k + 2n. By Proposition 10.2, there is m € N such that 7} u™

is cohomologous to an element w supported outside O! x g1 S**! for any n. Then for
t—a—m>10

n

/ OANT (e P ATIUY) Ay AT = / OAT (e ATiu) Any ATEU™ A Tiu ™
(on+1)71(0) (on+1)71(0)
= / OANT (e P AT U) Ay Aw Amiu' ™™
U
= / O AUt Aw A mrut "
U
= / O AT
sn' (0)
On the other hand:
/ OANT (e P ATEU) Ay AT = / *(OApie™ Amiu®) AmiutT?)
o+t 1 (0) M5t x (dH)!
= / FON (e Aut) AU
MSt xt=1(0)
= / FON (e Aut) AuT A (du)
MS' xCPn
Hence for fixed s and large enough n,
Sny(0 A u®) = / FON (e Au®) A (du)
MS?
Let n — oo, we have

5.0 Au®) = / LEOA(E AU A (du).
M
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Since s, is a R[u] module map, we can localize u hence finish the proof for case when only
one Dys is not surjective.

If there are several d;, such that Dy, s are not surjective. Since we can only have finitely
many such d;, we can replace the holomorphic section ¢ : CP" — O(d)! by t : CP" —
®O(d;)". Then the proof follows from the same argument. O

Remark 10.5. The rule of weight being positive is artificial, we can certainly work with
negative weight d, since O(d) and O(—d) are isomorphic as real bundle, hence the proof still
works. Note that such modification changes the complex structures on Eq, Fy and the induced
orientation for det s;a, but the localization theorem still holds without any extra signs.

10.2 7" localization

Fix a point x € Z, let T,, denote the isotropy group from the T™-action. Then the tangent
space TTiq C TigT™ = R™ is generated rational vectors. The orthogonal complement of 134T},
is also generated by rational vectors, and the complement generates a subgroup 7', with
T, — T"/T, is a covering. To prove the analogue of Proposition 10.2 for the T™-action, we
need the following assumption:

Definition 10.6. A T'-action satisfies the slice condition if for x € X, there is a slice S,
of the T'| action around x, such that S, contains the infinitesimal directions of T, action on
it.

In finite dimensional cases, by the slice theorem (cf. [4]), for any orbit 7™ - x there is
tubular neighborhood which is equivariant diffeomorphic to V' x4, T™, where V' is the normal
bundle of T" - x and it is equipped with a T, action. Therefore V is the slice we need. This
assumption holds for polyfolds in applications, as long as we have a similar geometric picture
near a orbit.

When A5 holds, then one can use the T, action and morphisms to move the slice around
to get a full subcategory U in X, such that || is a T invariant neighborhood of the
orbit T™x in Z. Moreover, the T, action on U has only finite isotropy, since it is so on
the slice. Moreover, Proposition 4.39 holds on S, for the T action. Let u; represents the
hyperplane divisor in H*(CP™) of the ith CP™ in the approximations of the classifying space
B,, = (CP™)".

Proposition 10.7. Assume the slice condition holds. Let K C Z, be a compact set in T
topology with no fixed points, then there is T™ invariant neighborhood U of K, there exist a
homogeneous polynomial p in Rluy, ..., u,], such that w,p = 0 in H*(U X (S*™ 1)), for
all m.

Proof. Let x € K, then there exits a T’ slice S, containing all the infinitesimal directions of
T, such that Proposition 4.39 holds. Pick a neighborhood O of id in T, then we have local
sc™ diffeomorphism:



CHAPTER 10. LOCALIZATION THEOREM 113

OxS,—=U:(g9,v) = Tilg,v) (10.2)

Pick a S' C T, with a tangent vector of the S' represented by (ay,...,a,) € R". Then
we can define a differential form o on O x S,, such that a(7'S,) = 0 and « restricted
infinitesimal directions on 7" is ((aq, ..., ay), )r. The second requirement can be achieved
because S, contains 7, infinitesimal directions. The pushforward of o by (10.2) to an open
subset of U is still denoted by a. Then we can define a differential form S on U:

1
Bp = mk Z [ay,

teT L ,t-[p]=[y],y€Sx
T'eL(p,y,t)

where m is the size of the isotropy group of T action on x, and k is the size of effective
isotropy form the polyfold structure. Then S is closed, T” invariant and on the infinitesimal
direction of the T™-action is ((as,...,a,), ). Since T - S, contains the whole orbit 7" - z,
hence we can find T"™ invariant neighborhood V, C T, - S, of T™ - x. If we average [ over
T", we can get a form v on V., which is closed, T™ invariant and having the prescribed form
on the infinitesimal directions of T action.

u; has S invariant primitive p; in Q(S?™1), such that p;(£) = 1, where £ is the infinitesi-
mal direction of the S* action. Then over V, x 7« (S?" )" N a,p,+8 € QL (V, x (S*™ 1" 1)
defines a form on V, x7n (S*"H" besides d(>_ a;p; + B) = > a;u;, hence > a;u; is exact
on Q% (V, xpn (S 7). I 3" aiu; is exact on V, x7 (SP™H™ and Y byu; is exact on
V, X (S then Y au; A Y biuy is exact on (Vi U V) X7 (S?™F1)™ thus we can find p
and U such that the conclusion holds. O]

With Proposition 10.7, the following theorem can be proven with an identical proof as
in the S! case.

Theorem 10.8. Under assumption A1 — 5, and s|;r : ZT — W7 is already transverse,
and M™ = s|,7(0). Then there exists an invertible element e € H*(MT) @ R(uy, ..., uy),
such that the following localization theorem holds:

s.(0) = / ONe !
MT

The proof also indicates that the equivariant Euler class is of the following form:

Corollary 10.9.

En (Ed)
/\ GTn(Fd)

e =
de(Zn—0)/Z»

Corollary 10.10. If M7T is cut out by equivariant section s transversely, then e is the
equivariant Buler class of M in s71(0).
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Corollary 10.11. If M7T is a set of finite points, then

e= Z H j:(z Aitl;)

peMT Ae(Zn—0)/Zs

k

“‘y@

L,

where kY is the index for Dy at point p in MT and X = {\1,...,\,} is a nonzero weight, the
signs are determined by explicit orientations.

Example 10.12. Consider the Hirzebruch’s surface J_o = P(C & O(—2)), where O(—2)
is the —2 line bundle over CP'. There is a S' action on J_ o sending {z,[a : b} —
{x,[e7%a,b]}. Moreover, there exists symplectic structure compatible with the standard com-
plex structure.

Consider the holomorphic sphere C' given by {z,[1 : 0]}, then it’s normal bundle is
O(—2), hence ¢1(C) = 0, so the Fredholm index for it will be 4 4+ 2¢1(C') — 6 = —2, besides
by adjunction formula, any J curve in this homology class will be an embedding, hence by
perturbing J, one can get rid of this curve.

Since the standard almost complex structure is invariant under the S' action, we actually
have an equivariant theory. If we integrate 1 over the equivariant fundamental class, the
background polyfold for this moduli problem is an M-polyfold with one chart only and A1 —4
are satisfied. MS" is one point representing C', hence we only need to figure out the weight
and indez in the normal direction, which is 1' and —2. Therefore by Corollary 10.11, s*(1) =
u # 0, which means this curve is equivariantly rigid. This also indicates that the equivariant
transversality is actually obstructed here.

Example 10.13. Consider a C? small Morse function H, and J is time independent compat-
ible almost complex structure for symplectic manifold (M,w), such that Riemannian metric
w(-, J-) satisfies Morse-Smale condition for H. Let x,y be two critical points and Z (x,y, A) be
the polyfold of cylinders from x to y with homology class A € Ho(M). Then as long as A # 0,
the S* action on Z(x,y, A) has no fized points. That is we can take quotient Z(x,y, A)/S?,
and equivariant transversality is unobstructed. Therefore, we can choose equivariant per-
turbations such that the contribution from Z(x,y,A) to the Floer differential Oy is zero.
Therefore we only need to count the contributions from Z(x,y,0) where indx — indy = 1.
A priori Z(z,y,0) is a polyfold has boundary and corner, however the boundary is either
Z(x,2,0) X Z(2,9,0) or Z(z,z,A) X Z(x,y,—A) for A# 0. In the latter case, since one of
the polyfolds has Fredholm index < 0, we can assume there exists equivariant perturbation
such that the zero set in Z(x,z,A) x Z(x,y,—A) is empty. For the formal one, we can
assume indz — ind z < 0, then Z(x,z,0) has no zeros in the fized locus. Then we can find
equivariant perturbation such that the zero set on Z(x, z,0) is empty. Therefore after equiv-
ariant perturbations, we can assume that Floer differential is defined only using Z(x,y,0)
with indx —indy = 1, and Z(x,y,0) has no zeros on its boundary.

ISince the orientation of the moduli space comes from the complex structure of ker 9, hence our weight
will be 1 instead of —1.
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Z(x,y,0) has no zeros on its boundary, then we can compute its non-equivariant/equivariant
fundamental class. It is clear that the Floer differential (Oprx,y) = Sz(xy0),(1), where
57(2,0),(*) @5 the non-equivariant fundamental class associated with the sc-Fredholm section
82(zy,0) : Z(2,9,0) = W(x,y,0). By Proposition 9.7, $z(y0),(1) = 5z(zy,0),s1,(1) mod u.
To compute the equivariant count sz, 4.0).51, (1), we can apply the localization formula. Note
that the fized locus of Z(x,y,0) is the M-polyfold X (x,y) of curves from x to y in the Morse
theory of (H,w(-,J-)). Then the zero set in the fized locus M is a set of points, such
that #MS" = (Omzx,y ), where OM s the Morse differential. It is verified in Chapter 7
that the tubular neighborhood assumptions are satisfied for Z(x,y,0) and ind D;s = 0 for
i € N. Therefore by Corollary 10.11, 5z(34,0),51,(1) = #MS' = (Opx,y). Hence Oyp = O,
this proves that HEF (M) = H*(M,\) without going into the discussion of the equivariant
transversality on Z(x,y,0).
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Part 111

Morse-Bott Cohomology and
Equivariant Cohomology
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Chapter 11

Motivation From Homological
Perturbation Theory

11.1 Notations in differential topology

Unless stated otherwise, all manifolds considered in this part are manifolds possibly with
boundaries and corners [83], i.e. for every point in the manifold, there is an open neighbor-
hood diffeomorphic to an open subset of R, where R, := [0, 00).

Definition 11.1. Let M be a manifold and x € M be a point, by choosing a chart ¢ :
R? DU — M near x € M, the degeneracy index d(x) of the point x is defined to be
#{v;|v; = 0}, where ¢(v1,...,v,) =2 € M.

The degeneracy index d does not depend on the local chart ¢. For i > 0, we define the
depth-i boundary ' M to be

O'M := {x € M|d(x) = i}.

Then 9°M is the set of interior points of M. Note that all 9°M are manifolds without
boundary, and in most cases they are noncompact.

In this part, unless stated otherwise, a submanifold N of a manifold M is defined as
follows:

Definition 11.2. N C M s a submanifold of M, iff N is a manifold, such that the
inclusion N — M is smooth and for all i > 0, O'N = N N M.

Note that 9°M are not submanifolds of M for ¢ > 1 in our sense, because 9*'M itself is a
manifold without boundary and corner, M N &*'M # &(0°M) = .

Definition 11.3. We define transversality as follows:
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o Let C' be a manifold without boundary, B a submanifold of C' and M a mani-
fold. A smooth map f : M — C is transverse to B, iff f|oxy, h B for all k, i.e.
D f,(TO*M) + Tpm)B = Ty C for all k and x € O*M such that f(z) € B.

o Let M be a manifold, N1, Ny be two submanifolds, then we say N1 ts transverse to
N, iff for all k > 0 and any x € O* Ny N 0% Ny, we have T,0" Ny + T,0*Ny = T,,0" M,
i.e. OFNy is transverse to O Ny in OFM in the classical sense.

If f: M — C is transverse B, then f~!(B) is a submanifold in M in the sense of
Definition 11.2. If Ny is transverse to Ny in M, then N7 N Ny is a submanifold of M.

Since measure-zero sets on differentiable manifolds are well defined, and our construction
is based on integration, thus errors over a measure-zero set can be tolerated. In particular,
we have the following useful notation:

Definition 11.4 (Diffeomorphism up to zero-measure). Let M, N be two manifolds. f :
M — N is a diffeomorphism up to zero-measure iff there exist measure zero closed
sets My C M, Ny C N, such that f|ypar, : M\M; — N\N; is a diffeomorphism.

Orientations

This paragraph fixes our orientation conventions. Given an oriented vector bundle F over
a manifold M, the determinant bundle det E is a trivial line bundle. det E' can be reduced
further to a trivial Zy bundle sign E. Moreover, we can assign a Zy grading |E| = dim E —
dim M to sign E. The fibers of sign £ can be understood as equivalence classes of ordered
basis (ey,...,e,) of each fiber E,, two ordered bases are equivalent if the transformation
matrix has positive determinant. The orientation of E is a section of sign F, and we use [E]
to denote the orientation of the oriented vector bundle E.
Given two vector bundles E, F' over M, we fix a bundle isomorphism:

sign(E) ®z, sign(F) — sign(E @ F)
(617--~7en)®(f17-~~7fm) — <617~--7€n7f17---7fm)-

Therefore orientations [F] and [F| determine an orientation of E®F through mpg . We define
[E][F] to be the induced orientation mpg p([E], [F]) of E® F. Since (e1,...,en, fi,.-., fm) =
(_1)nm(f1a cee 7fm7 €ly.-., en), we have:

[E)[F] = (-=1)FIHF)E].

megpg:

Definition 11.5. For simplicity, we introduce the following notations:

o A manifold M is oriented iff the tangent bundle TM is oriented, and we use [M] to
denote [T M| for the oriented manifold M.

e J[M] denotes the induced orientation on the depth-1 boundary 0'M for an oriented
manifold M [13].
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o Unless stated otherwise, the product M x N is oriented by the product orientation of
M and N. Let [M x N| denote the product orientation, then O[M x N| = (0[M]) x
[N] + (1)@ M[M] x (O[N])

o If f: M — N is a diffeomorphism, then f([M]) is the orientation on N induced by
Df:TM — TN and [M].

e Let E — N be an oriented vector bundle, f : M — N is a smooth map, then the
bundle map f*E — E induces a bundle map sign(f*FE) — sign(E). Through this map,
the orientation [E| induces an orientation on f*E over M, the induced orientation is
denoted by f*|E].

As an example of such notations, we explain our orientation convention for the normal
bundle N of the diagonal A C C x C' = C*! x C? for an oriented closed manifold C. A is
oriented by m([A]) = [C'].! Then there exists a unique orientation of N, such that when
restricted to A:

[TAJ[N] = [TCH[TC?]|a.

For simplicity, we suppress the restrictions and the superscripts?, and the equation becomes

[A][N] = [C][C] or equivalently [N][A] = (—1) ™) [C][C]. (11.1)

11.2 Flow categories.

First, we recall the definition of flow category from [26], which is the central concept in this
part.

Definition 11.6. A flow category is a small category C with the following properties:

(F1) The objects space Obje = C' is a manifold without boundary. C = U;czC; is a disjoint
union of closed oriented manifolds C;.

(F'2) The morphism space More = M is a manifold. The source and target maps s,t :
M — C are smooth.

(F3) Let M, ; denote (s x t)"Y(C; x C;). Then M,; = C;, corresponding to the identity
morphisms, and s,t restricted to M;; are identities. M, ; =0 for j < i, and M, ; is
a compact manifold for j > 1.

(F4) Let s;4,t;; denote s|p, ;,t|a, ;. For all strictly increasing sequence ip < iy < ... < i,
ti07i1 X Siyip X ti1,i2 X e XSy - Mio,il X Milﬂé X X Mikflvik — Cil X Cil X Cl'z X
Ci, X ... xC;_, xC;, | is transverse to the submanifold A;, x ... x A in the sense

Tt is equivalent to m2([A]) = [C?]
2We will never switch the order of the two copies of C, throughout this paper.

k—1 k—1 ik—1
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of definition 11.2. Therefore the fiber product M, i i My iy Xig o Xi , Miy i =
~1

(tiOvil x SilviQ X th,iz XX Sik_l,ik) (All X Ai2 X ... X Aik—l) C Miofh X Mi1,i2 X ... X

M, i is a submanifold.

(F5) The composition m : M; ; X; M — M,y is a smooth injective map into the boundary
Of Mi,k .

(F6) m : Uicjce@® (M, ; X5 M) = 0" My is a diffeomorphism.

In particular, by (F6), M, ;41 are closed manifolds. Also (F6) guarantees the following
form of Stokes’ theorem with signs determined by orientation conventions which will be
specified later:

/ da = Z j:/ m*a,Va € QO (M, ).
Mi,k Mi,ijMj,k

i<j<k
Let a € Q*(C;), 5 € Q*(Ck) and i < j < k, because s;, om = s;; and t;, om = t;, then

/ SR A £ = S}y A = S ant g (112)
m(Mi XM k) Mg XMk M i XMk

Since we will only consider pullback of forms by source and target maps, it is convenient to
think that M, ; x; M;; is contained in M, ;, and suppress the composition map m.

Example 11.7 (Flow category from a Morse-Bott function on a closed manifold). Fizing a
Morse-Bott function f on a closed manifold M, then there are finitely many critical values
vy < ...<wv,. Let C; denote the critical manifold corresponding to the critical value v;. Let
M, ; be the compactified moduli spaces of unparametrized gradient flow lines from C; to Cj.
The source map s and target map t are the evaluation maps at the two ends of the flow lines
in M; ;. The composition map m is the concatenation of flow lines. It’s a folklore theorem
that M, j are smooth manifolds with boundary and corners if one chooses a generic metric,
c.f. [6, 44] and chapter 16. Then {C;, M, ;} form a flow category.

Similar construction also exists in the Floer theory, as long as there is a background
“Morse-Bott” function in the theory and all the transversality conditions are met. For ex-
ample, [26] gives an explicit construction of the flow category for the Hamiltonian Floer
cohomology theory on CP", where the background Morse-Bott function is the symplectic ac-
tion functional with Hamiltonian H = 0. There are also flow categories without background
Morse-Bott function, for example, the flow category for Khovanov homology [75].

Remark 11.8. In the context of Floer theory, the moduli spaces may not be manifolds in
general, but some spaces with local symmetries, e.g. branched suborbifolds in [60]. FEvery
argument in this paper holds for branched suborbifolds, since there is a Stokes’ theorem for
branched suborbifolds [63].

Remark 11.9. When the flow category comes from a Morse-Bott function f, but f is not
single valued®, we need to lift f to f over the cyclic cover [26]. We will see the cochain

3For example, Hamiltonian Floer cohomology on (M,w) with Wy (ary # 0
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complex we give in Definition 12.6 is exactly the Novikov cochain complez.

Remark 11.10. In the definition of flow category, we require C; to be compact, this is only
for simplicity. In fact, we only need each component of C; is closed, but C; can have infinite
components. The compactness of M, ; can be weakened to either one of the following two
conditions:

e For each component C& of Cy, (s;; X t; ;)" (C&, C;) is compact.
e For each component C% of Cj, (si; X ti ;)" (Cs x CF) is compact.
All results in this part hold for these settings.

Remark 11.11. The construction of the minimal Morse-Bott cochain complex can be gen-
eralized to the case that C{* are noncompact manifolds, and we need to require the properness
of the source or target maps. Such generalization will appear in our future work.

Remark 11.12. If there is a background Morse-Bott function f, sometimes it is impossible
to partition critical manifolds by 7 and in the order of increasing critical values, i.e. critical
values may accumulate. For example, Hamiltonian Floer cohomology with Novikov coefficient
will have this problem, if the symplectic form is irrational. However, by Gromov compactness
for Hamultonian Floer cohomology, there is action gap h, such that there are no non-constant
flow lines for energy smaller than h. Then we can still divide all critical manifolds into
groups indexed by 7, such that there are no non-constant flow lines inside each group, and
flow category can still be defined.

Remark 11.13. The assumption of C; being oriented can be dropped with the price of work-
ing with local systems. We discuss this in chapter 1.

All the formulas in this paper work component-wisely for components in C;, M, ;. There-
fore for simplicity, we assume dim M, ; and dim C; are well defined, denote them by m; ; and
¢;. We formally define m;; 1= ¢; — 1. Since ¢;; X s, : M;; X M; — C; x C; is transverse
to A; and M, ; x; M, is part of the boundary of M, ;, we have:

Mij+ My, — ¢+ 1=mi, Vi < j <k (11.3)

Definition 11.14. Assume dim C; and dim M, ; are well-defined. A flow category is graded
if for each i € Z, there is an integer d;, such that d; = d; +c; —m;; — 1 for alli < j

Remark 11.15. When dim C; and dim M, ; are not well-defined, we can still define graded
flow category, which is a flow category with an assignment of the index d, to each component
C, of C, such that they satisfy similar relations.

In the case of finite dimensional Morse-Bott theory, d; can be the dimension of the
negative eigenspace of Hess(f) on C;. For Hamiltonian-Floer cohomology, d; is related to
the generalized Conley-Zehnder index [90].
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Next, we define the orientations on a flow category. Since t; jxs; : M; ;x M — C;xC;
is transverse to the diagonal A, the pullback (¢;; % s;%)*/N; of the normal bundle N; of A,
by t;; X s; is the normal bundle of M, ; X; M, x = (ti; X 8;) () in M; j X M, . Since
N; is oriented using [N,][A;] = (=1)@mC)*[C4][Cy], we can pull back this orientation to
orient the normal bundle of M, ; x; M, ;. Then we define the coherent orientations on a
flow category as follows:

Definition 11.16 (Orientation). A coherent orientation on a flow category is an assignment
of orientations for each M, ; and M, ; x; M, such that the following two relations hold:
(tij X 85k) " [Nj][Mij x5 Ma] =(=1)9" M 5] [ M ]
M) =Y (= 1)™m (Mo x; M)
J
Or equivalently we assign orientations on M, ; such that

(tig X s5) [N} Im ™ (OIM allmate i, ) = (=103 MG 5] M ).

We discuss how coherent orientations arise in Floer theories in Chapter 14.

11.3 Review of existing constructions

Throughout this section, we fix a flow category C = {C;, M, ;}, such that there are finitely
many C;. Before giving our construction of the minimal Morse-Bott cochain complex in
section 12.2. We review the existing literature on cohomology theories for flow categories.
For simplicity, we neglect the signs and orientations completely in this section.

Austin-Braam’s Morse-Bott cochain complex (BC45 d45)
In [6], Austin and Braam defined the Morse-Bott cochain complex of a flow category to be
(BCA? .= @,Q%(C;), d"?),

where Q*(C;) is the space of differential forms on C;. The differential d4? is defined as
Zkzo dy, where dj, is defined by:

do:=d : Q(C;) — Q*(C;) is the usual exterior differential on differential forms;
dr = (C;) = D (Ciyn), dr(a) = tiiyr,si (), for k> 1. (11.4)

D*(C) is the space of currents on C. The operator dj taking value in currents instead of
differential forms causes difficulties to prove that (BC4Z d4?) is a cochain complex. Thus
to make the cochain complex (BC4P dAPB) well-defined, the target maps ¢;; are assumed
to be fiberations in Austin-Braam’s model. Under such assumptions, ¢; ;_ is the integration
along the fiber. However it was noticed in [70] that the fiberation condition is obstructed for
some Morse-Bott functions, i.e. there exists a Morse Bott function, such that the fiberation
property fails for all metrics.
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Fukaya’s Morse-Bott chain complex

Fukaya [44] gave a construction similar to Austin-Braam’s model, but using singular chains
instead of differential forms. The chain complex is defined to be

(BC" :== @,C.(Cy),0"),
where C.(C;) is the space of singular chains on Cj. 0" = 37, . Ok, where 9 is defined by:

Oy =0 : C.(C;) — C.(C;) is the usual boundary operator on singular chains;
8k . C*<Cl+k> — C*(Cl>,ak(P) = Si,iJrk*tZiJrk(P), for k Z 1.

The pushforward is well-defined. The pullback is defined as follows: Let P : A — C;  be
a singular chain. Assume transversality, A x¢,, , M,y is a manifold with boundary and
corner, hence the projections to the second factor?

TMin © D Xy, Mk = Mgk

can be understood as a singular chain in M, ;;, and the pullback t:‘l +k(P) is defined to be
this chain.

To guarantee this pullback is well-defined for all singular chains in Cj,, one also needs
to assume the target map ¢, is a fibration. To drop this constraint, Fukaya constructed a
subset C,.,(C;) of the singular chain complex, such that the fiber products in pullback are
defined over Cy.,(C;), and the operators J, are closed on Cye,(C;). Then

(®1Cyeo(C1), > k)

k>0

defines a chain complex.

Cascades

The cascades construction was first introduced in [14]. For each C; we choose a Morse-Smale
pair (f;, g;). Then the cascades cochain complex is defined to be

(BC’C = @&;MC(f;,9:),d°),

where M C(f;, g;) is the Morse cochain complex for (C;, f;, g;). The differential d° is defined
to be Y50 df, where df is defined by:

doc =dy : MC(fi,g:)) = MC(f;,g;) is the usual Morse differential for (f;, g;);
dy © MC(fi,9:) = MC(firr, gisr) for k> 1
defined by counting rigid cascades from C; to C;x.

4To be more precise, we need to choose a triangulation of A X Cyin M itk
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A 0O-cascade is a unparameterized gradient flow line for (f;, g;). For k > 1, A k-cascade from
a € crit(f;) to b € crit(f;) for i < jis a tuple for ro =19 <r; < ... <rp < rpyq =g

(Vi B My s Yras s By s My Yo B oty M Vi £,
where 7, is a gradient flow line in C,, and m,., is a point in M, ., ¢, , ¢ are real numbers,
such that —oo < t; < tf < o0, 7(—00) = a,7j(+00) = b and v () = s(me, ..y,
Voo (tr,) = M,y )

When appropriate transversality assumptions are met, the moduli space of all cascades
from a to b is a manifold. Moreover, there is a natural compactification of the moduli space
by including the “broken” cascades. Then the differential d¢ for cascades cochain complex
comes from counting the zero dimensional moduli space of cascades.

11.4 Homological perturbation theory and reductions
of the cochain complexes

If we want to generalize Austin-Braam’s construction beyond fiberations, we need to con-
front the challenge of d taking value in the space of current. The operator dj is defined
using pushforward of differential forms, since pushforward is defined as the dual operator
of pullback. Therefore the problem is rooted in the fact that the dual space of differential
forms Q*(C") is the space of currents D*(C;) instead of itself. While this is never a problem
for finite dimensional vector spaces. On the other hand, homological perturbation lemma
provides a method for constructing small cochain complexes from larger ones. This suggests
one might be able to “apply” the homological perturbation lemma to the “almost exist-
ing” Austin-Braam’s cochain complex (€D, 2*(C;), > "~ dk), and constructs a much smaller
cochain complex, which is well-defined for any flow category.

A homological perturbation theorem

Roughly speaking, homological perturbation lemma is a procedure that takes in a cochain
complex and some perturbation data (in most cases, some projections and some homotopies)
and spits out another cochain complex, which is quasi-isomorphic to the input cochain
complex. In our case here, consider a cochain complex in the form of A = @} | A;, where A;
are Zs linear spaces. The differential d is defined as ), ., dy with d : A; — A1, for k> 0.
Then d? = 0 implies that (4;,dp) is also a cochain complex for all i. Moreover, if we are
given projections pg : Ap — Aj, such that there exist homotopies Hy : A, — Ax between
the identity and py, i.e.

id —pp = dy o Hy, + Hj, o dy. (11.5)

We will call the projection-homotopy family {(p;, H;)} a perturbation data. With a pertur-
bation data, we have the following homological perturbation lemma.
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Lemma 11.17. There is a differential on @, pi(A;), such that the natural inclusion @, pi(A;) —
A is a quasi-isomorphism.

The lemma holds for general coefficient rings, once appropriate signs are assigned. Since
we do not have a rigorously defined cochain complex (©;Q*(C;), ", o dk) to start with,
we will not apply this lemma and we omit the proof. What is relevant to our purpose
is the formula for the differential on € p;(A;), which can be viewed as an analog of the
perturbation theorem for A, structures proved in [68]. For a strictly increasing sequence of
integers 1" = {igp = 0,41,...,%4, = k}, we define the an operator Dy r : p;(A;) = pitr(Aitk)
for all integer i:

Dk7T = Di+k © dir*iv-fl ©) Hi+iT71 ©0...0 Hi+i2 @) diz*il e} HZ'Jril 0] dil*io O L, (116)

where ¢; : p;(A;) — A; denotes the inclusion. The new differential D on €, p;(A4;) is defined

as o
D =) D
k=0

where Dy = > - Dy r is a summation over all strictly increasing sequence 7' from 0 to k.
(11.6) will motivate the formula for the differential (Definition 12.6) we put on our minimal
Morse-Bott cochain complex.

Cascades from homological perturbation

Unlike the Austin-Braam’s cochain complex, the cascades construction does not require the
fiberation condition in general. It turns out the reason of this is that cascades construction
can be understood as “apply” Lemma 11.17 to the Austin-Braam’s Morse-Bott cochain
complex. In this subsection, we will explain this claim heuristically. To be more specific, we
need to choose the perturbation data, i.e. a family of projections and homotopies (p;, H;)
on Q*(C;). We require that the image imp; is a finite dimensional subspace of Q*(C;).
Given such perturbation data, we need to check that operators Dy r from (11.6) is well-
defined, and that (&;imp;, D) is a cochain complex. Dy r tends to be well-defined due to
the finite dimensional condition, and (@, imp;, D) tends to be a cochain complex because of
the homological perturbation lemma.

One choice of perturbation data (p;, H;) is given by the construction in [55]. Before giving
the construction, we set up some notations first:

e D*(C) denotes the space of currents on C, for basics of currents, we refer readers to
[51]. Here, we only fix the sign for the inclusion ¢ : Q*(C) — D*(C), for a, 5 € Q*(C),

(0)(8) = / )
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e Let any current k& € D*(C x C), then the induced integral operator I, : Q*(C;) —
D*(C;) is defined as:

I(a)(B) = (=)™ Ck(ria A T3 3) for a € QY (C;), V3 € Q*(C)), (11.7)
where 7 /7y are projections of C; x C; to the first/second factor.

e For a closed manifold C', any oriented submanifold (possibly with boundary and corner)
B defines a current [B] € Q*(C) by [B](«) = [ a|p for a € Q*(C).

To construct the perturbation data, we consider a Morse-Smale pair (f;, g;) on the critical
manifold C;. Crit(f;) is the set of critical points of f;. Let ¢! : C; — C; denote the
time-t flow of the gradient vector field V,, f; on C;. Then the pullback operator ¢°," :
Q*(Ci) — *(Cy) can also be understood as the integral operator Iy, 4 of graph¢j :=
{(z,¢i(z))} € C; x C;. The submanifold Uy<y < graph ¢!, C C; x C; defines an integral
operator H} := Ijy,_,_ graph ¢,]» and they satisfy

id—¢',  =doH + H!od. (11.8)

It was proven in [55] that when t — oo, (11.8) converges to a projection-homotopy relations
like (11.5) . To be more specific, let U,, S, denote the unstable and stable submanifolds of
critical point = € Crit(f;), i.e.

Ur = {yeCif lim ¢j(y) = z};
Se = {y € G lim ¢i(y) = =}.

Then S, x U, is a submanifold of C; x C; for critical point € Crit(f;). It was shown in
[55], in the sense of current, we have® :

Jim [graph¢;] = Z [Sz X Uy]; (11.9)
mGCm’t(fi)

tlggol U graph(bf;,] = [ U graphgbi,] : (11.10)
o<t'<t 0<t/' <o

In particular, (11.9) (11.10) define two integral operators ¢ __*, H:_ : Q*(C;) — D*(C;), such
that . . '
L— ¢t =doH! + H' od, (11.11)

where ¢ is the natural embedding Q*(C;) — D*(C;). Notice that

@ 3 ([ansi)wi= X ([ als)-wd

zeCrit(f;) z€Cr(f;)

SFor orientations, c.f. [55].
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can be viewed as the projection from a differential from to the Morse complex. (11.11)
shows that H! defines a homotopy between ¢ and the projection ¢! _*. Strictly speaking,
(11.11) is not a genuine projection-homotopy relation (11.5), since ¢* " lands in space of
currents instead of differential forms. From now on, we will neglect such issues, and show
formally that the cascades construction can be understood as applying the construction in
(11.6) using the perturbation data (¢* ", H' ).

By (11.6), for x € Crit(f;), the first term Dy in D = ), ., Dy, is defined by

D([U]) = oL (U)o @ = Y ([ awnais) - w
() N

yeCrit(f;

It was proven in [55] that [, o, A([Us]) A[S,] is well-defined and equals to the signed counts
of rigid gradient flow lines from x to y. Therefore Dy recovers the Morse differential on C;.
There are several issues of applying formula (11.6) for higher terms, one of them is pullback
of currents. We will neglect such technical issues. Let € Crit(f;). Then

D =daw) = 5 ([ awiais) ol

yECmt f +1

(1L.4) Z ( /

S; H—l /\ t;'k,z‘+1[‘9y]> ' [Uy]
yeCTit(fit1) Miit1
When s; H-l( 2) M tz_z+1 Sy)s fMi,H—l 8t i1[Us) A5 11[Sy] can be interpreted as #{sl—;l(Uac) N

t;41(Sy)}, thus Dy counts the 1-cascade as defined in [14, 43]. By the same argument Dj g2}
counts rigid 1-cascade from C; to Cj,o.
Next, we consider operator Ds 01,2}, D2 (0,1,2) ([Uz]) equals to:

(ﬁloo* o d1 [©] Héjl @) dl([Ux])

_ T ( /C (o H o) A [Sy]) [0,

yeCTit(fit2)
(11.4) . .
- Z (/ Si+1,i+2(Hi+1 o dy [Ua:]) A ti+1,z‘+2[5y]) ’ [Uy]
yeCTit(fitz) Mit,it2
(11.10) . .
= Z (/ Sti1 U] A (tiir1 X Sit1i42) [ U graph ¢Z+1]
yeCTit(fit2) Mijiv1 X Mitiite 0<t/ <o

Ninnardl$i]) - )

When transversality holds, it equals to

Z # {(5u1+1(Ux> X t;rl1,i+2(sy)) M ((tl it1 X Siq1, z+2 U graph ¢H1)> } [Uy]-

yeCr(fit2) 0<t'<oo
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It can be interpreted as 2-cascades from C; to C;1 5. In general, assume the transversality for
the cascades moduli spaces, we shall recover the whole cascades construction from (11.6),
thus the cascades construction fits into the homological perturbation philosophy.

Remark 11.18. The cascades cochain complex is defined for any flow category, i.e. there is
no need for the fiberation condition. But we can not choose the auziliary Morse-Smale pair
(fi, gi) freely. The choices depend on the structures of the flow category. Roughly speaking,
this is because (11.11) is not a genuine projection-homotopy relation, it can be made into
a genuine projection-homotopy relation, if we extend Q*(C;) by adding some currents. But
the extension depends on the structures of the flow category, just like the geometric chain
complex Cyeo(C;) depends on the structures of the flow category.
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Chapter 12

The Minimal Morse-Bott Cochain
Complexes

In this chapter, we construct the minimal Morse-Bott cochain complex for a general oriented
flow category, which can be applied to both finite dimensional Morse-Bott theory and Floer
theories. It can be viewed as another application of the homological perturbation Lemma
11.17 based on a different perturbation data.

This chapter is organized as follows. Section 12.1 constructs the perturbation data for
the minimal Morse-Bott cochain complex, which motivates the formula for the differential on
the minimal cochain complex. Section 12.2 constructs the Morse-Bott cochain complexes for
every oriented flow category. Section 12.3 defines flow-morphisms which can be viewed as the
generalizations of the continuation maps and shows that flow-morphisms induce morphisms
between Morse-Bott cochain complexes. Section 12.4 discusses the compositions of flow-
morphisms. Section 12.5 defines flow-homotopies and proves that flow-homotopies induce
homotopies between morphisms. Section 12.6 establishes that our theory is canonical on
the cochain complex level, and is independent of all the choices. The proofs in this chapter
involve a lot of index and sign computations, we provide the detailed proof of the coboundary
map dpc in section 12.2, but we defer the proofs of other results in sections 12.3, 12.4 and
12.5 to section 12.7.

12.1 Perturbation data for the minimal Morse-Bott
cochain complexes

In this section, we construct the perturbation data {(p;, H;)} for our minimal Morse-Bott
cochain complex for an oriented flow category C = {C;, M, ;}, and then we write down the
operators Dy r in the spirit of formula (11.6). Such operators are important ingredients for
the differential on the minimal Morse-Bott cochain complex.
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Projection p;

We define the pairing on Q*(C;):

(a, B); = (—1)dim0i'|ﬁ|/ a B for a, B € Q(C;). (12.1)
C;

We pick representatives {6; . }1<q<dim z+(c;) of a basis of H*(C;) in Q*(C;), such choices give
us a quasi-isomorphic embedding:

Let h(i) denote the image of the embedding above. {0} ,}i1<a<dimm+(c;) C h(i) is the dual
basis to the basis {0;,} in the sense that

<9;:a7 9i,b>i - 5ab'
Then we can define projection p; : Q*(C;) — h(i) C Q*(C;):

dim H*(C;)

pila) = ) (a,bia)i 0,
a=1
We can identify H*(C;) with h(i), therefore p; can be thought as a projection from Q*(C;)

Homotopy H;

The Poincaré dual of the diagonal A; can be represented by Thom classes. If we identify a
tubular neighborhood of the diagonal A; C C; x C; with the unit disk bundle' of the normal
bundle N of A;, then we can consider the following sequence of Thom classes of the diagonal
A; supported in the tubular neighborhood:

07 := d(pn?)),

where 1); is the angular form of the sphere bundle S(N), c.f. [13], and p, : R — R are

smooth functions, such that p, is increasing, supported in [0, %] and is —1 near 0.

Pn(r)

Sl=
—_

Figure 12.1: Graph of p,

Lwith respect to some auxiliary metric
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For details of this construction, we refer readers to [13]. We also include a brief discussion
of this construction and properties of it in Appendix C.1.

Lemma 12.1 (Appendix C.1). 0] converges to the Dirac current 6; of the diagonal A; in
the sense of current, i.e. Yo € Q*(C; x C;)

lim a/\éf‘:/ 04/\(51-::/04
=00 J i xC;y CixC; A;

By (11.7), [ o @ N6 = (=1)4mC [ 67 A ov = Isn, then Lemma 12.1 asserts that
lim I‘s? = Igi =id.

n—oo
On the other hand, if we fix a basis {0;,} and a dual basis {0;,}, under the orientation

convention (11.1), > 704 A 507, is cohomologous to &} for all n, where 7 /7, are the
projections to the first/second factor of C; x C;.

a; = [Ai(@).

Proposition 12.2. ) 7{0;, A\ 7507, is cohomologous to 67 for all n.

Proof. Since 0]' are cohomologous to each other for different n, therefore Lemma 12.1 implies
that if o € Q*(C; x ;) is closed, then for all n,

/ a/\éf:/ a
CiXCi Ai

In view of the Poincaré duality, it suffices to show that for all closed o € Q*(C; x C;),

/ an | Y wibia AT, :/ o
CiXCi a ’ Ai

Since the cohomology of C; x Cj is spanned by {7707, A m50;,}, thus it is enough to verify
(12.2) for a = w107 . A\ 750;,q4. Since <9i,a7 9;“7b>i = O, if ¢ £ d,

/ 71—;0;(,0 A 7T>2k0i,d A (Z Tr)lkei,a A 7T;9;a> =0= / QZC N ei,d-
CiXCi a Ci

Ay-

A, (12.2)

When ¢ = d,

* Nk * * * )k _ * )k * * * )k
/ 7T19Z7C /\ 7T202,C /\ E 7T1 Qi,a /\ 7T202,(l — / 7Tl Qi’c /\ 7T2027C /\ 7T1 ei’c /\ 7T29’L,C
C;xC; o CixC;

. 0 2+ 0 .10 * ()% * * ()% *
= <_1)‘ el HOu e 100 / m10;c A1 0sc Aot A 305
CiXCi

.2 - 1.16%* : Q.
= (_1)‘91’C| H04,cl 107 o |[+-dim Cil 0 c| (/ ezc A ei,c) <9;'k,c>9i,c>
C.

2

= / 9:’6/\9@6.
C;

Thus (12.2) is proven. O
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By Proposition 12.2; there exist primitives f* € Q*(C; x C;) such that
dff = =) mibia AT, (12.3)

Since the integral operator Is, of the Dirac current d; is the identity map from Q*(C;) to
itself. The integral operator Iy~ =g, ,axz0: . 18 the projection p; we constructed in the previous
paragraph. Therefore by (12.3), the integral operator I;» of the primitive f* satisfies the
relation:

Iézn — IZa eri,a/\ﬂseia = d O Ifzn + Ifln O d (124)

It is proven in the appendix C.1 that f! converges to a current f; € D*(C; x C;), and the
corresponding integral operator I, satisfies the following relation:

id—p; =doly + Iy od,

which is the limit of (12.4). Therefore the integral operator I, := lim I;» plays the role of
homotopy in our perturbation data. We define:

Definition 12.3. A defining-data © for an oriented flow category C consists of:
o quasi-isomorphic embeddings H*(C;) — Q*(C;). The image is denoted by h(C, i) and we

fiz basis {0;.} of h(C,i). We also fix a dual basis {0;,} in the sense that (07 ,,0:p)i :=
(_1)dim0¢'|9i,b| fC’Z' 92"(1 A ‘gi,b — 5ab;

o a sequence of Thom classes 01" = d(pnti) of the diagonal A; of C; x C; for all i;

e primitives f{', such that df* = 6;" — > 710; o A 7307, and fi' — " = (pn — pm)Wi for
all 1.

Fixing a defining data © gives a perturbation data to apply the homological perturbation
Lemma 11.17.

The perturbed operator Dj 1o

Throughout this paragraph, we fix a defining data ©. From the induced perturbation data,
we are able to write down the operator Dy re in the spirit of (11.6), which is the main
component of the differential for our minimal Morse-Bott cochain complex. From now on,
we will be very specific about the signs. Before writing down the formula for Dy re,
we set up the following notations:

e [a] is the cohomology class of a closed form « € h(C,i), and |« is the degree of the
form.
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° Mflk i = Mgy Xooo X Mgy g for 0 <4y < dp < ... <4, < k with product

.....

orientation.
o For b € Q°(Cy),c € U (Csyr), hsys, € Q(Coqi; x Copy;),1 < j < 1, we define the
pairing ./\/lfl’k i [0 hssiys -y hogeiy s €] to be

-----

* * * *
/ . S sriy O (s stin X Sstin stin) Psrin Ao - A(spiy_ystin X Sstipstk) Povin Nboyin sy 1C-
MEF

(12.5)
e For a € h(C,s),
T<C7 «, k) = (‘Oé’ + ms,s+k)(cs+k + 1)7
1(C,a, k) == (Ja] + Mg s + 1) (Copr + 1).
By (11.6), for an increasing sequence T' = {0, iy, ..., i,, k}, we write operator Dy r ¢ as:
(Drrola], [M)ser = (=) Tim MEE | o fl s fl, 0], (12.6)

n— oo
where x = |al(cs + 1) + 37, 1(C, a, 4 ).

Remark 12.4. One way to understand the signs above is to think of Dy re as a composition
of certain operators. Let o € Q*(C;) and f € Q*(C; x C;), then M, ; defines an operator:

Moy, f) = (— 1)l /M St A (ty x idy) f € Q°(Cy).

where ti,j X ld] . Mi,j X Oj — Cj X Cj. [f |f| =Cj— 1, then ’M@j(a,fﬂ = ‘Oé' +Cj —1 —Mmy ;.
For g € Q*(Cy, x Cy), we have

MM (e, f),g) = (‘Uqaﬂjlmi’j)(cﬁl)/ s pMigla, f) A (e x idg)"g
Mk

_ (_1)a|(0i+1)+(|a|+mi,j+1)(Cj+1)/ S;-k’jOé A (ti,j > 3j,k>*f A (tj,k > ldk)*g
Mi,jX./\/lj,k

..... o [l fi ) is the integral of the wedge product of compo-
sitions of such operators and t3,; .. ;7

The following lemma asserts that (12.6) is well-defined and will be used in the proof of
the main theorem. We prove it in appendix C.1.

n n .
..... ir [a, stipr o Jstigo 7] € R exists.



CHAPTER 12. THE MINIMAL MORSE-BOTT COCHAIN COMPLEXES 134

12.2 Minimal Morse-Bott cochain complexes

The main theorem of this section is that we can get a well-defined cochain complex out of
an oriented flow category. This cochain complex is called the minimal Morse-Bott cochain
complex.

Definition 12.6. Given a defining data ©, the minimal Morse-Bott complex of a flow
category C = {C;, M, ;} is defined to be

BC = lin ﬁH*(OJ)

4= j=¢

1.e. the direct sum near the negative end and direct product near the positive end. To be more
precise, every element in BC' is a function A :Z — [];c, H*(Cj), such that A(i) € H*(C;),
and there exists N € Z, such that A(i) = 0 Vi < N4. The differential dgce : BC' — BC' is
defined as [ [, dre, where dyo : H*(Cs) = H*(Cyyy) is defined as

deo = Dire,
T
for all sequences T = {0,41,...,i., k} with 0 < iy < ... <14, < k. In other words,
(drolal, Bl = (D)ol (M”[ e lim ST Mo S S
0<i1<...<ir<k

(12.7)
for a € h(C,i), v € h(C,i+ k) and x = > 7_, 1(C, o, i;). If we formally define d;e =0 for
1 <0, then for A € BC

(dpc,eA)(i Z di—j0A(J

Note that it is a finite sum. If moreover the flow category is graded by d;, then BC' is also
graded, and the grading of an element o € H*(C}) 1is |a| + d;.

The main theorem of this chapter is

Theorem 12.7. Given an oriented flow category C. If we fix a defining-data ©, then
(BC,dpce) is a cochain complex. The cohomology H*(BC,dpce) is independent of the
defining-data ©. If in addition, the flow category is graded, then dpce is a differential of
degree 1.

Remark 12.8. To illustrate that Theorem (12.7) is nontrivial, we prove in chapter 16 that
when the flow category comes from a Morse-Bott function f on a closed manifold M, the
cohomology of the minimal Morse-Bott cochain complex is the reqular cohomology H*(M,R).

Tﬁ])-
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Remark 12.9. If all the critical manifolds C; are points, then there is a unique defining
data ©g. Assume for simplicity, each C; consists of just one point, the minimal Morse-Bott
cochain complex BC' is generated by the critical points, and equals to the usual Morse cochain
complex:

BC = lin ﬁH*(C’j): lin ﬁR.

q—— j=¢ q——00 j=¢

Since |fI' = —1, dyre, : H(Cs) — H*(Cs4r) only has the leading term:

(ool W) = ML = [ 1

Ms,s+k

Therefore the differential dpco, = Zkzl die, 15 just the signed counting of all zero-dimensional
moduli spaces M sir, which is usual Morse cochain differential.

Remark 12.10. When C; = U,C* is not compact, i.e. C; has infinitely many components.
We need to make one of the compactness assumptions in remark 11.10. If we assume (s;; X
t;)"HC¥ x C;) are compact, then H*(C;) is defined to be the direct sum ®,H*(C). If we
assume (s;; X ;)" (C; x CF) are compact, then H*(C;) is defined to be the direct product
[I, H*(C). Such rules make the definition of dpc,e well-defined on the minimal Morse-Bott
cochain complex.

Remark 12.11. Theorem 12.7 is the most simplified version, and the a more general version
1s Theorem 14.10, which allows more flexible data and works for flow categories that are not
oriented.

We first show that (BC,dgce) is a cochain complex, the invariance is deferred to the
next section. For simplicity, we will suppress the subscript © in the proof.

Proposition 12.12.
dzBC,@ =0

Before proving Proposition 12.12, we first introduce some simplified notations.

e For 0 < iy <iy...<1i, <k, we define

s,k
ilv"’ipv'“air

= Mg spiy X X (Mgiiy 1 sty Xsriy Mistipstipn) X - X Mgy sar (12.8)

with the product orientation.

o Forb e Q% (Cy), ¢ € U (Cupr), hyi, € V(Cops; xCiy, ), we define ME" | [d(b, by, - -y hota,, €)]
to be:

J,

* * * *
. d (Ss,s+i1b A (t375+7:1 X Sstiy,stiz) Pstiy N v e A (ts+ir71,s+ir X Ss+ir,s+k‘) hsyi, A terz'r,erkc) .
s,
i1 in

(12.9)
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. . ,s,k S,kl
e We define the pairing /\/ll.1 — b hegiys o ey, hsrig s - B, ) over MDY

IR S 7 D1 yeensbpyennylr
to be:

* * *
/ . Ss,s+ilb A <t878+i1 X Ss+i175+i2> h8+i1 ARTIA (t5+ip727s+ip71 X Ss+ip71,8+ip+1) hs"l'ipfl
s,

DY 5eees ipyeees 128

* * *
/\(ts+ip—1,8+ip+1 X 38+ip+1,s+ip+2> hs+ip+1 ARRRA <t5+i7‘—175+ir X Ss+ir75+k> h3+ir A terir,erkC'
(12.10)

e When we compose two operators, a term involving trace will appear. Therefore we
. +1 s,k
introduce Tr*"* Mil,...,ir [b> hs-i—im R hs+ip_1a 99:+ipa hs+ip+1a R hs+ir> C] to denote the
trace term below:

* *
/ A Ss,s+i1b A (t878+i1 X Ss+i178+i2) h5+i1 ARES
ME :

A (Estipy,stip X 55+ip,s+ip+1)*(z T10s+ip,a A 7T;9:+ip,a) AREE (12.11)

a

A (tsrip X Ssin)" forin Aoy
where 7, w9 are the projections of C' x C' to the first and second factor.

The following Lemma is used in the proof of Proposition 12.12 and is proven in Appendix
C.1.

Lemma 12.13. For an oriented flow category C,

. s,k n n n o % 1s s,k n n
M Mg inlo Fvins 0 0gyiy oo i 0] = (217 I MG i@ Fobin o0 i),

where x = (a + My 51, )Cori, -

Proof of proposition 12.12. Tt suffices to show that for all & € h(C,s) and v € h(C, s + k)

<Z dy_; o difal, m> = 0. (12.12)

We define the leading term Dy, of dj. to be:
(Dila], ]y := (=)Mo, 4.

The remaining term is denoted by Ej := dp — Dj. Thus (12.12) is equivalent to:

s+k

7
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We will compute S := (3, Dx—; 0 D;[a], [¥]) s+ first by induction and then compare it
with the remaining terms. Recall that the representatives of basis and dual basis {0; .}, {0}, }
have the property (07 ,,0;)i = dap, thus

Dila] = Y (Dila], Butral)ysx (03l (12.14)

a

Therefore

i

- <ZD1€@ (Z (Dilal, [98+iva]>s+z (051 a]) ’M>

S = <Z Dy.—; o Dj[al, [’Y]>

7 a

= <Z Dkfi (Z( 1>|a| (cot1) (MSZ[O‘ 95+zaD [9:4-2 a]) 7[7]> . (12'15)

Since we have the degree relation |M**[a, 0s4:4][0% ;]| = |Dsla]| = |di[a]].
(12.15) = ZZ(— ) NAD M, O 5.0 (Di—il0311.0) V]
_ ZZ 1)l Dbl ot 5o, 6, JMEFFG L o)
= Z(—1)'°‘|<Cs+1>+‘d@{“”<%+i+1> Te! MS* [, 0607 ,;,7). (12.16)
Using 67 — > 716;q /\l7r§0;‘ﬂ = df for any n € N:

(1216) _ Z( 1>|a|(cs+1)+|d [a”(cs+z+1)M5 k[Oé, 5;L+Z df +“,y]

_ |oc\ (cs+1)+|di[a]|(cs+i+1) £ 455K n
fim > (-1 Mo 8 = Af00)

- ,}E&Z yellerrilelies b M a, 67,9 (12.17)
1) lal(es Do) eer 141 g gk
Jim 31 MHadflal (1218)
By Lemma 12.13:
(12.17) = Z(_l)|O‘|(Cs+l)+‘di[O‘]I(Cs+i+1)+(a+ms,s+i)cs+iMf»k[Oé’,-Y]' (12.19)
We will show first (12.19) vanishes. Because |d;[a]| = |a] + mssyi + cs1i mod 2, we have

|di[a]|(cspi + 1) = (|| + Mg sti)(Ccsri +1) = T(C, i)  mod 2. (12.20)
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Therefore the sign in (12.19) is

(1) lol(es+1)+]diarl(csyit1)+H(atms,sti)csti — (—1) |al(es)+ms,sti (12.21)

Because 0[M;;,| = > (—1)™[M;;] x; [M;i], by Stokes’ theorem

(12.19) — Z(_1)|acs+ms,s+i/ S:,s+ia/\t:+i,s+k7

i M, siXstiMsyistk

_ _1\lee * *
- ( 1) ° ss,s-‘,—ka N ts,s—i—k’y
8M5 s+k

= (—1)ele / A (55 or AL o)
Ms,s+k
= 0.

So far, we prove that

S = (12.18) = lim Z 1)led (et DHCadH ALK dfm . 4], (12.22)
n—oo

It is an integration of an exact form, thus we can apply Stokes’ theorem. Since /\/lfk =
M svi X Msiisqr is a product of two manifolds, there are two types of boundaries com-
ing from the boundary of each component. Because d[M*] = (9[M; opi]) X [Mapissr] +
(—1)mssti M s4] X (0| Mtistk]), we have (for simplicity, we suppress the wedge and pull-
back notations):

hIIl MSk[Oé df +177]
= lim (=) M [d(a, aris V)]

n—oo
_ : res
= lim (=1)1 afliy

B(Ms,s+iXMs+i,s+k)
- 1 _1)laltms s+
= Jim 3y of
0<j<i M 545 X 54§ Mot s+i X M pi stk
+lim 3 (ca)emne | oty
oo i<l<k Ms s+1 XMG-H, 9+l><9+lMs+l s+k

= lim (Z( L)l Mo £,

n—00 -
0<j<i

+ Z (_1)\a|+ms,s+i+ms+i,s+zMj:Zk[a f —H’V]) (12.23)

<I<k
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Applying Lemma 12.13, we have

(12.23) — nh_{ilo Z (_1)|a\+ms,s+g (laf+ms,s45) CSHMsk[a 5?+]’ :4-177]

0<j<i
+lim 37 (1) e A, 7 02
<I<k
By 07 — >, mibio N30, = dfl, (12.23) can be written as:

(1228) = lim > <—1>*<Cva’j> (T M, 007, fiin] + Mol d g, fi.7))

7,0<5<s

lim 3 ()Gt (T A o, S 00%,0,9) + MO A S

n—oo
la<l<k

Therefore (12.22) can be expressed as the sum of the following two terms:

a|(cs+1) C,a C,a,i)+1 s s,k * s,k
JE&ZZ J)lal(er IHC.ad HCad <Tr+y/\/t [, 007, . [ )+ MEFa, d Sﬂ,y]),

i 0<j<t
s+1)+1(C C,a,l)+1 +1 * k
g&z 3 (1)l Cad At (Trs Mo, f700, 00707 + Mo, 7 A, ]).
i i<l<k

Thus (12.22) can be rewritten as:
S = nh_{go Z Z |a| (es+1)+1(Cra,5)+1(Coasi)+1 sty MS k[Oé 99;_]’ f;:_i’ ,.Y]

i 0<y<i

\04| (es+1)+1(Ca,8)+1(Coar,l)+1 s+
nh—glo Z Z Tr M [ s-H? ees-i-l? ]

ioa<I<k

+n11£;) Z Z |oz\ cs+1)+1(C0,5)+1(Coani +1Ms k[a d ;1+J ;1+Z7 ’Y] (1224)

i 0<j<s

+,}£&Z Z \a|(c5+1 +1(C,,0) +1(Ca,0) +1Msk[ s+z7d oy ] (12‘25)

1oa<lI<k

The last two parts (12.24) and (12.25) sum up to the following integrals of exact forms:

lim 3 (— 1)l tHCadHCoD S Hd(a, 1, 7, 7). (12.26)

2,7,0<J

So far, we prove that

= Ial es+1)+1(Co§)+1(Coai)+1 mus+j g 4.k X '
7}1_{202 Z Tr M [ 093-‘,—37 fs—l—z?f)/]

i 0<y<i
+ lim Z Z \oz| (es+1)+1(Coa,0)+71(Cyar,l)+1 Tr s+l Ms k[ fs—H7 99;4’ ]
oo ioa<lI<k
. ales i ,Q,j S,’ﬂ
+nh—>nolo Z (_1)‘ le+1(C FHIE j)+1Mi,j [ (Oé s+z7 s+]7 ’Y)] (1227>

T/’J’Z<]
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We can apply Stokes’ theorem again to (12.27), and use the trick above, i.e. whenever we see
a fiber product, which is part of boundary of some other M, ,, we can replace it by Cartesian
product and insert a Dirac current, then replace the Dirac current by > 770 A m56* + df.
We claim that the terms involving df sum up to an exact form, and the process can keep
going. In particular, we will prove the following statement by induction, for r > 2:

. 1 k

S = lim E (=1)*= Tr*tr MY

n—00 Lyeeilq
1<p<q<r,g>1
0<i1<...<iq<k

+ nh_{{.lo Z <_1)*1Mf{ﬁ..,ir [d(aa :—i—il? ceey g—i—ira ’7)]7 (1228)
o< <..<ir<k

[ friree s e 00 fP e [ ]

s+iy? 1 stip 10 VY stipr Jstip 10

where

*1 = 1+ |a|CS + ZT(C7a7ij)7

Jj=1
p—1 q

* = 14 Jal(cs +1) + ) HC ayiz) + Y H(C,ai).
j=1 J=p

Proof of the claim. The r = 2 case is exactly (12.27). Assume the claim holds for r, we
will show the claim also holds for » + 1. We need to apply Stokes’ theorem to the exact
term (12.28) in the induction hypothesis. The boundary O(M s1i, X ... X Myii stk) COmMeSs
from fiber product at s + w for all ¢,w such that 0 < iy < ... <@ <w < 441 < ...0 < k.
Consider the boundary coming from the fiber product at s+w, after applying Stokes’ theorem
to (12.28), the contribution from integration over the Mflk . C MPF g

yeeey Bty Wy eyl U1 yeenbr

*3 12 s,k n n
(_1> ’ nh_{lolo Mz‘l,...,z‘t,m,...,u [a7 s+i10 0 0 s+ 7]7 (1229>
where x3 := 1 + |acs + Z;Zl T(C, 1) + My stiy + ...+ Myyi, s+w- By replacing the fiber

product in Mflk“ , with the Cartesian product ./\/lfl’k

W,...,0 yeeesbtyWyneeybp?
(1229) — (_1)*3+(|a|+ms,s+w)cs+w hm 'Mfl’]in,itawa-n,ir [Oé, sn+i1, .. 7(5?+w, ey Sn+ir7 '7] (1230)

n—o0

We replace the Thom classes 6} by >, mi0.q A 7507, +df7F,

_ 1y +(altms, sqw)es+w 13 s+w s,k n * n
(1230) — ( 1) s,s+w)Cs+w ’r"Lll—)HOlO Tr Mi17-~~7it7w7-~~7ir [O./, sbigr e ’0‘93-1—11)7 ooy Jstins ’7]
1 Vvkst+(Jal+ms, sw)Cstw 15 s,k n n n
+( 1) nerwaeTe nh_glo Mz’l,...,it,w,...,ir [av S+i10 " 7d s+wr o Js+i ’7]

(12.31)
Let %4 denote x3 + (|a| + M s40)Cstw- By (11.3) we have:

t r

ki =1+]al(cs+ 1)+ Y HCa.4;) +1Ca,w)+ Y H(Cani)).

j=1 j=t+1
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By induction hypothesis:

— 3 E *2 s+1 s,k n n * n
S - nh—>Ho10 (_1> TI' P Mil,...,iq [Oé, s+ttt dstip 10 ees—Hp s+zp+17 et s+ig) ’Y]
1<p<q<r,g>1
0<i1<...<ig<k
. *1 s,k mn n
+ lim E (=) MGE A, fl s fis )] (12.32)

n—oo . .
0<i1 <...<ir<k

By (12.31), (12.32) is the sum of the following two terms:

. s,k n n
lim Z (— )*4/\/1“7 ieies i o, fovis A fa, ] (12.33)

n—00 ) )
0<i<...<ig<w
<igp1<ir<k

S DT M o f 005, fr ) (12.34)

0<i1 <...<8t<w
<ipp1<ir<k

Because %5 := x4 + || + Z;Zl(chrij +1) =1+ |ales + 377, 1(C,a,45) + 1(C, 2, w) mod 2

n —
and |fy; | = ¢s4q; +1 mod 2,
— § *5 A Sk n n n
(1233) _ ( ) ‘/\/1117 U, W, 41,0 [d(a’ s+i10 0o Jstwr e S+ir) ,y)]
0<i1 <. <G <w<iy41<ir<k
(12.35)
Therefore
— ; *2 S-H s,k n n * n n
S = nh_{{.lo Z (_1) pMH, 52 [ sty S+ip_17998+1p Stipg1? T s+iq77]
1<p<q<r,g>1
0<i1<...<ig<k
E *4 m.5+w s,k *
+ ( 1) TI‘ le, R TV TG S 7 [CY 5—1—7,1 9(93-‘,-11)7 ttt f +ir ’7]
0<’i1<...<it<w<it+1<ir<k‘
: § : _ 1)*5 s,k n n
+ nhg)rgo ( 1) Mil,..,,it,w,it_;,_h...,iT [d<a s—‘,—zl’ e Jsdwr o J s ’7)]
0<ir <. <@g <w<ipy1<ir<k
This is the r + 1 case, so we prove the claim. O

Therefore in the case of r = k—1, S = (3, Dy_;0D;[a], []) s+« is the sum of the following
two terms:

1 7k n
nlglolo(_l)*l'/\/li,...,k—l[ (a s+17 s Js+k—=1 ’7)]’ (12'36)
: E i s,k n n * n
hm (_1)*2 TI-S+ v M’i1,...,’iq [Oé, S+i19 S+ip,17 995+1p S+Zp+17 crey s+zq7 'Y]

n—oo
1<p<g<k—1,4>1
0<i1<...<ig<k

(12.37)
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where b1
x =1+ ]ale, + > H(C,a, ),
j=1
p—1 q
s2i= L fal(e, +1) + 330 i) + 3 1(Coaniy).
j=1 Jj=p

-----

we claim that

(1237) = — <Z(Ek_l o Ez + Ek—i e} Dl + Dk—i e} EZ)[Oé], [’y]> . (1238)

)

Once this claim is proven, we have

S =(12.37) = — <Z(Ek_Z oE;+ Ey_;0D;+ Dy_;0 E;)|a], [’Y]> )
s+k

(2

that is
(dp—i o dilal, [V]) g4r = 0.

Therefore the proposition is proven. ]

Proof of the claim (12.37). Let Sy := (3, Ex—i o Ei[a], [7]) ., S2 := (32; Ex—i 0 Di[al, [7])
Sz = (3_; Dx—i o Ei[a], [7]), - By Definition 12.6,

s+k?

<E2 [Oé], [/7]>s+z = llIIl Z (_1)|a‘(cs+l)+2j:1 i(aa’ij)Mf{i T [Oé, ;L+i1’ R fanriTa ’Y]

n— 00 . A
0<iy...<tr<i

(12.39)
Therefore we can write S; as a trace term:

— T; E E _1)*7 st s,k n * n
Sl - nh_{{.lo ( 1) Tr Mil,...,ir,i,i+j1 ..... i+t [Oz, S+i10 e 7995—&-1" et i+jt77]a
% 0<i1<... <8 <2
0<j1<...<je<k—i

(12.40)
where

r t

o= ol(es+ 1)+ > H(C i) + |Ei(a)|(cosi + 1) + > 1(C, Ei(a), ji).

=1 =1

Because |E;(a)|(cs+i + 1) = (|a] + My 54i)(cs1i +1) mod 2 and {(C, Ei(a),t) = 1(C, a, i + 1)
mod 2,

*7 = |a|<cs + 1) + Z i(ca O‘JZ) + J[(C’ a7i) + Z T(C7 O‘vi +jl>

=1 =1
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Moreover, the other two terms are:

. S+1i s,k * n
So=lim > D (CURTTME 00005 7,0 (12.41)
i 0<ji<...<ge<k—i

Sy=lim y " N ()T MEE e S SR 0059, (1242)

1 0<i1<...<ir<2

where xg 1= |a|(cs+1)+1(C,a,4)+>_, 1(C, i+ ;) and xg := |a|(cs+ 1)+, 1(C, a,4;) +
T(C,a,i). The sum of (12.40),(12.41) and (12.42) is (12.37) with a negative sign, thus we
prove the claim. O

Remark 12.14. The argument used in the proof of proposition 12.12 will be used repeatedly
in the constructions of morphisms and homotopies. Roughly speaking, the general process is
as follows: We divide the operators into two parts: the leading term, i.e. the one contains
no f;, and the error term. Then we compose only the leading terms first. Similar to (12.14),
a composition can be written as a trace term, we replace the trace term by a Thom class 0}
plus df]" in the composition of the leading terms. The part with Thom class will converge
to an integration over the fiber products, i.e. an integration over the boundary of a bigger
moduli space, thus Stokes’ theorem can be applied. While the part with df is an integration of
exact forms, thus by Stokes’ theorem, it can be reduced to an integration over the boundary,
.e. a fiber product. Then replace the fiber product by Cartesian product through inserting
the Dirac current. Since we can rewrite the Dirac current as the limit of a df™ plus a trace
term, then usually the terms with df will form an exact form and the replacing argument
keeps repeating. Eventually, we will get to a manifold without boundary, thus the integration
of the final exact form is 0, and we are left with some trace terms. Then we can compare
those trace terms directly to the composition of error term with leading term and error term
with error term to prove the algebraic equation.

From the proof of proposition 12.12, we see that we can suppress the index n and lim
n—oo

by Lemma 12.5 12.13. We write f; as the limit of f* in the space of currents, then
51' = 7T>1k0i7a A W;H;a + df“ (1243)

where 6; is the Dirac current. We can use (12.43) to do formal computations.

12.3 Flow morphisms induce cochain morphisms

In this section, we introduce the flow-morphisms between flow categories, which are the
generalizations of the continuation maps in the Morse case [5]. We assign every flow category
an identity flow-morphism from the flow category to itself. Using the identity flow-morphism,
we show that H*(BC,dpce) is independent of the defining-data ©, thus finish the proof of
Theorem 12.7.
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Definition 12.15. An oriented flow-morphism H from an oriented flow categories C :=
{Ci, M .} to another oriented flow category D := {D;, M f)]} 1s a family of compact oriented
mamfolds H; ;, such that

1. there are two smooth evaluation maps s,t: H; ; — C;, D;;
2. 3N € Z, such that when i —j > N, H; ; = 0;

3. fiber products ./\/lZO i iy - X sz do X -+ X M
forallig <11 <...<ip, 00 < .o <Jm-1 < Jm;

. are cut out transversely,
—1Jm

. there are smooth maps my, : ./\/l X; Hjp — H;p and mp : H; j X, MP - H; ., such
s 2J 7.k

that

s omy(a,b) = s(a),
to mL( a, ) (b)’
somg(a,b) = s(a),

t omp(a,b) =tP(b),
where map s€ is the source map for flow category C and map tP is the target map for
flow category D;

5. the map my Umpg : (U;0° (M x5 Hjp)) U (U;0°(Hyj <3 MP)) — 0" Hyy, is a diffeo-
morphism up to measure-zero sets;

6. the orientation [H, ;] has the following properties:

o[H, ;] = Z(_l)mg”pm,; ([Mfm Xitp Hi+p,j])+2(_1)hi’ij ([H ij—p Xj—p MD ]])

p>0 p>0
* c;mC.,
(1 x ) [NG]IME; x5 Hyp] = (=1)9™ (M) [H 4],
(t x SD)*[NHHM X MD] = (=1)¥"i[H, ) IMP],
where ¢; := dim C}, m = dim M., d =dim D; and h; ; := dim H; ;.

2]7

By property 4 of flow morphism, we have formula similar to (11.2). Thus it is convenient
to use mp, mp to identify /\/lc X Hjp, Hj X /\/l] . With the corresponding parts of 0H, .
We will suppress mr,, mg, and treat /\/l >< H gy Hi % ./\/lj .. as they are contained in 0H, .

Remark 12.16. In the context of Floer theory, the existence of N in condition 2 usually
comes from some energy estimates: There exists some notion of energy FE(u) for curve
w in the moduli space H;;, such that E(u) > 0. If the energy E(u) satisfies inequality
E(u) < g(D;) — f(C;) + C, where f and g are the background Morse-Bott functional for C
and D and C' is a universal constant depending on the data we used to define H; ;. When
Jj <, E(u) <0,% i.e. there is no curve in H, ;.

2

assuming the critical values do not accumulate
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Remark 12.17. When C; has infinite components, the compactness of H; ; can be weaken
to similar conditions as in remark 11.10.

Notations
o C:= {C’“j\/lic’j}7 D= {Di,./\/lfj} are oriented flow categories.
¢ ¢ :=dimC;, d; := dim D;, m{; := dim M{; and m/; := dim MP.
o h;;:=dim H;;, then h;; + mfk —d; + 1= h;y, and mZCj +hjx —ci+1=hy.

e forkecZand 0<i; <...<idpand j; <...<j, <k,

s,k . C C ) ) D D
;7 ipliLodq © M iy X XM iy X Hosiy sy XM gy X0 XM ik

with the product orientation.
e g are the counterparts of primitives f* for flow category D.
o H* [a,f,...,g,...,7] is defined similarly to M**[a, f,...,~] in (12.5).
e For a € h(C,s), 1(H,a, k) = (|a| + hs s + 1)(dsyr + 1).

The counterparts of Lemma 12.5,12.13 hold for H by the same argument. We will suppress

the index n and lim and use formal relations like (12.43). The main result of this section
n—o0

is that a flow-morphism induces a cochain map between the Morse-Bott cochain complexes:

Theorem 12.18. Let H be an oriented flow-morphism between two oriented flow categories
C and D. If we fix defining-data ©1,0, for C,D. Then we have map ¢gh@2 : BC® — BCP
given by (12.44), such that

H C D H
¢@1,@2 © dBC,@1 - dBC,@2 © ¢91,®2 =0.
In particular, ¢§, o, induces a map H*(BC®,d% o, ) — H*(BCP, dB¢e,)

For simplicity, we suppress the subscripts ©1, 0. The map ¢ is defined as [], ¢f, i.e.
for A € BCC:

(A7) =D (A — k), (12.44)

kEZ
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where ¢ : H*(Cy) — H*(Ds,},) is defined as

<¢kH[Oé], h/]>s+k = <_1)|a\cs+hs,s+kH‘s,k [Oz, ’Y]
* 178,k
+ E (_1) Hil ip|d1sesdq [a> f8+i17 ) feripv Gstj1s -+ - 7gs+jq7 /7]

-----
0<i1<...<ip
J1<..<jq<k

= (—1)|0<\Cs+hs,s+k H‘S,k [O{7 ’Y]

. * 178,k n n n n
+ lim, Do COHRE e i P 0 8,
0<i1 <.

J1<.<jg<k
(12.45)

where

P q
* 1= |afcs + hgorn + Z 1HCoa,iy) + Z HH, a, juw) + dorj + 1+ m?+j1,s+k'

w=1 w=1

When g = 0, we formally define j; := k and define m,? w := di, — 1. The existence of N in the
condition 2 of the Definition 12.15 implies that ¢ = 0 for k < —N, thus (12.44) (12.45) are
finite sums.

Proof of Theorem 12.18. The proof is analogous to the proof of Proposition 12.12, basically
careful index computing. We defer the proof to Section 12.7. O

Identity morphism

In this subsection, we show that for every oriented flow category C, there is an oriented flow-
morphism [ from C to C, called the identity flow-morphism. Roughly speaking, when the
flow category has a background Morse-Bott function, the identity flow morphism comes from
the compactified moduli space of parametrized gradient flow lines, i.e. flow lines without
quotient by the translation action of R. Using the identity flow-morphism, we show the
Morse-Bott cohomology is independent of the defining data ©.

Definition/Lemma 12.19 (Identity Flow-Morphism). For an oriented flow category C,
there is a canonical oriented flow morphism I from C to itself. Given by I; j := M, ; x[0, j—1i]
with the product orientation, for i < j, and I;; =0 for ¢ > j. The source and target maps
t:1;; = C;,C; are defined as
s, t:= SC, €.

And mp, mg are defined as follows:

mrp : Mi,k Xk [k,j — Ii,ka (a> ba t) — (m<a7 b)at + k— Z)
mpg: -[i,k Xk Mk,] — Ii,ka (avta b) — (m(a, b)yt)

where m is the composition in C.
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Before proving this lemma, we will first use it to finish the proof of Theorem 12.7.

Proof of Theorem 12.7. We have shown in proposition 12.12 that (BC, dpce,) and (BC,dpc.e,)
are cochain complexes. By (12.45), gbél,@Q can be written as id + /N, where N is strictly upper
triangular, i.e. N sends H*(Cs) to [[,2, ., H*(Cy). Since > " ((=N)™ is well defined on the
cochain complex BC, therefore Y ~° ,(—N)" is the inverse to id +N. Thus gzﬁlel,@Q induces
an isomorphism on cohomology for any 64, Os. ]

Proof of Lemma 12.19. Condition 2 of Definition 12.15 follows from that I; ; = 0, for i >
j. Condition 3 holds for I due to the transversality property of flow category C. Since
mL(Mi,k Xj]kJ) = ./\/lm' XijJC X [k—i,j—i] and mR(]Lk Xj./\/lk,j) = Mi,j Xj./\/(j7k X [O, k—i],
therefore condition 4, 5 of flow-morphism are satisfied by /. Therefore only the orientation
condition 6 remains to check.

Unless stated otherwise, product of manifolds are always equipped with the product
orientation. For ¢ < j:

;] = 0[M;; x 0,5 — i
= (—1)7””'“[ ij X {0} + (=1)"7 [M;; x {j —i}]
+ > (=)™ Mg X M % (0,5 — i]]

i<k<j

= (—1)mi’j+1[ ij X {0} + (=1)"7[M;; x {j —i}] (12.46)

+ Z )R Mg X My < [0,k — ] (12.47)
1<k<j

+ 3 ()™ My xi Mg x [k — i, j — ). (12.48)
<k<j

Since the flow category C is oriented, for i < k < j,
(1 5 S IN Mk Xk Mg = (—1)%7 My ) M. (12.49)
Let m be the projection I; ; — M, ; for i < j, then

(t X SC)*NIC = W*(tc X SC)*N]C’Mi,kaMk,jX[O,k‘—i]7

(€ % 8)" N = (1 X 5°)* Ne| sy oMy xb—ing—i)

Therefore (12.49) implies

(t x sO) [Np][Mig xp My x [0,k —i]] = (—=1)5rmirtmei [ M, x [0, k — 4]][My]
= (=L)rmaR eI (L M g, (12.50)
(1€ % ) [N [Mig X My x [k — i, 5 —i]] = (=1)*™ [M; 1] [My; x [k —i,5 — i]]
= (=)™ (Mg [ L 5] (12.51)

(12.52)
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If we orient I X My, by (=1)™F% M, X My ;] x [[0,k —i]] and M, Xy Iy ;] by
(Mg Xk My ] x [[k — 1,7 —1]], then (12.50) implies that

(12.47) = (—1)mi’k[/\/li7k Xk M]f’j X [0, k— ZH = (—1)mi’j+1[]i7k Xk M]ﬁj], (12.53)
(% sO) INW Mg X g] = (=)0t DL My ). (12.54)

And (12.51) implies that

(1248) = (-1)mi’k[Mi,k Xk th X [k — Z,] — l]] = (—1)m’k[Mz7k Xk Ik,j]? (1255)
(1 % sV INIMug o Iig] = (—D% ™5 MlTg]. (1256)

We still have to consider the first two copies of M, ; in (12.46). Since my, : C; x; M, ; = M, ;
and mp : M, ; x; C; = M, ; are diffeomorphisms. Therefore we can orient I;; x; M, ; =
Ci xi My j and M, ; x; C; = M ; x; I ; by m;'([M;;]) and mp' (M, ;]). Then by Lemma
12.20 below we have

2

(t x ) [N[C: x M) = (=1)F[C][M ),
(€ x s) [N}][Mij x; C5] = (=1)9™9 [M;j][C].

Therefore, we have

(1) My x {0}]
[(t x s€)*Nj][Liq xi M)
(=1)™ [Mu X {.7 - Z}]
[(#€ % 5)* Ni][M 1]

D™ (L i M),
;’T sl M (12.57)
)’

Mimp (Mg x5 1 4]),

1" (M)

(12.53), (12.54), (12.55), (12.56) and (12.57) prove the orientation property 6 of Definition
12.15. [

(=
(—1
(—1
(—1

To state the Lemma 12.20, we need to set up some notations. Let E, F' be two oriented
finite dimensional vector spaces, and [ : E — F be a linear map. Ap denotes the diagonal
subspace of F'x F'. Let ordered basis (f1, ..., f,) represents orientation [F] of F', and ordered
basis (eq,...,e,) represents orientation of E. Then ((fi1, f1),.-.,(fn, fn)) determines an
orientation [Agr] of Ap. Just like (11.1), we orient the quotient bundle (i.e. the normal
bundle) (F' x F)/Ap, such that [Ap][(F x F)/Afr] = [F]|[F]. The fiber product E x; F' is
graph of [ in £ x F| then ((e1,l(e1)), ..., (€m,l(en)) determines an orientation [E x; F] on
E x; F' = graphl. The projection 7 : F/ X; F' — E is an isomorphism, and the orientation
we put on E x; F' has the property that 7([E x; F|) = [E]. Since (1,id) : (Ex F)/E x; F —
(F x F')/AF is an isomorphism, thus we can orient (F x F')/E x; F by (1,id)([(E x F)/E x,
F)) = [(F x F)/Ar]. What we describe here is the tanget picture of M,;; x; C;: let
(m,c) € M, ; x; C;, then the correspondences are £ = T,,M, ;, ' = 1.C;, | = Ds|,,, and
the orientations match up.
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Lemma 12.20. Following the notation above, we have
[(Ex F)/E x; F|[E x; F] = (=1)"™ P F B[R],

Proof. Since ordered basis ((Op, f1),...,(0p, fn)) represents a bases for (F' x F)/Afp as
well as the orientation [(F' x F')/Ap]. Since ((0g, f1),...,(0g, f»)) represents a basis for
(E x F)/E x; F, and is mapped to ((Op, f1),...,(0p, f,)) through the map (l,id), thus
((0g, f1),-..,(0g, fn)) represents the orientation on (E x F')/E x; F. Since

{(617 l(el))v SRR (em7 l<€m))7 (0E7 fl)v R (0E7 fn)}
represents the orientation [E][F], so we have
[E x; F|[(E x F)/E x; F] = [E][F] or [(E x F)/E x; F|[E x; F] = (=1)%mEdnFgp),
[l

Similarly, if we consider F' x; E, and it is oriented by ((I(e1),e1), ..., (l(ém),em)), and we
orient (F' x E)/F x; E by (id,)([(F x E)/F x; E]) = [(F x F)/AFg], then

[(F x E)/F x, E|[F x; E] = (=1) " "[F|[E].

12.4 Composition of flow-morphisms

In this section, we discuss how to compose two flow-morphisms, and how do the induced
cochain morphisms behave under the compositions.

Definition 12.21 (Composable flow-morphisms). Two flow-morphisms H : C — D, F :
D — & are called composable iff the fiber products H; ; X ; F; . are cut out transversely for all
ia j7 k.

Heuristically, one can define the composition F' o H of two composable morphisms F' and
H tobe FloH,;,=U;H,;,; x; Fj, where the orientation is determined by

(t" x sV INjI[Hij % Fji] = (=1)%"9 [ H; j][Fj 4] (12.58)

However, this is no longer a flow-morphism, since the boundary can also come from the fiber
products in the middle in addition to fiber products at two ends.

Definition 12.22. An oriented pre-flow-morphism F between two flow category C and D is
a family of compact oriented manifolds F; ;, with smooth maps s : F;; — C;,t : F;; — Dj.
Moreover, there exists N, such for i —j > N, F;; = 0, and the fiber products M . X,

10,01
D . . .
oo X Fiy o X oo Xy MG are cut out transversely for all ig < ... <iig,jo < ... <...J

Given a pre-flow-morphism F, one can still define ¢ by (12.45). Let F' and H be two
composable flow-morphisms, then FoH defines a pre-flow-morphism. We need to understand
the relation between ¢°% and ¢ o ¢, it turns out they are differed by a homotopy.
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Notations

o & = {E;, MF;} is an oriented flow category, e; := dim E;, m/; := dim M}, and

fi,j = dlm E,j

e h; are the counterparts of primitives f; for £.

eforkeZ, 0<ig <...<ip j1 <...<jgand k; < ... < k, < k, we define
Fx g to be:
1 5eslp|J1 oG [R5 For
c D E
Ms’eril X ...Hs+ip7s+jl X Ms+j1,s+j2 X ...FS_A'_jq’S_A'_kl X...M S+kr78+k.

Note that we must have ¢ > 1 to define it.

ipld1dglklye. kr [Oé, fs+i17 <. 7fs+ipa Gs+j1s - -+ Gs+iqo hs—i-ku s hs—i-krv ’Y] is defined

..........

similarly to (12.5).

Theorem 12.23. Let F, H be composable oriented flow-morphisms from C to D and from D
to &, fix defining-data ©1,0, and O3 for C,D and £, then there exists an operator P, o, 0, :
BCC¢ — BC¢ defined by (12.59), such that

FoH F H
Po,.05 — V0,05 © Po,.0, + Por.0.05 ©dece, +dpce; © Po,e,0; =0

As a corollary, ¢6°%. is a cochain map between (BC¢,dG ) and (BC?, dfq,) and
homotopic to ¢g%@3 o ¢g1792. For simplicity, we will suppress the subscripts ©. For k € 7Z,
a € h(C,s),y € h(€,s+ k), the operator P is defined by

s,k
<P[a]’ [’7]>s+k = Z(_l)*F X Hil ipld1seesdigktseeskr [aafs—H'la B 7fs+ipags+j1a cee

...............

(12.59)
.- ags+jq7 hs+k1> R h5+kr7 ’Y]

where
p q
* = laf(cs+ 1) +dimFo Hyor+ 14 Y H(C, i) + hosrjy + > $(H, 0, ju)
w=1 w=1

+ Z T(FoH, a,ky)+ esir, + msE,erkl’erk +1

w=1
— on i — E — _
When r = 0, the convention is ki := k and mg, ;. ) = €s4x — 1.

Proof of Theorem 12.25. The proof is deferred to the section 12.7. O]
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12.5 Flow homotopies induce cochain homotopies

In this section, we introduce the flow-homotopies between pre-flow-morphisms, which can
be understood as generalizations of the homotopies between continuation maps in classical

Morse theory [5].

Definition 12.24. An oriented flow-homotopy K between two pre-flow-morphisms F
and H from C to D is a family of oriented compact manifold K; ; with source and target

maps s : K;; — C; and t : K;; — Dj, such that the following hold.

1. There are smooth injective maps tp, iy : Fyj, H; j — K j, such thal soipjg = s

toilp/g = tFH where sP/H tFIH qre the source and target maps for F, H.

2. 3N, such that when i —j > N, K;; = 0.

3. Fiber products MZO i Xy
all 19 < ... < g, Jo <. <]l-

X, K

23 JO

D
- Xy M

Ji—1:J1

are cut out transversely for

4. There are smooth maps my, : M§; X Kjp — Ky and mp : K j x; MP — K. Such

that
somp(a,b) s¢(a),
tompg(a,b) = t(b),
sompg(a,b) = s(a),
tompg(a,b) = t2(b),

where s¢ is the source map for C and tP is the source map for D.

5. tpUtgUmpUmpg : 80Ek U@OHM U (U 8()(./\/16 X s KJ k)) U (UjaO(Km X Mfk:)) —

'K, K, is a diffeomorphism up to measure-zero sets.

6. The orientation [K; ;] has the following properties:

K ;] = wr([Fig]) — Hi;l) + Z Lo tim [Mgi—s—p Xitp Kitp,jl)
p>0
+Z ) rimp([Kij—p Xj-p M2, 1)
p>0

(1€ x 8) [IN;IIMS, x5 K] = (= 1) [ME K4,
(t x sP)[Nj)[Hij x; M) = (=1)%"9 [K; j]IME],
where k; ; := dim K;
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Notations
o k;j:=dimK;;, then k”—i—m —dj+1=F kandm +kip—ci+1=k.

e forkeZand 0<i; <...<ipand j; <...<j, <k,

ox M

s-Hp 1,5+1p

Kok = MY

U15eenipld1sdq s s+z1

X Ks—i—zp s+ X M - X Ms+]q s+k-

s5+71, 8+j2

o K**a,f,...,g...,7] is defined similarly as (12.5).

e For a € h(C,s), (K, o, k) := (|a| + ks stk + 1)(dssr + 1).

Theorem 12.25. Given an oriented flow-homotopy K between two pre-flow-categories F', H :
C — D. Fizing all the defining-data ©1,04 for C, D, there exists operator AGI o, . BC¢ —
BCP defined by (12.60), such that

D c F H
dpc.e, © AS Lo, T A91 0, °dgce, T 06,0, — Po,0, = 0.

We will suppress the subscripts. Let a € h(C, s) and v € h(D, s+k), then (A¥[a], M>s+k
is defined to be:

(_1)|a|(cs+1)+ks,s+k K|3,s+k[ ’V] 4 Z 4' j"’k it [og7 Fstigs .- 7gs+jq7’)/] ,

----------
0<i1<...<1p
J1<...<jq<k

(12.60)
where & :=>" | 1(C, o, i) + Cspi, + mgerZ-p + 14> HEK, o, )+ dsijy + m£+j17s+k +1.
Formally ¢ is defined to be 0, 7441 is defined to be £ and mfi/D is defined to be ¢(d); — 1.

Proof of Theorem 12.25. The proof is deferred in the last subsection. m

12.6 Morse-Bott cochain complex is canonical

Unlike the Morse case, where the defining-data is unique, the minimal Morse-Bott cochain
complex (BC,dpce) depends on the defining-data ©, i.e. choices of representatives, choices
of Thom classes and choices of f7'. Morphism ¢§ o, from (12.45) also depends on ©,0'.
Theorem 12.7 asserts that the cohomology is independent of the defining-data. In fact, the
invariance can be stated on the cochain level. In this section, we prove the assignment of the
homotopy type of minimal Morse-Bott cochain complex (BC,dgc o) is natural with respect
to ©. Moreover, we will show in this subsection, the cochain morphism (bg?@/ from (12.45)
is also canonical in a suitable sense.

For an oriented flow category C, there is an associated category Data®. An object of
Data’ is a defining-data © for C, and there is exactly one morphism from one object to



CHAPTER 12. THE MINIMAL MORSE-BOTT COCHAIN COMPLEXES 153

another object. Then for every object © in Data®, we can associate it with a cochain
complex (BC,dpce). The following theorem says this assignment can be completed to a
functor from Data® — K(Ch), where K(Ch) is the homotopy category of cochain complexes.

Theorem 12.26.

0 (BC, dBQ@)
(01 = 6s) — ( {91,@2 : (BC,dpce,) — (BC,dpce,))

defines a functor BCC : Data® — IC(Ch), where I is the identity flow morphism.

Proof. Step 1, ¢4 o is homotopic to identity. Fori < j, I; ; = M; ; x [0, j —i] and (oI);; =
Uk,ick<jlik Xk Iy j have a interval direction. Since the pullback of differential forms by source
and target maps can not cover that interval direction. Therefore when p # ¢

s,k s,k
[...,p|q,...[' ) fs-i—pa fs+qa .- ] =1TIo I,..7p‘q’.._[- ) fs+p> fs+q7 - ] =0

It is not hard to check that Qﬁéo,é can be written as id +M with M strictly upper triangular.
To be more specific, for k € N*, o € h(C,s) and v € h(C, s + k)

(Mlal, Pl = D (CDMTOLE o (a favin o farips Fotigs oo fosig ]

1<p<q<k
0<ir <...<ig<k

+ Z (_1).210‘[1817k ip|[a7 f8+i17"'af8+ip7f8+ip7’y]

,,,,,
1<p
0<iy <...<ip=k

§ : k
+ <_1)*3I © [|811 ..... ip [Oé, f8+i17 fs+i17 cety fs+ipa 7]7
1<p
0=i1<...<ip<k

where

p q
‘1 = Z i(c7 a, Zw) + Z T(C, a, Zw) + ‘alcs + My stk + Cs+ip + ms+ip,s+k7
w=1

w=p

p
‘2 = Z 1(07 Oéaiw) + ’@’Cs + Mg s+k + 17

w=1

A= H(C i) + (o] + ).
w=1

Similarly, we have decompositions gbé@ = id +/N with and N strictly upper triangular.

Because
iq[a7f5+i17 R fs+ip7fs+ip7 R fs+iq7/y]

[aafs-i-iu s 7fs+z'pafs+ipa SR 7f5+'l‘q’7:|'

U15eeiplipseeig
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Thus N = M. Then by Theorem 12.23,
(Id+ M) — (Id+ M)*> = Podpce + dpce o P.
Since Id + M is a cochain isomorphism, we have:
Id— (Id+ M) = (Id+ M) ' oPodgce +dgceo (Id+ M) ' oP.

Thus Id + M = ¢§ g is homotopic to identity.
Step 2, functoriality. Given three defining-data ©1,0,, O3, by the same argument as

above we have
I _ gIol
01,03 = 701,03

By Theorem 12.23,

Jol I I o
01,03 — Poy,0e5 © ¢@1,@2 =Po dBC,@l + dBC’@3 oP

I - : I I
Thus ¢g, ¢, 1s homotopic to ¢g, o, © 0o, o, O

To explain the story for flow-morphisms, we introduce the category (Data® — DataP)
for two oriented flow categories C and D. (Data® — DataP?) is a union of Data® and DataP
plus a unique morphism from each defining-data of C to each defining-data of D. The next
theorem states that the assignment of ¢g7@, is natural:

Theorem 12.27. For an oriented flow-morphism H, there is a functor
H : (Data® — Data®) — KC(Ch)

which extends BCS and BCP : let ©F, 0P be defining data for C, D respectively, the morphism
0% — 0P is sent to gbgc oD

Proof. We only need to prove the functoriality. We use ©%, ©F to stand for defining data
for C, D respectively.
Case 1, functoriality for compositions ©f — 0§ and ©F — ©FP. By Theorem 12.23:

Hol - . H I
<I>@lc’@D is homotopic to gb@?@D o @6107920,
and
Hol - . H I
q)elc,@D is homotopic to ¢®1079D o cbef,ef'

Since @é?’@? is homotopic to identity by Theorem 12.26, thus ¢g§,@o o @élc’@g is homotopic
H
to oC.6p
Case 2, functoriality for compositions ©¢ — OP and ©P — ©PF. Follows from the same
argument. O
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12.7 Proofs

Before proving Theorem 12.18 and 12.23, we recall some notations and introduce some new
notations. Let H be an oriented flow-morphism from flow category C to flow category D,
and F' be an oriented flow-morphism from D to &.

Notations for proofs of Theorem 12.18 and 12.23
o C:={C;, M{;}, D:={D;, M} and & := {E;, M[;} are oriented flow categories.

e ¢, . =dimCj,d; :=dim D;,e; := dlmEZ,m = dlm/\/lzcj, D = dimej and mm =
dim Mf]

o h;; = dimH,;, f;; = dim F;;, then by Definition 12.3, they satisfy the following
relatlons

hi; + mfk —d;j+1 = hy,
me+hjp—ci+1 = hig,
fij + mJEk —e;j+1 = fir,
mp+ fig—di+1 = fin

eforkeZ 0<iy<...<ipand j; <...<j, <k,

g .= MC X MC

i1 yeip g1 0Jq s,s—i—zl

X Hgyi, 1, x MP ><J\/lsﬂq7s+,€

S+ip—1,5+1p s+71, s+]2

=v_  and H® . are the fiber product versions at s +14; and s+ j;
U1y Btyeenslp|J1eendig U15eedpl|desdtsedq

similar to (12.8).

oForkGZ,0<i1<...<ip,j1 < ... < jgand ky < ... < k, < k, we define
Fx H5F to be:

1. 7Zp|]1 :.]q|k17 ke

M

E
s s—Hl - Hs+lp,8+]1 X MS+_]1 5+72 X F3+jq73+k1 X Ms+kT,s+k'
Note that we must have ¢ > 1 to define it.

e Similarly, we define F o H**

1, Zp‘j‘klv“wkq tO be

C C E E
Ms s+zl - X Merzp 1,5+ip X (Herip,erj Xs+j Fs+j,s+k1) X Ms+k1,s+k2 X Ms+kq,s+k'

e The counterparts of the primitives f; for flow categories D and £ are denoted by ¢;
and hz
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OH*’*[ozf . Sl Ho* (e, f, o9 -0,7)], **[ozf .y g...,7] and
Trep H [a f ,00°/P" g . 4] are defined similarly to (12.5), (12.9), (12.10) and
(12.11).

o ['X HZ{C,,,JPUl dglk1 e kr [CY .fs-i-uv sy fs-‘ripv Gs+j1s -+ 1 Gstigo hs+k17 s 7hs+kr7 ’7]’
Fo H;l’fﬁ_.’wml 77777 [ s foqivs - forips Psthys - - - hsgr,, 7] are defined similarly to (12.5).

e For a € h(C,s), 1(H,a,k) := (|a] + hssir)(dsir + 1) and $(H, o, k) := (Joo| + hs sk +
1)(dsix + 1), similarly for F and F o H.

Lemma 12.5,12.13 also hold for flow-morphisms by the same argument. As we have seen
in the proof of Proposition 12.12, we can take limit in any order, thus we will suppress the

index n and lim and use the formal relation (12.43).
n—oo

Proof of Theorem 12.18. The proof is analogous to the proof of Proposition 12.12. Following
the in the proof of Proposition 12.12, there are decompositions

d{ = DY + EY dP = DP + EP.
We define the leading term ®¥:
<CI)£[04], [V]>s+k = (_1>|alcs+hs’s+kH|S’k[a7 '7]

then the error term el := ¢ — ®F. To prove Theorem 12.18, it suffices to prove that for
all k € Z, o € h(C,s) and v € h(D, s + k),

<Z (60 d? —dP ;0 l') [ol, m> —0.

For this purpose, we will first compute the leading term (3-, (2, 0 DY — D, @) [a], []),,, »

<Z (®4i 0 Df = D 0 @) [al, M>

)

— Z( 1) Tyt HSk[a 00, ]

7>0

+ Z(_ *2 Trs-i—] Hs k[a 995—'—]*’ 7]
j<k

= Z(_l)lﬂaH*lH;{k[d(a?fs+j77>] (1261)

7>0

+ Y (=) ES (0, gay g, 7)] (12.62)
j<k

+(_1)1+a|(cS+1)+hS,S+k/ s*a A t*’Y, (1263)

aHs,s+k
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where )
x1 = 1+ |ales + hssin + 1(C,a, ),
*y = 1+ |afcs + hssrn + T(H, o, j) + dsyj +1+msD+j,S+k'

(12.63) is 0 by Stokes’ theorem. We claim after applying Stokes’ theorem to (12.61) and
(12.62), then the replacing trick in remark 12.14 » — 1 more times, we have

<z (B, 0 DC + DP, 0 ¥) [a], m> -

)

Z (_1)*3Hisl’f“7ip‘jl ..... Jr—p [d<@7 fs+i17 Tt >fs+ipa Gs+j1s -+ Jstjrp> 7)] (1264>

0<p<r
0<ir <...<ip
1< <ir—p<k

*4 S+it Svk
+ Z ( 1) TI' Hil 77777 ip|j1 ~~~~~ Ja—p
0<p<q<r
1<t<p
0<iy...<ip
J1<...<jg—p<k

*

[O{, fs+i17 s 7909§+it g e ags-i-iq_pa 7(1265)

*

* s+t k
+ Z <_]‘> °Tr + stl ip|J1yerdg—p [(1/7 f8+i17 s aeDegl,-jt oo Ystig_po ,7(|1266)

77777

0<p<qg<r
1<t<q—p
0<in...<ip
J1<...<jg—p<k
where
P r-p
w3 = ol 1) o+ ) H(C i) + ) HH, 0 u) + dasgy + 1m0 o
w=1 w=1
t—1 p a—p
b= Jadest B+ S HC avin) + SO HC ayin) + S HH @ ju) + (dagy +mD g 1),
w=1 w=t w=1
P t—1 q—p
k5= fales haspi+ D HC 00i) + Y FH, 0, gu) + DT, 0 Gu) + (g + 1+ mEy, ).
w=1 w=1 w=t

The claim is proven by induction just like the proof of Proposition 12.12, thus we skip the
induction. When r > k+ N, the exact term of (12.64) is zero, since Hfl’lf“mjl ey = (. The
remaining trace terms (12.65) and (12.66) are exactly:

_ <z (B, 0 B — BP0 0 [a], m> _ <2 (10 DF — Do) [a] m>

% %

_ <Z (EkH—i o E,LC — E]?,Z o Efl) [Oé], [/7]>

7

:<Z<q>fion—D£io¢5> [a],m> —<z(¢fiodf—d£io¢f> [a],m> |
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That is we have shown (3", (¢, o df — dP, 0 ¢") [al], [7]>S+k = 0, hence the Theorem 12.18
holds. O
Proof of Theorem 12.25. We write <¢F o ¢pf[a] > Ty + 15, where
no= ) T
1>0
Tll = Z Z + TI.5+J Fx H’Ls ,k...,zp|j|k1 ..... ky [af5+i1a s f8+ip7 995&-]*7 h8+k’17 S hs—i-kra 'Y]
p+r=l j

We claim that the sum ZLO T! equals to the sum of the following terms:

Z(_]-)*lF © H:1’f-.,lp‘k1 [ f8+117 BRI fs-‘ripa h$+k17 SR h/s+k’r7p7 ’7] (1267)
Ay
* s,k
+ Z(_1> o H’il ----- ipl1yedqlkases kt+1fp7q[d(a’ fs'”l’ T fs“'ip? Gs+j1s -+
Az
° 7g8+jq7 h8+k17 R h5+k‘t+1_p_qﬁ)/)j| (1268)
* S+iy s,k c  *
+ Z( 1) ° Tr - F © Hzl ..... ’Lp‘jl ..... jq‘kl,...,krfpiq [a7 fS+i17 i 905—{-1 P
As
f8+ip7 Gs+j1s -+ - Js+jgs hs+k1> e hs—&—kzr,p,q, ’Y] (12.69)
S+Jju s,k *
+ Z( 1)*4 Tr) v g Hl1 7777 T qukl,...,kr_p_q[a’ Jotirs s fstips Gotgus - 99£+ju e
Ay
e 7gs+jq7 hs+k17 hs—l—kr,p,q; ’7] (1270)
S+kqy s,k
+Z( 1>*5 Trg ot FOHZ ----- pld1yesdglktse e kr—p— q[a7 fs+i17”'7f8+ip7gs+j1""’gs+jq’h5+k1"“
As

*

000 Bk, ) (12.71)
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where the subscripts are

Al =

AQI

A4I

A5I

{(p,ryin, .. i, K,y
(p>Qazla cee >Zp7]17 cee a]qakla s >kt+1fpfq)
r
(r7p7q7u7217 s 7Zp7.]17' .- 7]qak17 .. -7krfp7q)
\
r
(rvpa(LuaZla sy lpy J1y e ajqakla i -7k7"—p—q>
\
!
(rap7Q7u7Z17 ey lpy J1y e 7]q7k17 s '>krfpfq>

p>0,g>1,p+qg<t+1
0<ig < ... <ip,J1 <...<Jg
k’l < ~~-kt+1—p—q <k
r<t+1,0<p,1<gq
ptq<rl<u<p
O0<i <. .. <ip,J1 <...<Jqg
k<. .. <kppq<k
r<t+1,0<p2<q
pt+qg<rl<u<g
0<iy <...<ip,j1<...<7q
k<. ... <kppq<k
r<t+1,0<p,1<gq
ptg<rl<u<r—p-—gq
O0<iy < ... <ip,J1 <...<Jq
ki <. . <kppqg<k

N

(.

159

ke ) 0<p<r<t,0<iy<...<ipki<..k_,<k},
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And the signs are:

p r—p
*1 = lale,+dimFoHyop+ Y 3(Coasin) + Y HF o Hoa, ky + eapr, + 1+ mPy 4,

w=1 w=1

p q
*o = |ajes+dimF o Hggp+ 1+ Z T(C, ayin) + hs sty + Z T(H, @, juw)
w=1 w=1
t+1-p—gq
+ Z i(F o H7 a, kw) + €s+ky +1+ msE+k1,s+k7
w=1
u—1 p
*3 = lal(co+ 1) +dimFoH, o +1+ Y $Cayin) + Y HC i) + by
w=1 w=u
q r—p—q
+ Z T(H> avjw) + Z i(F o Hv «, kw) + €s+kr + 1 + mf—&-h,s—f—k?
w=1 w=1
p u—1
*i = |af(cs+ 1) +dimFoHy o+ 1+ Y $C o in) + hosy + Y 1H, o, ju)
w=1 w=1
q r—=p—q
+ Z T(H7 a:jw) + Z i(F © Ha «, kw) + Cstky +1+ mf—&—khs—i-k’

w=1

p
*s = lal(co+ 1) +dimFoHyopp+ 1+ Y HC, i) + b,

w=1
u—1 r—p—q

q
+ Z i(H7 avjw) + Z T(F o H7 «, kw) + Z i(F © H7 «, kw) + €S+k1 + 1 + msE+k1,s+k'
w=1

w=1 w=u

Assume the claim holds, let ¢ — oo, then (12.68) becomes 0 as it is an integration over an
empty set for ¢ big enough. (12.67) is (¢"°H[a], [V])sxr, (12.69) is (Podpclal, [V])sir, (12.70)
is =Ty, and (12.71) is (dpc o Plal, [7])s+x- Thus Theorem 12.23 is proven.

The claim (12.67)—(12.71) is proven by induction again. First of all T} is

al(cs im FoH, Q] s.5dq s+j s,k *
Z(_1)| [(cs+1)+dim FoH, oy g +1(H,,5)+hs s+ TI,D+] F x Hljl [a799£+j 7).
J
Replacing the trace term by § — dg, we have T7 is actually
a|cs+dim FoH, k
T = ) (spllerimieesp o Hifla, 0]
J : . (12.72)
alcs+dim FoHg g1k O, 5547 s,k
+Z(_1)| (oA o st LH UL ) s 7 ¢ H|j| [d(ev, gs+j,7)].
J
This is exactly the ¢ = 0 case of the claim. In general, the claim can be proven by induction.
By induction hypothesis, we can apply Stokes’ theorem to the exact term (12.68), thus the
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integration is reduced to integration along the boundary, i.e. some fiber products. Then
we can replace the fiber products by Cartesian products with Dirac currents, then we can
replace the Dirac current by trace #0* plus df /dg/dh. For the extra term T} 1 we replace
the trace term by § +dg just like what we did to 77, then all df/dg/dh terms form the exact
form in the ¢t 4 1 case of the claim.

O

Notations for proof of Theorem 12.25

Let H, I be two oriented flow-morphisms from C to D, and K be an oriented flow-homotopy
from H to F.

e k;; = dim K ;, then by Definition 12.24,

/{71'7]' + mfk — dj + 1 = ki,k;
mfj + ijg — ¢+ 1 = kz’,k‘

eforkeZ 0<i;<...<ipand j; <...<j, <k,

s,k L C C ] ) D D
Kz‘l ..... iplg1-.dq * M578+i1 X X Ms+ip—1,s+ip X Ks+zp,s+]1 X Ms+j1,8+j2 XX M5+jq75+k'
o K¥ and K"~ _ are the fiber product versions at s+, and s+ 7;

1 5ee Bty esip|J1-005g 11 yeesip| g1 Sty sdq

defined similarly to (12.8).

o K**[a, f,...,g...,7] and the exact/trace/fiber product versions are defined similarly
as in (12.5), (12.9), (12.10) and (12.11).

e For a € h(C,s),

(K, k) = (Ja| + kS,erk)(derk +1),
K, k) = (Ja| + ks s + 1) (dsgr + 1)

Proof of Theorem 12.25. Similar to the proof of Proposition 12.12 and Theorem 12.18, we
can compute the leading term in ((djo o A + A% o dgo) [a],[7]),,, first. Thus we write
AE =TE 4 \K where

<FK[Oz], [/\]>s+k’ — (_1)‘Oé|(05+1)+k's,s+kK‘S,S-‘rk‘[a7 7]-
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We claim forr > 1,k € Z, a € h(C, s) and v € h(D, s+k), ((DP o 'K + X 0 DY) [a], [7])

s+k
equals to
Z (_1)*1K87k|i1 ~~~~~ iplgtsesdr—p [d(a7 f8+i17 <y Gstgir_po 7)] (12'73)
0<p<r
S+iu s,k *
+ > (NPT T feri 0050, Gy ) (12.74)
0<p<g<r
¢>1,1<u<p
S+ ju s,k *
4 Z (—1)% TrsH K i iius [, fsriys - - HHSDJFJ sy Gstig_ps Y] (12.75)
0<p<q<r
g>1,1<u<g—p
+ Z *4 F8k| ,,,,, ipli1ydqep Hs’k|z'1 ..... ipldtyees jq_,,) [047 Sotis- - 7gs+jq7pa’7], (12-76)
0<p<g<r
qg>1
where
r—=p
& = 1+ |a|cs+kss+k+ZT (C, i) + Copiy + L+ mSey, + 14> HEK, a, ju)
w=1 w=1
+d5+j1 + m5+j1,s+k +1+ i(Ka a, k)?
u—1 p
*2 = 1+ |a|(cs + 1) + k8,8+k + Z i(C, Q, iw) + Z T(C, a, Z'w) + Cerip +1+ mS,erip
w=1 w=u
q—p
+ Z T(K7 aajw) + ds+j1 + msD-i-jl,s-i-k +1+ i(K, a, k’),
w=1
u—1
& = 1+ |a|(c8+1>+kss+k+21 (Coovin) + coriy + 1+ m oy + > 1K, @, ju)
w=1 w=1
q—p
+ Z T(K7 a;jw) + d8+j1 +1+ m£+j1,s+k?
. p q—p
& = ol B+ Y HC i)+ YT o) + dagg, + 14+ mE e

The claim is proven by induction like before. Let r — oo, (12.73) vanishes. (12.74) plus
(12.75) equals to
—((DP o XS+ Ao DY+ EP oI +TH 0 B+ EP o M + M 0 E9) [a], )., »

and (12.76) equals to — ((¢" — ¢™) [a], [’y]>s+k, this proves the theorem. O
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Chapter 13

Action Spectral Sequence

Austin-Braam’s construction [6] on Morse-Bott cohomology comes with a spectral sequence,
which is induced by the action filtration. Similar consideration for Floer theory can be found
in many places, e.g. [97]. The spectral sequence is a useful computational tool. Moreover, it
was shown in [6], under the fiberation condition, the spectral sequence from Austin-Braam’s
construction (from page one) is isomorphic to the Bott spectral sequence. This implies, in
particular, the spectral sequence from page one only depends on the Morse-Bott function. In
the case of flow categories, there is a natural spectral sequence corresponding to the action
spectral sequence above. For basics of spectral sequences, we refer readers to [78, 104].

Given a flow category C = {C;, M, ;}, we have the following action filtration on the
minimal Morse-Bott cochain complex BC"

F,BC =[] H*(C)).

1>p

The associated spectral sequence can be described explicitly as follows. We define Z7, 4 to
be space of oy € H*(C,), such that there exist ag, s ... a1 € H*(C,), such that

dlao = 07
dyag +dioy = 0,
d30&0 + d2061 + leég = 0, (131)

dkOé(] + dk_loq + ... dlozk_l = 0.

We define B}, ; to be space of o € H*(C,), such that there exist ag, ay,...,ar—y € H*(C,)

and
a = dyog + dp_1ay + .. dyag_y,

0 = dr100+ di—20q + ... dyog_g, (13.2)

0 = leéo.
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On Zyi1/Bgy1, there is a map Ogr10 = dir100 + dgay + . . . deag_1. Since the differential on
the minimal Morse-Bott cochain complex has the special form of [] d;, unwrapping Larey’s
theorem on spectral sequence associated to a filtered module, we have the following.

Proposition 13.1 ([78)]).
Bl CcBYC...B, CBY :=UyB, CZV :=Z,...CZ, C...CZyCZ}

In addition y, is a well-defined map from ZP/BY to ZP* ) BPTRH such that 92 = 0, and
Zy 1/ Bp ., ~ HP(Zy, /By, Or). Hence we have a spectral sequence (E} := Z; /By, 0f), with

EP =7% /BY = F,H(BC,dgc)/F,+1H(BC,dgc).
The spectral sequence (E%, Oy) is the spectral sequence induced from the filtration F,BC'

The second page of the spectral sequence is computed by taking the cohomology with
respect to dy in (12.7). Since d; is computed using M, .41, which are manifolds without
boundary, thus d; is the pullback and pushforward of cohomology, it might be computable
in good cases.

Proposition 13.2. Fvery page of the spectral sequence is independent of the defining-data

Proof. Since the identity flow-Morphism I induces a cochain map ¢§, o, : (BC,dpce,) —
(BC,dpce,). The cochain map ¢’ preserves the filtrations, thus it induces a morphism
between spectral sequences. Since the induced map on the zeroth page is identity, thus it
induces isomorphism on every page. O]

Remark 13.3. The action spectral sequence (from page one) is an invariant of the Morse-
Bott functional/flow category, i.e. it is not only independent of the defining data, but also
independent of the constructions, i.e. Austin-Braam’s construction (when defined), Fukaya’s
construction, cascades construction and our minimal Morse-Bott construction.

We have to worry about the convergence of the spectral sequence, following [78], we have
the following exact sequence:

0 — lim F,H(BC, dpc) — H(BC,dpc) — Eo — lim 'F,H(BC,dpc) — 0
p p
In some good case like F,BC' = 0 for p big, the convergence of the spectral sequence is

granted, and E, is isomorphic to the Morse-Bott cohomology. For example, the symplectic
cohomology considered in [16, 97] satisfies such condition.
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Chapter 14

Orientations and Local Systems

The aim of this chapter is to discuss how the orientation conventions in definition 11.16,12.15
and 12.24 arise in applications. We need to use extra structures from Floer/Morse theory. In
particular, our discussion is based on linear gluing theorem for the determinant line bundles
over broken trajectories. For the Hamiltonian-Floer-(co)homology, the linear gluing theorem
was discussed in [42]. Most of or all Floer theories should share this property. In this chapter,
we discuss the counterpart of the linear gluing theorem in Morse-Bott setting without proof,
and we explain how do the orientations in Definition 11.16,12.15 and 12.24 from the gluing
properties.

14.1 Orientations for flow categories

Review of orientations in the Morse case

Take Hamiltonian Floer cohomology for (M, w) as an example, suppose we are in the Morse
case, i.e. all the contractible periodic orbits are nondegenerate. To avoid the Novikov coeffi-
cient, we assume w|,(a) = 0. The orientation problem is independent of the transversality,
that is the discussion below can be lifted to the underlying Banach manifolds/polyfolds.
But for simplicity, we assume that we are in a transverse situation, that is we have a flow
category {z;, M, ;}, where x; are the nondegenerate contractible periodic orbits, and M, ;
are the moduli spaces of Floer trajectories from z; to z;.

Following [42], we can assign each periodic orbit x; an orientation line o; with a Z
grading. Such line is constructed from the determinant line of a perturbed 0 operator over C
with one positive end at the infinity, and the grading is the index of the operator. For every
point in M, ;, there is an orientation line with a Z, grading coming from the determinant
line bundle of the Floer equation. All these lines from a line bundle o, ; over M, ;. We refer
readers to [106] for how to topologize the determinant line bundles. By the gluing theorem
for linear operators [42], we have an isomorphism over M, ,:

Pifij} - S*Oi & 05 — t*Oj, (141)
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and over M, ; x M, C M, there is an isomorphism:
. * *
PLigy ik - 100 @ T0jk = Ok,

where 7y, o are the two projections. p; ;1 and py; 43,453 are compatible in the sense that
there is commutative diagram over M, ; x M, up to multiplying a positive number:

A ®pyi,51,{5,k}
_—

5%0; ® T 0;; @ 505k 5%0; ® 0; 1
Pi,(i,j3®id
5570 @ 505k Pi{i.k}
T305,{4,k}
W;t*Ok
t*oy, t*op.

Let R be the trivial line bundle coming from the translation R action with grading 1. By
the fact that det(T'M, ;) ® R = o, ;, the above commutative diagram becomes (we suppress
the pull backs):

0; (2 det(TMm') & BT (029 det(TMng) & BS — 0; X det(TM@k) & Rt (142)

|

0; @ det(TM; ) ® R,

|

Op, Ok-

If we fix the orientations of o; for all x;, there are induced orientations on o;; through the
map (14.1), thus there are induced orientations [M; ;] on M, ;. By standard gluing argument
[1, Lemma 1.5.7.]:

(r,s) is pointing in the ¢ direction,

14.3
(—r,s) is pointing out along M, ; x M, C OM,. (14:3)

We fix such notations for later use. Thus (14.2) implies
(Ml (Ma] = (1) OMir] a, xms

This orientation relation can be used to prove d? = 0 for the Hamiltonian Floer cohomology
in the Morse case, and orientations —[M, ;| fit into the orientation convention in Definition
11.16.
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Orientations in the Morse-Bott case

We should expect similar structures and properties in Morse-Bott theories. We phrase the
structures as a definition and explain how to get an oriented flow category from there.

Definition 14.1 (Orientation Structure). An orientation structure on a flow category
C ={C;, M, ;} is the following structures.

1. There are topological line bundles o; over C; with Zo gradings and topological line
bundles o; ; over M, ; with Zy gradings for every C; and M, ;.

2. There are isomorphisms:

det(./\/lm-) X K = s"det Cl (029 0i.j X t* det Cj. (144)

3. There are bundle isomorphisms over M, ;:
Pifigy 15 0; @ s det C; ® 0;; — 70y, (14.5)
and bundle isomorphisms over over M, ; x; M C M;; x M:
Pligy (k) 1005 @ (X 8)"det TA; @ 5055 — 04k| M, My - (14.6)
4. The bundle isomorphisms are compatible in the sense that the following diagram over
M, ; x5 Mk is commutative up to multiplying a positive number:

id ®pyi53,(5,k)
s*0; ® s*det C; @ mj0;; ® (t X 8)*det A; @ w50, — Y %0, @ s*det O @ Oik

jﬂi,{i,j}@’id
5870, @ mys* det C; ® 50, Pi{ik}

jﬂ%ﬁj,{j,k}

t*Ok t*Ok.
(14.7)
The diagram makes sense, because over the fiber product M; ; x ; M i, mit*0; = 755" 05,
and (t x s)*det A; = m3s* det C.

5. (14.3) holds.

In applications, the topological line bundle o; usually comes from the determinant line
bundle of a perturbed Floer equation with exponential decay at the end over a domain with
one positive end. For the details on exponential decay, we refer readers to [14, 43]. The
topological line bundle o; ; usually comes from the determinant bundle of the Floer equation
with exponential decays at two ends over a cylinder. The bundle isomorphisms and their
compatible diagram are from a version of the linear gluing theorem for Fredholm operators
[42]. At last, condition 5 follows from the same argument used in [1].
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Proposition 14.2. Assume the flow category C has an orientation structure, and all the
line bundles o; are oriented. Then C can be oriented.

Proof. By (14.5), if o; are oriented, and C; are oriented, then there are an induced orientations
[0, j] on 0; ;. By (14.7), over the fiber product M, ; x; M, ;, we have:

s*[det Cy]mi o ;](t x s)*[det Ajlm5[0j%] = s™[det Ci][o;.x]

By (14.4), there is an induced orientation [M, ;] on each M, ;. Using the fact [A;][N;] =
[C}][C}] and condition 5, we have

(t % 8) [NFJOIMi ] [ a0, = (= 1) MG 5] M ]
Then orientations —[M,; ;| satisfy Definition 11.16. The extra minus sign makes signs in

(12.7) factorize nicely. O

Orientations for flow-morphisms

In this subsection, we explain how does the orientation convention in Definition 12.15 arise.
Like the flow category case, we define the structures to get orientations, which we expect to
hold in most of the applications.

Definition 14.3. Assume H = {H, ;} is a flow-morphism from flow category C to D, C and
D have orientation structures. An orientation structure on H is the following structures.

1. There are Zo graded topological line bundles oﬁj over H, ;.

2. We have bundle isomorphisms:

det TH;; = s* det C; ® o}, @ t* det D (14.8)
3. Over H; ;, we have isomorphism pf{z.J}.‘

pf{i’j} 5% ® 5" det C; ® ij — t*of. (14.9)
4. At the fiber product H; ; X Mfk we have bundle isomorphism:

HD - . .
Pk - 7rlofj ® (t x s)* det Af ® WQOfk — 0} (14.10)
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5. (14.9), (14.10) are compatible in the sense that we have a commutative diagram over

H;; X Mfk
“ C @A) k)
s 0 @ s*det C; @ miof’; @ (t x s)* det A; @ m30f), ———> s*0f ® 5" det C; ® of,
lpf{i,j}@d
7T§s*0jD ® mys* det D; @ ﬂg‘ofk Pl
l”Spf{j,k}
t*Ok t*Ok.

(14.11)
6. The R component for ofk in (14.4) points out on the boundary.
7. There are similar structures on the other type of fiber product M?j X Hjp.

In the Morse case, take Hamiltonian Floer cohomology [5] as an example, the bundle
of; is the determinant line bundle of the “time-dependent” Floer equation [5, p. 384]. In
the Morse-Bott case, then ofj is the determinant line bundle of the “time-dependent” Floer
equation with exponential decays at both ends. By the same argument used in Proposition
14.2, we have the following.

Proposition 14.4. Let C, D be two flow categories with orientation structures, and H be a

flow-morphism from C to D with an orientation structure. Assume oY, 0P are oriented, and

C and D are oriented by Proposition 14.2, then (14.8) (14.9) determine orientations on H; ;,
such that H is an oriented flow-morphism.

Remark 14.5. An orientation structure on a pre-flow-morphism is defined by the first three
conditions in Definition 14.4.

Orientations for flow-homotopies

In applications, the flow-homotopy from H to F' usually comes from throwing in an extra
[0, 1], parameter [5, p. 414], such that when z = 0, the equation defines flow-morphism H,
when z = 1, the equation defines flow-morphism F. Therefore we define a flow homotopy
with orientation structures to be:

Definition 14.6. Let H, F' be two flow-morphisms with orientation structures from C to D,
a flow-homotopy K between H and F' is said to have an orientation structure if the following
properties hold.

1. There is a Zsy graded line bundle oz{{j over K; ;, and
det K;; ~ R, ® s* det C; ® of; @ t* det D;. (14.12)

The z coordinate is pointing in along H, ; and pointing out along Fi ;.
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H

K _ K _ S F
2 opluy; = 03y, ojlr,; = o

i
3. Over K, j, we have:
pz{{{m} : S*Oic ® s*det C; ® ij — t*ojp. (14.13)
And pi{{lv‘]} = p’LI_;[{’L,]} over HZ,] C Ki,j; and p’LI,({’L,j} = pf{%]} over E,] C KZ,]
4. At the fiber product/breaking K; j X ; Mfk we have

K,D - N .
Pl Gy Th0hy @ (E X 8)" det AT @ w507, — 0fy. (14.14)

5. (14.13), (14.14) are natural in the sense that there is a commutative diagram over
Ki,j X Mfk N

s*0f ® 5™ det C; @ ol @ (t x s)* det A; @ w0l — s*0f ® 5™ det C; ® of,

|

* ox D * ok * D
mys*o; @ mys*tdet D @ w505,

|

t*Ok t*Ok.

(14.15)
Moreover, the R component of ofk coordinate points out on the boundary component
Ki,j X M]D,k C (‘9Kl7k

6. There are similar structures on the other type of fiber product ij X Kjp .

Fixing orientations of of and of if possible, (14.12), (14.13) imply the induced orienta-
tions of K; ;, H;; and F; ; satisfies

OKijln, ;] = [Hi;l,
O Kijlr,] = —[Fi -

In general, we have the analog of Proposition 14.2 14.4:

Theorem 14.7. Let K be a flow-homotopy between two pre-flow-morphisms F,H. Both

F, H are from C to D and everything is equipped with orientation structures. Assume o, oP

are oriented, and C,D, F, H are oriented by Proposition 1.2 14.4, then K, ; are oriented by
(14.12) (14.13), such that K is an oriented flow-homotopy between F and H .
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14.2 Local systems

From the discussion above, to get an oriented flow category /flow-morphism/flow-homotopy,
one needs orientations on o0;, however this is not always the case in the Morse-Bott case,
since there are nonorientable line bundles over closed manifolds. So we need to upgrade
the minimal Morse-Bott cochain complex to a version with local system. In fact, Definition
14.1,14.3 and 14.6 are exactly the structures we need to define a cochain complex/cochain
map/cochain homotopy.

In the case of finite dimensional Morse-Bott theory, let C' be a critical manifold with
stable bundle S, then in view of the Thom isomorphism, the contribution from a critical
manifold C' to the cohomology should be the cohomology with local system H*(C,det .S). In
the abstract setting, if a flow category has an orientation structure, then the line bundle o;
plays the role of det S.

We first recall the de Rham theory with local systems. The de Rham complex Q*(C}, 0;)
with local system o; is defined as sections of AT*C; ®y, 0;, and the usual exterior differential
lifts to Q2*(C}, 0;) to a differential d,,. The associated cohomology is denoted by H*(C;, 0;).
Wedge product defines Q*(C;,0;) x Q*(C;,0;) — Q*(Cy,0; @ 0}), which induces a map on
cohomology. In particular, since o] ® o; is canonically the trivial bundle, we have paring
H*(C,0%) x H*(C,0) — R by integrating over oriented C;. It is a nondegenerate pairing just
like usual case.

We define of X o; over C; x C; to be w0} ® m50;, then o] X o; restricted to the diagonal
A; is trivial. Therefore for any w € Q*(C; x Cj,0f Ko;), [ N is well defined, in particular,
it defines a linear map H*(C; x C;, 0 Ko;) — R, therefore it can be represented by a class in
H*(C; x Ci,0;R07) = H(C;, 0;) @ H*(Cy, 0f), i.e. the twisted Poincaré dual of the diagonal.
There are two ways to represent this class: The usual Thom classes 0" of the diagonal are
closed forms in Q*(C; x C;,0; ¥ of), since it is supported in a tubular neighborhood, and
0; X o7 is trivial over that tubular neighborhood. They represent the twisted Poincaré dual
of the diagonal. One the other hand, we can find quasi-isomorphic embeddings

H*(C;,0)) = Q(Cy,00), H (Cy, 07) — Q*(Cy, 07)
by choosing representatives {0;,} of H*(Cj,0;), and the dual basis in Q*(Cy,07) are {0;,}
in the sense that <9;‘7a,9i,b> = (—1)clisl f@;ia A 0;p = Oap. Then it can be checked that
> o Tibia N 7507, also represents the twisted Poincaré dual of the diagonal. Therefore one
can find fj € Q*(C; x Cj,0; W o) such that dfj' = 6} — >, 7104 A 1305, We define the
Morse-Bott cochain of a flow category with an orientation structure to be

BC:= lim [[H*(Cj0;) = lim [[H"(Cj,05) (since o; = o). (14.16)
q——00 j=q q——00 j=q

We need to argue that (12.7) still make sense. Let a € Q*(Cy, 0%), v € Q*(Csyk, 0s11), then
S:,s-i-ka A t:75+k7 € Q*(Ms,s+k7 8:,s+k0;'k ® t:,s—&—koj)' By (145)7 ps,{sus‘f'k} induces

Lok * * *
Ly i 55 o306 @l oy 1054k — 8" det Cs @ 05 544
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Since Cy,y is oriented, then by (14.4), we have bundle isomorphism
Ly : 55 ¢y det Cs ® 05 g 11 — det M o4

Then —Ly o Ly defines bundle isomorphism from s ;05 ® t5 ., 10s4x to det Mg iy The
negative sign is to match up that the negative sign in the proof of Proposition 14.2. Using
—Ly o Ly, we can interpret s; o At; 7 as an from in Q(M, p, det M, 1), Since
integration theory is well-defined for Q*(M; six,det M k) for every compact manifold
M o4 oriented or not, thus st,s+k Stsr k@ N5 o 1py 1s well-defined.

. s,k . .

Next, we consider M7 *[a, fori,7]. Since s% a0 A (tsspi X Sepisrk) fori A tiyiginy 18

a form in Q" (M s X Moy sin, Sgs4i0s ® (tssti X Ssyistk) (0syi X 0:—1—1) ® t:ﬂ s+k08+k)'
Since Ss s+i0s 0, ® ( s,s+i X 88+i18+k) (OS-H &Os—l—z) ®t5+1 S+k05+1€ equals tO( Ss,5+i0s s ® ts ,5+i0s, S-H) X

(Ss+i,s+k08+z ® ts+i,s+k0$+k)' Then _L2 © L1 for Ss s—H s s ® ts s—HOS s+1 and Ss+z s+kos+2 ®
. : :
Ueris110s+k induces bundle isomorphism:

S*O: &® (t X S)*(Os+i X O:Jﬂ-) &® t*08+k — det Ms,s—i—i ® det Ms+i’s+k — det(./\/l&sﬂ- X Ms+i,s+k)-

Thus M>*[a, fors,~] is defined. Similarly, MSk gl fl s [, 7] makes sense in the
local system setting. Thus the differential dpc = H dy (12.7) is well-defined and d%, = 0 by
an identical proof. The situation for flow-morphisms and flow-homotopies are the same.

C; nonorientable case

The discussion above can be generalized to the case when Cj is not orientable. In that case,
we can not orient M, ; using (14.4). Therefore we need to apply the construction with local
systems. Assume that C is a flow category with an orientation structure, where C; can be
nonorientable. Since integration is well-defined for Q*(C;, det C;), thus we have the pairing
H*(Cy,0f) x H*(C;,0; ® det C;) — R, and it is the nondegenerate by the twisted Poincaré
duality in [13].

For any form w € 7jof X 75 (0; ® det C;), since 75 det C; is canonically isomorphic det A;
over the diagonal A;, thus [, w is well defined. Thus [, defines a map from H*(C; x
Ci,mior R mi(o; @ det Cy)) to R, thus it can be represented the twisted Poincaré dual in
H*(C; x Cy, i (0; @ det C;) K w507).

If we choose the representatives {0;,} for a basis of H*(C,0; ® det C;), and the repre-
sentatives of dual basis in H*(Cj, 07) are denoted by {0;,}, then the twisted Poincaré dual
can be represented by » 70; 4 A 7307 ,. On the other hand, we would like to interpret the
twisted Poincaré dual by Thom classes. There is natural isomorphism 7} det C; @ 75 det C; ~
det A; ® det N; over the A;, induced by the same convention as in (11.1). Using the natural
identification 75 det C; — det A;, then there is an induced isomorphism 7§ detC; — N;.
Using this isomorphism, if a form in Q*(C; x C;, 7 (0; ® det C;) W w307) is supported in
the tubular neighborhood of A;, then it can be viewed as a form Q*(N;, det N;). Using the
twisted Thom isomorphism in [99], we get another representative of the twisted Poincaré
class by the Thom classes.
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Then dpc (12.7) is a well-defined coboundary map on BC' (14.16) by the same reason as
before, similarly for flow-morphisms and flow-homotopies.

14.3 Generalizations of the construction

It should be clear now, that the only essential ingredient in our construction is the equation:
=dff' +) w00 AT,
a

In fact, it is not necessary to construct our cochain complex on the cohomology of the
critical manifolds, we will extract the properties we used in the proofs to get a generalized
construction. Such generalization provides some freedom in applications, for example one
can use the generalized construction to prove Gysin exact sequence for sphere bundles over
flow categories. Moreover, this generalization will “almost contain” cascades construction as
an example.

Reductions

The following discussion works for local systems and non-orientable manifolds, but for sim-
plicity of notation, we only state the definitions in the oriented cases.

Definition 14.8. For an oriented compact manifold C, a reduction of Q*(C) is a pair
(A, A%), such that A, A* are finite dimensional subspaces of Q*(C) with dim A = dim A*,
and there ezists a basis {0,} of A and a basis {6%} of A*, such that (0%,0,) = 04 , and
Y a0, A 507 is cohomologous to the Thom classes ™.

Example 14.9. In our construction of minimal Morse-Bott cochain complex, we use the
reduction A = A* equals to the image of chosen quasi-embedding H*(C) — Q*(C).

Let C be an oriented flow category, and for every C;, we fix a reduction (A;, AY), then we
can define a cochain complex

= lim [ 4 (14.17)

Jj——00 i=j

The differential is defined as d* = [],_, d2*, where

da = (=1){eHDEHDN " da, 6, ) 07 (14.18)

s ~s,a?

with d is the normal exterior differential, and o € A¥. For k > 1 and v € Ag

(dan), = (091D (MHFa] + T STDMEE o flye o Fi )
(14.19)
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where x =37 1(C, a, i;).
Following the discussion in the previous sections of Chapter 14, the constructions in
Chapter 12 generalize to the following form by identical proofs.

Theorem 14.10. The following statements hold.

1. Let C be a flow category' with an orientation structure, and (A, A*) be a reduction.

Then (14.17), (14.18) and (14.19) define a cochain complex (BC*,d*) and the homo-
topy type of (BCA,d?) is independent of the reduction.

2. Let D be another flow category with an orientation structure, (B, B*) a reduction for
D and H a flow-morphism from C to D with an orientation structure. Then (12.45)
defines a cochain morphism gbﬁB : (BCA,d*) — (BCEB,dP) and the homotopy type of
oM is independent of the reductions.

3. Let € be another flow category with an orientation structure, (C,C*) a reduction for €
and F a flow-morphism from D to € with an orientation structure. Assume H and F
are composable, then qﬁﬁog and ﬁbg,c o QSX,B are homotopic.

4. Let G be another flow-morphism from C to D with an orientation structure. Assume
there exists a flow-homotopy K from G to H with an orientation structure, then (bﬁB
s homotopic ¢§,B'

One important feature of our construction is that the choices we make on the critical
manifolds C}, i.e. defining data or reductions, are independent of the structures of the flow
categories, flow-morphisms and flow-homotopies.

Example 14.11 (Cascades). Let’s neglect the difference between differential forms and cur-
rents for now. For a Morse-Smale pair (f,g) on critical manifold C, let A = {[S:]}aoccr(s),
A* = {[Us]}zecr(s). Then we have

[Ac] =D [S:][U] = d Jim[ | ] graphey]

o<t'<t

Thus {A, A*} is a reduction. Note that the “homotopy operator” fI' in our construction
might be different from the “homotopy operator” (U, ., graphey| in cascades construction,
but the homotopy operator in our construction is quite irrelevant as long as the convergence
results in section 12 hold.

One should be able to modify our construction to make the argument above rigorous.
We need an extension of the space of differential forms by adding in some currents, so that
[S2], [U] are in the extension. The currents that can be added into the extension depends on
the flow category. Roughly speaking, this extension is the dual of the restraint from singular
chain complex C.(C;) to the geometric chain complex Cyeo(C;) in Fukaya’s model.

LC; can be nonorientable.
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Example 14.12 (Gysin exact sequence). Assume we have two oriented flow categories £
and C, and there is a functor m : &€ — C, such that m maps E; to C; and /\/lf] to MZCJ
Moreover, 7w : E; — C; and m : /\/lf:] — MZC] are both n-sphere bundles. We will call £ is a
n-sphere bundle over C. We claim there is a Gysin exact sequence associated to the sphere
bundle:

Lo HY(C) D HY () D H™(C) —» H(C) — . .. (14.20)

To prove the claim, we construct two flow-morphisms I, and 1I*. II* is a flow-morphism
from C to &, on the space level 1I* is same as the identity flow-morphism for £, the only
difference is the source map on II* is the projection to C;. Similarly, 11, is flow-morphism
from & to C, and on the space level it is same as the identity flow-morphism for £, but the
target map for 11, s the projection to C;.

If the flow categories £ and C are actual spaces, then 1I* and Il, induce m*, 7, on co-
homology. In general, to prove the exact sequence, the minimal construction will not work.
Instead, we will consider the following reduction: For each sphere bundle m : E; — C;,
we fiz an angular form ; € Q*(E), such that dy; = w*e;, where e; is the Euler class
of the sphere bundle. We can pick representatives {0;,} of H*(C;) in Q*(C;), such that
e € (O, biaimm=cy))- Weuse{0i1,...,0;ammu~c,)} as part of the defining data © for C.
Then A = A* = (m*0;1, ..., T 0; aim 1+ (cy), T i1 A iy oo T0; gim 15+(cy) N Vi) 5 @ reduction
for Q*(E;), using them as a defining data = for €. Then the flow-morphisms I1*, 11, induces
cochain maps:

m* Iy
0 — BCS 2 BCE 25 BCS — 0. (14.21)

It can be proven that (14.21) is a short exact sequence, and the induced long exact sequence
is the Gysin exact sequence (14.20).
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Chapter 15

Equivariant Theory

The aim of this chapter is to construct an equivariant theory for a flow category with a
smooth group action. Our method of construction is based on the approximation of the
homotopy quotient. In the context of Floer theory, a construction in this spirit can be found
in [18]. All the results in this section, namely Theorem 15.1 and 15.9, can be generalized to
flow categories with local systems, but for simplicity, we only consider the oriented case.

15.1 Parametrized cohomology

Similar to the construction of parametrized symplectic homology in [18], we need to introduce
the parametrized cohomology of an oriented flow category, i.e. we need to take the product
of a flow category C with a closed oriented manifold B. Since taking product with B
automatically falls into the Morse-Bott case, using the theory developed in the previous
chapters, we have a direct and geometric construction. We will see that all we have to do
are some orientation checks.

Let C = {C;, M, ;} be an oriented flow category and B an oriented compact manifold
through out this section. We will construct the product flow category C x B first and the
parametrized cohomology is defined to be the cohomology of C x B. Each map f : By — By
will induce an oriented flow-morphism H/ from C x B, to C x B, and a homotopy induces a
flow-homotopy. The main result of this section is that, after taking the minimal Morse-Bott
cochain complex, we have a contravariant functor by this product construction:

Theorem 15.1. Let C be an oriented flow category, then we have a contravariant functor
Cx
Cx : K(Man) — K(Ch),

where IKC(Man) is the category with objects are closed oriented manifolds and morphisms are
homotopy class of smooth maps.
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Product flow categories

The first step towards the construction of functor Cx is to construct the functor on the
objects, i.e. the product flow categories:

Definition/Proposition 15.2. If we orient C; x B, M, ; x B by [C; x B] = [C}][B], [M,; x
B] = (—=1)3mB[M, ;][B]. Then C x B ={C; x B, M, ; x B} is an oriented flow category.

Let Ey — M, E5 — M, are two vector bundles, Fy B E5 is defined to 7} By @ 75 Ey over
My x My, where my : My x My — My, 7 : My X My — M, are the projections.

Proof of Proposition 15.2. It is clear that we only need to verify C x B satisfies the orientation
property in Definition 11.16. Since

O Mg x B = (=) P [My x; My (B,
j
Let Np be the normal bundle of Ag in B x B, and we orient it by [Ag|[Ng] = [B][B]. Then
the normal bundle of ch «B 18 N;HNp, if we orient N;H Ny by the product orientation, then
[Ac;x5|[N; B Np| = [C; x BJ[C; x B], i.e. [N; B Np| satisfying our orientation convention
(11.1) for C; x B.
Then

[N’L ENB]a[M’L,k X B|Mi7j><ij7k><B]

(=1 B[N, B Np|[My; x; M ][]
(_1)?m§+mi,j+jmi(mi,k—i)-i—dlmB [fivl]g;/lw X Mj,k:] [ABHNB]

(_1) Tm +mz,j+. im B(m; ,— )+c]mw+' im [Mz,]][/;/lg,k][B] [B]
(_1)d1mB—|—mi7j dim B(m; —1)+c;jm; j+dim Bm; ,+dim B [Mz,j % B] [M],k % B]

Because dim B + m; j + dim B(m;x — 1) + ¢;m;; + dim B - mj, + dim B? = dim B + m; ; +
(m;; + dim B)(c¢; + dim B), by Definition 11.16, C x B is an oriented flow category. O

It is very natural to expect the following Kiinneth formula for the product construction.
The proof involves some index computation. Since we will not use it, we will give the sketch
of the proof in the appendix.

Lemma 15.3. H*(C x B) ~ H*(C) ® H*(B).

Flow-morphisms between product flow categories

The second step is to construct the map between morphisms, i.e. for every smooth map
f: By = By, we want to associate it with a cochain map BC¢*B2 — BC¢*B1. To that end,
we will first construct a flow-morphism HY from C x B, — C x B;. Then the associated
cochain map is the cochain map ¢’ defined in (12.44). The flow-morphism H/ is defined
as follows:
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° HZ.J;. = M, ; x [0,j —i] x By with product orientation when i < j, and Hl?jj = () when
1> 7.
e The source and target maps s,t are defined by:

H]j — Cz X By
(m,t,0) = (s°(m), (b)),

H]j — Oj X By
(m,t,b) = (t°(m),b),

for m € M@j,t S [0,] —’i],b € B.

o For m € M,;,n € My ,t € [0,k —j],by € By,by € By, such that (m,n) € M, Xy
Mg, f(b1) = ba,

(Mg X By) ka{J - Hi{k

M (m,bg,n,t,bl) — (m,n,t—l—k‘—i,bl).

e For m e M;;,n e My, t €0,k —i],by € By, such that (m,n) € M, x My,

—_ H{kxk(/\/lkdel) — Hf
R: '_>

1]
<m7t7b17n7b1) (m,n,t, bl)

Proposition 15.4. Let f : By — By be a smooth map between two closed oriented manifolds,
then H{j defines a oriented flow-morphism from C x By — C X Bj.

Proof. All we need to do is the orientation check, it is analogous to the proof of Lemma
12.19. O

Proposition 15.5. Under the isomorphism in Lemma 15.5, ¢’ - H*(C x By,dpc) —
H*(C x By,dpc) equals to id @ f*.

For a given oriented flow category C, we now have enough prerequisites to define the
functor Cx : K(Man) — K(Ch):

On objects: B +— BC¢*B

;
On morphisms: (B EN By) — (BCCxB: i BCC*B)

To finish the proof of Theorem 15.1, we still need to show that homotopic smooth maps
induces homotopic cochain maps, and Cx is functorial.
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Flow-homotopies between product flow categories

Let f,g: By — By be two smooth maps, and D : [0,1] x By — By be a homotopy between
them, such that Dlyxp, = f and Dyyxp, = ¢g. We claim there is a flow-homotopy K
between the H/ and H9. Then K7P is defined as:

e Fori<j, K =10,1]; x M;; x [0, j —i]; x By with the product orientation. For i < j,
KP = 0.
ij

e The source map s is defined as:
[ ]XMZJ [, ]tXBl — OZ'XBQ
(s,m,t,b) +— (s°(m), Dy(b)).
e The target map t is defined as:

[0,1] x M;; x [0,j —i]; x By — C;x By

b (s,m,1,b) — (:(m),b).

o 1y HI S {0} x M, ;% 0,7 —i]s x By C Kig"
® o H9 = {1} x My; x (0,5 —i], x By C K[,
e mp is defined by

([0,1]s x M; ; x [0, — 1]y X By) x; (M X By) —
(s,m,t,b,n,b) —

1
(s, (m,n),t,b).

e my is defined by

[0,1]s x My x [0,k — i), x By C K[,

(Mij x By) x; ([0,1]s X Mg x [0,k —j] x By) — [0,1]y x My x [0,k —i] x By C K}
H

1
(m, by, s,m,t,b1) (s,(m,n),t+j —1,by).

Proposition 15.6. K is an oriented flow-homotopy from H' to HY.

Proof. We only need to check the orientations, and it is analogous to the proof of Lemma
12.19. 0

To complete the proof of Theorem 15.1, we still have to prove the functoriality. Let
g: By — By, f: By — Bs. It is not hard to see H/ and HY can be composed. We claim
there is a homotopy K¢ from HY o H9 to H'°9 o I is defined by the following.

o Ki;=10,2]; x M;; x 0,5 —i]; x By with product orientation, for i < j.
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e The source map s is defined as:

[0,2]s x M, ; x[0,j —i]s x By — C; X Bj
(s,m,t,b) = (s(m), fog(b)).

e The target map ¢ is defined as:

[0,2}5 X ./\/li,j X [0,] —i]t x B — Cz X B

b (s,m,t,b) — (t(m),b).

K3 j’
| (L, mi™) (M x 0,5 =il x Bs) xi H]{,jg — [0,1] x H}? ¢ K.
where m"* is the left-multiplication m;, for flow-morphism HY.

T ppfoq (C; x B3) x; HZ;Q — {0} x Hfog C K¢
® Lpfogo] — “J HTog

e When k > 7, LHgon\HZijHik is defined as:
(M x[0,7 —i] X Ba) X; (Mjrx[0,k—j]xBy) — [1,2] x My x[0,k—i] x B
(m,t1,ba,m,ta,by) — (kt%] +1,(m,n),t; + k—j,b),
when k = j, to must be zero, and 2. is defined to be 1.
e mp is defined by

(10,2] x M;; x [0, 5 —i] x By) x; (M x By)
(87 m? t7 b7 n7 b)

—_

]lekx[O k—z]xBch
,n),t,b).

14

—~
l\’)l(‘n
/\

e my is defined by

2] x Mg x [0,k —i] x By C K,

(M;; x Bs) x; ([0,2] x Mjx x [0,k —j] x By) — |1
— (§+17(m7n)7t+j_iabl)-

(m7 b37 S, n, ta bl)

Proposition 15.7. K¢ is an oriented flow-homotopy from H' o H9 to H/°9 o I.
Proof. The proof is analogous to proof of Lemma 12.109. O]
Proof of Theorem 15.1. Proposition 15.2,15.4,15.6,15.7 imply Theorem 15.1. O

Remark 15.8. There is a generalization of the construction above: Let By P TN By be
maps between closed oriented manifolds, then there is morphism from C x By to C x By with
H;; = M,;;x[0,7—i] x B, with the source and target map are induced by g, f. The homotopy
type of the induced cochain map is determined by the oriented bordism groups 2, (B, Bs),
which is defined as follows: an element in Q%,(By, B2) is represented a closed oriented n-
manifold M and two maps f,g from M to By, Ba, (M, f,g) and (N, f',q') are equivalent iff
there is an oriented bordism D from M to N and two maps F,G from D to By, By extending
Lo 19
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15.2 Equivariant cohomology

The functor Cx is not very interesting, because it is quite independent of the flow category
C. However, if C has a compact Lie group G acting on it, then the Borel construction,
which is just a product module the G action, merges some of the information of C into the
"homotopy quotient”. Thus nontrivial phenomena may arise from such construction. The
first step towards the Borel construction is to upgrade Theorem 15.1 to the following form:

Theorem 15.9. Let compact Lie group G acts on C in an orientation-preserving way (Def-
inition 15.10 ), then there is a contravariant functor CXq:

Cxc : K(Pring) — K(Ch),

where KC(Pring) is the category whose objects are closed oriented principal G bundle, and
morphisms are G-equivariant homotopy class of G-equivariant maps.

Since the classifying space EG — BG can be approximated by a sequence of closed
oriented manifolds F,, — B,, such that ... C F, C E,;; C .... EG — BG can be
understood as the “G-equivariant homotopy colimit” of the diagram ... C E, C E,;1 C .. ..
Therefore the classical Borel construction of equivariant cohomology [53] suggests that the
equivariant cochain complex of a flow category should be the composition of homotopy limit
and the functor C'x 4 to the diagram ... C F,, C F,.1 C .... We will construct this theory in
this section, in particular, we will show this construction is independent of the approximation
{E, — B,}.

The functor Cxg

Definition 15.10. A G action on an oriented flow category C is G actions on C;
and M, ;, such that source, target and multiplication maps are G-equivariant. We say the
G-action preserves the orientation, if the G-actions on C; and M, ; preserve the orientations.

Let E — B be an oriented G-bundle, such that the G action preserves the orientation.
Assume G acts on C in a orientation preserving manner, then G acts from right on C; x
E/M;; x E by (c,e)g = (g 'c,eg). Let C; xg EJM,;; X¢ E denote the quotient of the
G action. If we orient B, C; x¢ E and M, ; x¢ E by [G][B] = [E], [C; x¢ E|[G] =
(—1)dimGdmB[CI[F] and [M;; x¢ E][G] = (—1)dmBrdimGdm B A1, J[F] then Proposition
15.2 can be generalized to the following statement by an analogous proof.

Proposition 15.11. C xg E = {C; X¢ E, M, ; x¢ E} is an oriented flow category.
Moreover, Proposition 15.4, 15.6 and 15.7 can be generalized to the equivariant settings.

Proposition 15.12. Assume G acts on the oriented flow category C and preserves the ori-
entation. Let E1 — By, 'y — By be two oriented G-principle bundles and the G-actions on
EL, Es preserve orientations.
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1. Let f be a smooth G-equivariant map Ey — FEs, then there is an oriented flow-morphism
HY, from C x g Ey to C xg Ey, with [HL. . ) = [Cixa EBr, [H, ;] = [Mijyxa Ei[[0, —1]]
fori < 7.

2. Let g be another G-equivariant map Ey — FEs, and D : [0,1] x E; — Es be an

equivariant homotopy between [ and g, then there is an oriented flow-homotopy K&
between Hé and HY,.

3. Let h : Ey — FE3 be another equivariant map between two oriented G-principle bundles,
then there is an oriented flow-homotopy K¢ from HJ o Hé to Hgof ol.

Theorem 15.9 follows form Proposition 15.12.

Homotopy limit

Since our construction uses an approximation, we need to take limit in the end. Consider a
directed system of cochain-complexes:

...—)Ag—)A2—>A1—>A0

Then the limit lim A; is also a cochain complex. However, this limit is not very nice from
homotopy-theoretic point of view, i.e. if we change the maps in the directed system by
homotopic maps, then the homotopy type of lim A; may change. In our setting, the cochain
map is constructed only up to homotopy (Section 12.6), thus we need to apply a better
limit called the homotopy limit, whose homotopy type is invariant under the replacement of
homotopic maps. We recall some of the basic definitions and properties of homotopy limit
form [86].

Let N be the inverse directed set {... = 2 — 1 — 0}, {An, tam : 4 — Ay} be an
inverse system of chain complex over this directed set, i.e:

A B A, B A S A

Then there is a map v : [[ A; — ][ As, such that over the basis a, € A,,v(a,) = pn(an,).
Then holim A,, is defined to the homotopy kernel of 1 — v, i.e. 7'C(1 — v), where C(-)
denotes the mapping cone and ¥ is shifting by 1. Then we have a triangle in K(Ch):

1A, il 14, (15.1)

SN A

holim A,,

This construction is the infinite telescope construction. It is clear the homotopy limits of
any final subsets of N°” are homotopic to each other.
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There is a commutative diagram in K(Ch):

holim A, —[] 4» (15.2)

e

When l'&n1 A, = 0, i.e. Mittag-Leffler condition holds for A,,, then MA” — holim A,, is
a quasi-isomorphism. This is the reason why we sometimes can use limit instead of homotopy
limit in applications [18].

The long exact sequence from the triangle (15.1) implies we have the short exact sequence:

1
0— @H*_I(An) — H"(holim A,) — lim H"(A,) — 0.

Equivariant cochain complexes

Now, we are ready to define the equivariant cochain complex of a flow category with group
action. Pick an approximation Fy C ... C E; C ... of the classifying space in the sense of
Definition 8.8, such that F; is oriented and G preserves the orientation. Then applying the
functor Cx¢ to this sequence, we get an inverse system in KC(Ch):

... — BC®*cE2 _, pCCxekr _y potreko,
Definition 15.13. Equivariant cochain complex BC¢ is defined to holim BCC*¢Fn .

The result in Section 12.6 implies the homotopy type of BCs is independent of the
auxiliary defining data. To get a canonical theory, we still need to check BCg does not
depend on the choice of the approximation E, — B,,.

Independence of approximations

Assume there is another approximation E/ — B! of the classifying space, we want to form
a new sequence of approximation containing both E! — B! and E,, — B, as final subsets.
As preparation, we state the following two propositions, the proposition below is a simple
application of obstruction theory.

Proposition 15.14. Let Y — X be a smooth fiber bundle, with fiber ' is k-connected, and
X is a k dimensional manifold. Then there is a cross section for’ Y — X, and any two cross
sections are homotopic.

By this proposition, [53, Proposition 1.1.1.] can be modified into the following:

Proposition 15.15. Let E — B be a G-principle bundle, with E is k-connected. Then
for any closed manifold M with dim M < k, the principle bundles over M are classified by
[M, B], i.e. the set of homotopy classes of maps from M to B.
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Therefore by Definition 8.8 and Proposition 15.15, there exists n; € N, such that there is
an equivariant map Ey — £, . Moreover, there exists m; € N, such that there is an equiv-
ariant map B, — E,,,, and the composition £y, — E — E,,, is equivariant homotopic to
Ey, C E,,,. We can keep applying this argument to get a directed system in the equivariant
homotopy category of spaces:

E1—>E,’“—>Em1—>E;2%Em2—>...

which is also compatible with the two approximations {E,,, } and {£] } up to equivariant
homotopy.

Then Theorem 15.9 implies there is a well-defined inverse directed system in the homotopy
category of cochain complex:

R BCCXgEm2 — BCCXGEQQ — BOCXGEm1 — BCCXGEill — BCCXGE1 (153)

Let H denote the homotopy limit of (15.3). Since both BCexp, and BCCXGEmi are final
in the inverse directed systems above, thus

holim BC¢y g, = holim BC¢y g, = H = holim BCCXGEnLi = holim BC¢ g,

Therefore the homotopy type of BCq is independent of the approximation, i.e. we have the
following theorem.

Theorem 15.16. Let C be an oriented flow category, and the compact Lie group G acts on
C and preserves the orientation. Then the homotopy type of the equivariant cochain complex
BC¢q in Definition 15.15 is well-defined, and is independent of all the choices, in particular,
the choice of the approximation {E, — B,}.

Spectral sequences

From (15.1), the homotopy limit is the shifted mapping cone of 1—v. Thus the action spectral
sequence in Proposition 13.1 on BC®*¢F» induces spectral sequence on the homotopy limit.
In particular, we need to apply the following result from [104]:

Proposition 15.17. Let f : B — C be a map of filtered cochain complexes. For a fized
integer r > 0, there is a filtration on the mapping cone C(f) defined by:

ch(f) = Fp+an+1 D chn'

Then rth page E,.(C(f)) of the induced spectral sequence is the mapping cone of f" : E,.(B) —
E.(C).

By Proposition 15.17, let » = 1, there is a spectral sequence for BCy induced from the
action filtration on [IBCC*¢En . Since EY(IIBCex.p,) = ILH*(C, x ¢ E,,) with the differential
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coming from the d; term (12.7) for each C xg E,,. By Proposition 15.17, E,(BC¢) is the
(shifted) mapping cone of the cochain morphism

L—ov: ] lim [[H(Cpx¢ En) =[] lim [[H"(Cpxa En)
n 4——00 p=q n 4—— p=q
Since lel H*(C, x¢ E,) = 0, i.e. Mittag-Leffler condition for inverse system
.. H*(Cyxg E,) = H(Cp xg Ep_q) ...

Thus the natural map (15.2)

lim [[H&(C) =1lim lim [[ H*(C, x6 En) = Ei(BCo)
q——00 p=¢q n g——00 p=q

is quasi-isomorphism. The induced differential d§' on llLfl H H(.(C,) is the limit of d; for
q——0 p=¢q

C xg F,. Since d; comes from the moduli spaces without boundary, i.e. the pullback and

pushforward on cohomology. Therefore df is t, o s* : HA(C,) — HE(Cpy1) up to sign, i.e.

the pullback and pushforward on equivariant cohomology. The polyfold theoretic version of

d§ is the analog of the equivariant fundamental class in Theorem 9.1.

Corollary 15.18. There is a spectral sequence for BCq, such that
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Chapter 16

Basic Example: Finite Dimensional
Morse-Bott Cohomology

The aim of this chapter is to construct a flow category for finite dimensional Morse-Bott
theory. The existence of such flow category is a folklore theorem, stated in various places, e.g,
6, 44]. The Morse version of the flow category was introduced in [26], and [103] provided a
detailed construction for the flow category of a Morse function for metrics which are standard
near critical points. In this chapter, we prove that there is a flow category for any Morse-Bott
function if we use a generic metric. The local analysis in our case is just a family version of
the analysis in [103].

In the Morse case, [5] provides an argument to reduce the continuation maps and homo-
topies to some gradient flow counting. Similarly, we can construct the flow-morphisms and
flow-homotopies by looking at some flow-categories. Therefore, just like the Morse case, we
can prove the cohomology of the flow-category is independent of the Morse-Bott function.
The main theorem of this chapter is

Theorem 16.1. Let f be a Morse-Bott function on a closed manifold M, then there exists
metric g, such that the compactified moduli spaces of (unparametrized) gradient flow lines
form a flow category with an orientation structure. The cohomology of the flow category is
independent of the Morse-Bott function and equals the reqular cohomology H*(M,R).

Let f be a Morse-Bott function on M throughout this chapter, and the critical manifolds
are C1,...,C,, such that f(C;) < f(C;) whenever i < j. We can fix a real number 6 > 0,
such that ¢ is strictly smaller than the absolute values of the nonzero eigenvalues of Hess(f)
over all critical manifolds C;.
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16.1 Fredholm problem for finite dimensional
Morse-Bott theory

Like the Morse case, the moduli spaces of parametrized gradient flow line from C; to Cj is a
zero set of a Fredholm operator over some Banach space B; ;. The construction of B, ; was
included in the appendix of [43] as part of the Banach manifolds of the cascades construction,
we review the construction briefly.

First we fix an auxiliary metric gy on M. Let v be a smooth curve defined over R, such
that

lim y(t) =z € C; and lim ~(t) =y € C}, (16.1)
t——o0 t——+o00
d
|%7|90 < Ce™° for |t| < 0 and some constant C. (16.2)

Let P(C;, C;) be the space of continuous path defined over R, connecting C; and C;. The
Banach manifold B; ; will be a subspace of P(C;, C;), we will first describe the neighborhood
of v in B, ;. For this purpose, we fix the following things.

1. Fix a smooth function x : R — R, such that x(¢) = |¢| for [t| < 0. Then we can define
the weighted Sobolev space HE(R,+*T M) with norm | flae = X £ ., for k > 1.

2. py(t) are smooth functions which are 1 near +oo and 0 near Foo, such that (16.3)
makes sense.

3. Fix local charts of M near z,y, such that C; near z is a radius r ball in zy,...,z,,
coordinates, and C; near y is a radius 7 ball in yi, ...,y coordinates.

Then there exists K, such that when f € HF(R,v*T'M) with |flge < K, then [f| is point-
wise smaller than the injective radius of the metric go. Let exp denote the exponential map
associated to the metric go. Then there is a map:

Br(HE(R,v*TM)) x B,.(R%) x B,(R%) — P(C;,C))

Ci Cj
(fa Liyee5Teys Yty - 7%]-) = eXp’yf + Zp—x’b + ZPH% (163)
1 1

B, ; consists of images of all such maps in P(C;, C;) for all curves ~ satisfying (16.1) and
(16.2). Let & ; — B;; be the vector bundle, with the fiber over v € B;; is H¥ (R, y*T' M),
it was proven in [43] that:

Proposition 16.2 ([43]). B;; is a Banach manifold. & ; — B, ; is a Banach bundle.

Since B; ; — C; x C; are submersions for all 7 < j, the fiber products B, ; X ... X By, are
Banach manifolds. Moreover, &, i, Xi, ... Xi,_, Eir_1.ir — Big,is Xiy - - - Xip_y Bi_,.i\, are Banach
bundles for all 79 < i1 < ... < 4. Given a metric g, then there is a section s;; : B;; — & ;
defined by s(v) =+ — V4, f (7).
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Proposition 16.3 ([43]). s;; is a Fredholm operator with index ind; — ind; +¢; + ¢;, where
ind; is the dimension of negative eigenspace of Hess(f) on C;.

Proposition 16.4. For a generic metric g, s;; is transverse to 0, and the fiber products

Sioin (0) Xiy oo Xy s; 5 (0) are cut out transversely for all i < ... < iy.

Proof. The proof follows from a standard Sard-Smale argument by considering the universal
moduli space of all metrics, and the results for the fiber products follows from applying the
Sard-Smale argument to S, i, Xi -« Xio_y Sip_rvin © Biosin Xiy - Xip_y Bi_viin — Eigir Xia
- Xip_y Sikflﬂ'k' [

We call such pair (f, g) a Morse-Bott-Smale pair. Let M;; denote s; (0)/R, then M; ; =
Uicii<..<iz<iMii X4 ... X4, M;, ; can be made into a compact topological space. For the
topology one puts on this space, we refer readers to [103, 5] for details.

16.2 Flow categories of Morse-Bott functions

The main theorem of this section is that we can put smooth structures on M; ;, such that:
Theorem 16.5. {C;, M, ;} is a flow category.

To prove this theorem, we need to equip M, ; a smooth structure with boundary and
corner. One strategy is using a gluing map [96], which can be generalized to Floer theory.
However, we will adopt a simpler method from [26, 103, 5], which only exists in finite
dimensional Morse-Bott theory.

Lemma 16.6 ([87]). Let C; be a critical manifold of the Morse-Bott function f, then there
s a tubular neighborhood of C; in M diffeomorphic to the normal bundle N of C;. Moreover,
N can be decomposed into stable and unstable bundles N°, N*, and there are metrics g°, g*
on N*, N*, such that f(v)|y = f(C;) = [v°[2 + [v*[2., where v € N, and v, v* are the stable
and unstable components of v.

Let gc, be a metric on C;, If a metric g near C; has the form 7*g¢, + ¢° + g*, where 7 is
the projection N — C}, we say the metric g is standard near C;. In fact, we can require the
Morse-Bott-Smale pair to have standard metric near all critical manifolds. For a standard
metric, the gradient vector in N is contained in the fibers of the tubular neighborhood.
Therefore the local picture of gradient flow line is just family of the Morse flow lines in each
fiber. When restricted to a fiber F' with coordinate 1, ..., Zs, y1, ..., Y, the pair (f,g) is
standard and is in the following form:

fle = —ai—.. . =224y} +.. . +y2+C

glr = dry®dey +...+des@dey +dyy @ dyy + ... + dy, @ dy,
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Inside the fiber F', we define

Stoi= (.., x|+ 2 =),
Seo= Al w)ly + .y =17
Dl = {(zy, .. x|+ 2t <t
Dy = Ay yalyd + oy <t

Let M be the moduli space of gradient flow lines and broken gradient flow lines of (f|r, g|r)
from ST x Dy, to D x S}, let ev_, evy be the two evaluation maps of M, the following lemma
is essentially contained in [103]:

Lemma 16.7. im(ev_ x evy)(M) C (ST x DI) x (D% x ST is a submanifold with boundary.

%'z, e*'y), thus the image of unbroken flow lines

Proof. Since the gradient flow lines are (e~
are (x,y, “T’—‘x, ¥)s it is a submanifold in (57 x D;) x (D x Sy). The image of broken flow
lines are (z,0,0,y), it is also a submanifold in (S7 x D) x (D% x S!). And the boundary

chart is given by (¢,2,0,0,y) — (x,ty, tx,y), thus the lemma is proven. ]

Remark 16.8. Lemma 4.4 of [103] composes the ev_ X ev, with projection (x,y', z' y) —
(W, x,y) to get a homeomorphism from M to [0,1) x ST x S!.. This homomorphism was
used in [103] to construct the smooth structures with boundary and corner on M. Since the
projection restricted to im(ev_ X evy)(M) is a diffeomorphism, we can also use the smooth

structure on im(ev_ X evy )(M) to make M manifold with boundary and corners.

Since S x D] and D; x S} are transverse to the gradient flow, then Lemma 16.7 also
holds if we replace ST x D’ and D’ x S by open sets in f|z'(C —€) and f|z'(C +¢).

Now we return to the Morse-Bott case with standard metric near C;. Let ¢' be the flow
for Vf, then the stable manifold S; of C; is defined to be:

S; = {x € M| Jim ¢'(z) € Ci}.
—00
And the unstable manifold Uj; is defined to be

Ui = {.Z' € M]tgr_n ¢t($) S Cl}

Both S; and U; are equipped with smooth evaluation maps to C;. Then we have the family
version of Lemma 16.7 as follows.

Lemma 16.9. Given a standard metric near C;, let N, be the radius r tube of C;. Suppose
€ 1s a positive real number, and vf“ denotes f(C;) £ €. Let M;., denote the moduli space
of flow lines and broken flow lines from f~(v;) N N, to f~1(v;}) N N,. Then there exist
e, > 0, such that image of ev_ X evy|p, ., is a submanifold with boundary in (f~'(v; ) N
N,) X (f7Hv ) N N,), and the boundary is (f~'(v; ) N.S;) x¢, (v;i)NTH).
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Proposition 16.10. M, ; x; M; UM, can be given a structure of manifold with boundary.

Proof. Since
Mi,j ~ UZ N Sj N fﬁl(Ujie)

Mj,k ~ Uj N Sk N f_l(?]j_e)

The Morse-Bott-Smale condition is equivalent to the intersections are transverse. On the
other hand, let M;; N M., be the set of flow lines in M, ; which contains a flow line in
M ., then it is an open set of M, , and we have embedding

ev_ X evy : My N M, — (f_l(vj_g) N N,) X (f_l(v;.“) N N,.).
The image is
im(ev_ X evy)(M; e N M) = im(ev_ x evy ) (" M) N (UM f7H(0;9)) x (SN f7H(v)9))).

The Morse-Bott-Smale condition implies that the intersection is transverse. Moreover 0 im(ev_ x
evy)(Myer) = (f (07 NS:) X, (f (v )NUy) is also transverse to (U; N f 1 (v;)) x (SN
71 (v]©)), since fiber product M; ; x; Mj, is transverse. Thus im(ev_ x evy ) (M N M)
can be completed with boundary by the boundary structure of im(ev_ x evy)(M,.,), that
is we can add in (U;N.S; N f~(v;)) X, (SkNU;N fH 0] ) = M; j x; Mj, as the boundary
of M;, N M,;.,. The topology check is analogous to [103]. O

Therefore we have gluing map p; : [0,1) x M, ; x; M;; — M,,, such that p;(0) is identity
on M;; x; My, and p; : (0,1) x M;; x; M;; — M,;; C M,,;. Let p; denote the gluing map
[0, 1) X Mj,k Xk Mk,l — Mj,k, thus we have map:

[0,1) x [0,1) x M; ; xj Mg X Mg — M (s,t) = p;(t) o pr(s),

which defines the corner structures of M, ;. For corner structures with higher degeneracy
index, we can use the similar constructions. This proves Theorem 16.5.

Let o; is the determinant line bundle of the stable line bundle over C;, then {C;, M, ;}
defines a flow category C;, with an orientation structure. Thus we have an associated
Morse-Bott cohomology.

16.3 Morphisms and homotopies

To derive the flow-morphisms between different Morse-Bott functions and flow-homotopies
between them, we will use the argument from [5] to reduce the construction for flow-
morphisms and flow-homotopies back to the flow categories.
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Flow-morphisms

Let (f1,91) and (fs, g2) be two locally standard Morse-Bott-Smale pairs, let C! = {C}, ./\/lzlj}

and C? = {C}, M7} denote the associated flow categories. We can find a smooth function

F:R x M — R, such that:
fl(I> t < %,
fg(l’) t >

We consider a Morse function A on R, such that it only has two critical points, one local
minima at 0, and one local maxima at 1, and

F(t,z) =

Wi

oF dh
\ M;te(0,1), —+ — > 0.
x E Y E ( ? )’ at + dt
Then F + h defines a Morse-Bott function on R x M, with critical manifolds C} x {0} and

C? x {1}, we can find a locally standard metric G' such that

g +dt@dt ¢< 3,
G(t,z) =
gp+dt@dt t> 2.

also with the property (F, () is a locally standard Morse-Bott-Smale pair. Then by Theorem
16.5, we can associate (F' + h,G) a flow category with an orientation structure. Let Fj;
denote the compactified moduli space of flow lines from C} x {0} to C7 x {1}, then F; ; form
a flow-morphism from C' to C2. When F(t,z) = f(z), and we can choose G = g + dt?, then
F,;=C;and F;; ~ M, ; x [0,1] >~ I, ;, for i < j.

Flow-homotopies

Assume we have continuations F, G, H from f; to fo, fo to f3 and f; to f3 respectively, then
we can find K : R; X R, x M — R, such that:

((H(t,z) s<3,
F(s,z) t<3,
K(s,t,z) =
G(t,z) s> 2,
L fg(flf) t > %

We can find h with one local minima at 0 and local maxima at 1, such that

K
V(s,t,x) € (0,1) x R x M,aa—s + h'(s) > 0,
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V(s,t,x) € R x (0,1) x M’%_[t( +h'(t) > 0.

Then K + h(s)+ h(t) defines a Morse-Bott function, with critical manifolds C} x {(0,0)},
C? x {(1,0)}, C? x {(0,1)} and C? x {(1,1)}, and we can find a locally standard Morse-
Bott-Smale metric extending the locally standard metrics used in F, G, H and f3. Then the
flow lines from C} x {(0,0)} to C? x {(1,1)} give rise to a flow-homotopy between G o F
and [ o H.

Proof of Theorem 16.1. By Theorem 16.5, we have a flow category C;, with an orientation
structure for any locally standard Morse-Bott-Smale pair (f,g). Using the flow-morphisms
and flow-homotopies above, we can see that cohomology of C;, does not depend on (f,g).
Thus we can choose f = C, and g be any metric, then (f,g) is a locally standard Morse-
Bott-Smale pair. The corresponding flow category has object space and morphism space are
both M, thus the cohomology of the flow category equals to the cohomology H*(M,R). [

Since Morse-Smale pair is a special case of Morse-Bott-Smale pair, and our definition
of cochain complex recovers the Morse cochain complex when the function is Morse. As a
corollary, the R coefficient Morse cohomology equals to the de Rham cohomology of M.
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Chapter 17

Transversality by Polyfold Theory

With the theory on flow categories developed in the previous chapters. The remaining
problem is to get a flow category in applications, i.e. we need to solve the transversality
problems. For this purpose, we will adopt the polyfold theory developed by Hofer-Wysocki-
Zehnder [58, 60, 59]. This chapter outlines some ideas on combining our construction with
polyfold theory, details will appear in future work.

Polyflow categories

The main result of chapter 12 is that for any oriented (with an orientation structure) flow
category, we can associate a well-defined cochain complex up to homotopy. If we want
to write down a representative cochain complex of the homotopy class, we need to fix a
defining data ©. In applications, take Hamiltonian Floer cohomology as an example, the
flow category is the zero sets of some Fredholm sections over some polyfolds [102]. A natural
consideration is that we replace every manifold M; ; in the flow category by strong polyfold
bundle W;; — Z;; with a Fredholm section s;;, and all W;; — Z;;,s;; are organized
just like a flow category, and when all s;; are transverse to 0, then s; jl(O) defines a flow
category. We wish to assign a well-defined cochain complex to such system of polyfolds up
to homotopy, and when we want to write down an explicit representative cochain complex
for the homotopy class, we need to fix a family of perturbations and a defining data.

Definition 17.1 (Polyflow category). A polyflow category is a small category Z with fol-
lowing properties.

(P1) The object space Objz = C' is a manifold without boundary. C' = U;czC; is the disjoint
unton of manifolds C;, such that each connected component of C; is a closed manifold.

(P2) The morphism space Morz = Z is a polyfold. The source and target maps s,t : Z — C
are sc-smooth. Let Z; ; denote (s x t)71(C; x C}).

(P3) Z;; ~ C; (i.e. the identity morphisms), Z;; = 0 for j < i, and Z;; is a polyfold for
j>i.
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(P4) The fiber product Z;, i, X, Ziy iy Xiy - - - X
sequence of ig < i1 < ... < ig.

Z; 15 cut transversely, for all increasing

Tp—1 “ik—1,0k

(P5) The composition m : Z; ; X; Z; . — Ziy is an sc-smooth injective map into the boundary
Of Zi,k:-
(P6) m: [1;c;c 0°(Zij X5 Zin) — 0'Ziy is an sc-diffeomorphism.

(P7) There are strong polyfold bundles W; ; — Z; ; and Fredholm sections s; ;, such that both
the bundle and section are compatible with m, i.e. m*W; Ziixi i = Wi x Wi and

Si,k|m(z,-,jszj,k) = m(Si,ja Sj,k)-

(P8) For each connected component C® of C;, when restricted to the subset of (sxt)~1(C®, C;),
S8;.j 1S proper.

(P8) (Alternative for P8)For each connected component C§ of C;, when restricted to the
subset of (s x t)71(C;, Cf), sij is proper (or simply require s; ; is proper, when Cj, C;
are compact).

(P4) can be replaced by a convenient condition: (s x t)|z, , are submersions. The index
ind s; ; plays the role of m; ;, and the determinant bundle det s; ; plays the role of det M, ;.
We can define graded and oriented (or with orientation structures) polyflow category in
a similar way. When all s;; are transverse to 0, the zero sets form a flow category. So
the problem becomes: can we find a family of sc+ perturbation p; ;, such that s;; + p;;
is transverse and consistent with the composition m. The consistency with m is called
coherence of the perturbation and it depends on the combinatorics of the problem. In
the case of polyflow category, the combinatorics are relatively simple and we can have a
perturbation scheme:

Claim 17.2. There exists coherent perturbations p; ;, such that s; ; + p; j are transverse to 0
and in general position.

Remark 17.3. The claim is not correct when there are inner symmetries of the polyflow
category and we want to preserve the symmetries in the perturbation. To be more precise,
we may have Z; j is same as another Zy;, and if we want p; ; = pr,; then we may not be able
to find transverse perturbations in general position. In application, e.g, Hamiltonian Floer
cohomology, we will see such phenomenon if we are forced to use Novikov coefficient. In
the Morse case, such phenomenon also causes problems (aka. self-gluing) in the homotopy
argument. The homotopy argument can be viewed as a Morse-Bott problem with critical
manifolds copies of R. In fact, such problem of inner symmetry cause problems as long
as the polyflow category has critical manifolds other than points. However, under certain
assumptions' of the polyflow category, we can actually perturb the source and target maps

I Basically, we require a collar neighborhood near the boundary and corner of polyfolds, such assumptions
are satisfied in all known examples.



CHAPTER 17. TRANSVERSALITY BY POLYFOLD THEORY 195

consistently to destroy all the inner symmetries. We will discuss this in detail in our future
work.

Although the polyfold perturbation theory only provides branched suborbifolds as the
transverse zero set. Since the convergence results, i.e. Lemma 12.5,12.13, are local. The
only thing we need about M, ; is the Stokes’ theorem, which was proven in [63]. Thus
all the proofs in Chapter 12 go through. We can define polyflow-morphisms and polyflow-
homotopies similarly by replacing the manifolds by polyfolds with Fredholm sections. Once
the perturbation scheme is given for those structures, we can generate flow-morphisms and
flow-homotopies.

The enrichment to polyflow category causes more choices, i.e. the choice of perturbation.
We would like to have the cohomology independent of sc+perturbation. Such invariance can
be proven using a homotopy argument in the flavor of our Morse-Bott constructions.

Claim 17.4. Z is a polyflow category without inner symmetry (or with some extra assump-
tions on the polyfolds, if there are inner symmetries), then we can associate it with a minimal
Morse-Bott cochain complex (BC?, dpc), such that the homotopy type of the cochain complex
1s independent of defining data and sc+ perturbations.

Equivariant theory

In chapter 15, we discuss the equivariant theory when the flow category is equipped with
group action. However requiring G acts on the flow category is equivalent to requiring G-
equivariant transversality, which is known to be obstructed sometimes. So we need to lift
the Borel construction to the polyflow category instead of applying it directly to the flow
category.

Definition 17.5 (Polyflow category with G action). G acts on polyflow category C iff G
acts on C; and W;; — Z;;, all s;; are G-invariant, and the structure maps s,t,m are
G-equivariant.

If we fix an approximation F,, of EG, then we can form a sequence of polyflow categories
Z X g E, by the quotient construction in Theorem 4.42. Under little extra assumptions on
Z, we will have a sequence of polyflow-morphisms connecting Z x4 F,,. Then we have a
directed system in the “category” of polyflow categories, and we can get an inverse system
of cochain complexes by applying claim 17.4, then the equivariant cochain complex will be
the homotopy limit of this inverse system. The details will appear in our future work.
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Part 1V

Vanishing of Symplectic Homology
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Chapter 18

Vanishing of Symplectic Homology
and Obstruction to Flexible Fillability

18.1 Preliminaries on fillings and symplectic
homology

Symplectic fillings

We assume throughout this note that (Y, ¢) is a contact manifold of dimension 2n — 1 > 5,
such that £ is co-oriented and its first Chern class ¢;(§) = 0.

Definition 18.1.

o (W, A) is a Liouville filling of (Y,&) iff A\ is a symplectic form on W, the Liouville
field X, defined by ix,d\ = A, is outward transverse along OW , and (OW, ker A|ow ) is
contactomorphic to (Y, €).

o (W, X\ @) is a Weinstein filling of (Y,€) iff (W, ) is a Liouville filling, ¢ : W — R is
a Morse function with mazimal level set OW , and X is a gradient-like vector field for

o.

o (W, X ) is a flexible Weinstein filling of (Y, &) iff (W, X\, ¢) is a Weinstein filling, and
there exist reqular values ¢; < ming < ¢y < ... < ¢ < max¢ of ¢, such that there
are no critical values in [c, max @] and each ¢~ ([c;, cir1]) is a Weinstein cobordism
with a single critical point p whose attaching sphere A, is either subcritical or a loose
Legendrian in (¢~ (c;), Np-1(c,)), see [22, 71]

For simplicity, we only consider connected fillings in this note.

For grading reasons in symplectic homology, we will only consider Liouville domains
satisfying the following property.
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Definition 18.2. A Liouville domain W is topologically simple iff c;(W) = 0 and m (0W) —
m (W) is injective.

Proposition 18.3. Assume (W, \, ¢) is a Weinstein filling of (Y,£). Then W is topologically
simple.

Proof. Since ¢ has only critical points with index less than n = %dim W, the filling W can
be constructed from Y by attaching handles with index greater than n; see [22]. This implies
that m(W,Y) = 0, since n > 3. Now injectivity of m;(Y) — m (W) follows from the long
exact sequence

oo m(WY) 5 m((Y) - m(W) — ...

By [71, Proposition 2.1}, ¢1(£) = 0 implies that ¢; (W) =0 O

Given two Liouville domains W, W’ we can join them by adding a 1-handle and then
extend the Liouville structure to the handle. The resulting Liouville domain WgW’ is called
the boundary connected sum of W and W’. The contact boundary o(WgW’) is the contact
connected sum of the contact boundaries OW#0W’; see [22].

Proposition 18.4. Let W and W' be two topologically simple Liouville domains. Then the
boundary connected sum WaW' is topologically simple.

Proof. Topologically, WiW' is constructed by attaching a 1-handle to the disjoint union
WI]IW’. Let ¢ denote the inclusion W][W’' < WiW’. Then * : H*(WEW"Z) —
H?*(W;Z) ® H*(W';Z) is an isomorphism. Note that ¢;(W) = ¢;(W’) = 0 implies that
(W TIW') = 0. Since t*c;(WEW') = e, (W [[W'), we have ¢;(WiIW') = 0.

We have m(WiW') = my(W) * m (W') and m (O(WEW')) = m (OWH#IW') = w1 (OW) %
m1(OW’) by the van Kampen theorem. Since m(OW) — (W) and m (OW') — m (W) are
both injective, the induced map on the free product of groups is also injective. Hence WhlW’
is also topologically simple. O]

The following definition is due to Lazarev [71, Definition 3.6], and it generalizes the
dynamically convex contact structures studied in [2, 24, 57]. A contact form « for the
contact structure ¢ is called regular, if all Reeb orbits of a are non-degenerate. Let oy, as be
contact forms for the same contact structure £. A partial order on the contact forms for a
fixed co-oriented contact structure is given by oy > an iff @y = fan and f > 1; see [71, §3].

Definition 18.5 (71, Definition 3.6]). A contact manifold (Y*"~1 ) is called asymptotically
dynamaically convex, if there exist non-increasing reqular contact forms ay > «sg ... for & and
a sequence of increasing numbers D1 < Do < ... going to infinity such that every contractible
Reeb orbit ~ with period smaller than Dy has the property that pcz(v) +n — 3 > 0, where
wcz(7y) is the Conley-Zehnder index of the non-degenerate orbit .

An important fact is that the property of asymptotically dynamically convex is preserved
under subcritical surgeries and flexible surgeries [71, Theorem 3.15, 3.17, 3.18]. In this note,
we will use the following special case.
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Proposition 18.6 ([71, Theorem 3.15]). Let (Y1,&1), (Y2, &) be two asymptotically dynami-
cally convex contact manifolds, then the contact connected sum (Y1#Yo, &1#E2) is also asymp-
totically dynamically convew.

Lazarev also showed that there is a large class of asymptotically dynamically convex
contact manifolds.

Proposition 18.7 ([71, Corollary 4.1]). If (Y, &) has a flexible Weinstein filling, then (Y, §)
18 asymptotically dynamically conver.

Symplectic homology and positive symplectic homology

To a Liouville filling (W, A) of the contact manifold (Y, €), one can associate the completion
(W,d\) = (W Uy [1,00), x Y,d)\), where A = A on W and A = r(A|y’) on [1,00), x Y.
For any coefficient ring or field k, the symplectic homology SH.(W; k) is defined to be the
Hamiltonian Floer homology on (/I/I?, dX) for the quadratic Hamiltonian H, where H = r?
on the cylindrical end and C? small on W. After a C? small perturbation of H, the chain
complex is generated by the contractible Hamiltonian periodic orbits. There are two types
of generators: (1) critical points in W, (2) periodic orbits in [0, 00) X Y. One can choose the
perturbation carefully such that there is a one-to-one correspondence between Reeb orbits on
Y and pairs of Hamiltonian periodic orbits on [0, 00) x Y. The differential arises from counting
the solutions to the Floer equations; see [21, 97, 71] for details of the construction. The
complex generated by the critical points in W is a subcomplex and the positive symplectic
homology SH (W k) is defined to the homology of the quotient complex; see [24]. Moreover,
we have the following exact triangle.

Proposition 18.8. [71, §2.4] For a Liouville domain W with ¢;(W) = 0, there is an ezact
triangle:
H'(W; k) SH.(W;k)

[-1] /

SH(W;k)

Since there is a correspondence between the chain complex for SH;(W;k) and Reeb
orbits, one may hope that SH (W k) is an invariant of the contact boundary. This is not
true in general, but if Y is asymptotically dynamically convex, then the positive symplectic
homology SH (W, k) is independent of the choice of topologically simple Liouville filling
W, hence a contact invariant.

Proposition 18.9 ([71, Proposition 3.8)). Let (Y, ) be an asymptotically dynamically con-
vex contact manifold. If there are two topologically simple Liouville fillings Wy, Ws, then
SHI (Wi k) = SH(Wy; k).
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For the proof of Theorem 1.6, we also need to recall the ring structure and boundary
connected sum formula on symplectic homology.

Proposition 18.10 ([89, Theorem 6.6]). The pair of pants product SH.(W; k)2SH,(W; k) —
SH.ivn(W; k) makes SH.(W; k) into a unital ring, with the unit in SH,(W). The mor-
phism H"*(W; k) — SH.(W;k) in Proposition 18.8 is a unital ring morphism, where the
multiplication on H"™*(W; k) is the usual cup product.

Proposition 18.11 ([21, Theorem 1.11]). Let W, W' be two Liouville domains with ¢c;(W') =
(W' =0. Let v : WI[W' — WyW’ denote the inclusion. Then the Viterbo transfer
map sy @ SH.(WoW' k) — SH,(W; k) ® SH,(W'; k) arising from the inclusion ¢ is an

1somorphism.

18.2 Proof of Theorem 1.6

Proof of Theorem 1.6. We will first show SH,(W’; k) = 0 for any field k. By the universal
coefficient theorem [76], SH,(W;Z) and SH.(W; k) are related by the following short exact
sequence.

0—SH.(W;Z)®zk — SH,(W; k) — Tor (SH._1(W:;Z),k) — 0. (18.1)

Hence SH,(W;Z) = 0 implies that SH.(W; k) = 0 for any field k. Then Proposition 18.8
yields an isomorphism

SHIf(W;k) = H"™ = (W; k). (18.2)
Since (Y, €) is asymptotically dynamically convex and both W, W’ are topologically simple,
Proposition 18.9 and (18.2) yield an isomorphism

SHIf (W' k)= SHN(W; k)= H" (W k). (18.3)
Applying Proposition 18.8 to W', we have the following long exact sequence

. H YW k) = SH, (W k) — SHE (W' k) — H (W' k) — SH,(W'; k) — ...
(18.4)
therefore SH,.1(W'; k) = ker (SH,! (W', k) — H°(W';k)). By (18.3), SH,",(W'; k) is
isomorphic to H°(W; k) = k. So there are only two possibilities for SH, 1 (W'; k),

SH,. 1 (W' k)=0or k. (18.5)

Next, we will rule out the case of SH,1(W';k) = k. By Proposition C.7, the contact
connected sum Y#Y is also asymptotically dynamically convex. By Proposition 18.4, both
WEW and W'gW' are topologically simple Liouville fillings of Y#Y . By Proposition 18.11,
we have an isomorphism SH,(WyW;Z) = SH.(W;Z) & SH.(W;Z) = 0. Therefore the
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conditions in Theorem 1.6 also hold for Y#Y. Hence the same argument for (18.5) can be
applied to W'gW’ and we conclude that

SH, (WhW': k) =0 or k.

On the other hand, by Proposition 18.11, SH, .1 (W’'tW’; k) is isomorphic to SH,, 11 (W'; k) ®
SH,1(W’; k). Therefore the only possibility is

SH, (W5 k) = 0.

Consequentially, by the long exact sequence (18.4), SH, (W' k) — H°(W';k) is an in-
jective map from k to k. Since k is a field, we can conclude SH, (W' k) — H°(W'; k)
is an isomorphism. This is the reason why we want to work with field k instead of Z.
Then H°(W';k) — SH,(W';k) is zero by (18.4). By Proposition 18.10, the morphism
H(W'; k) — SH,(W’; k) sends the unit in H°(W’; k) to the unit of SH,(W’; k), therefore
the unit of SH,(W'; k) is zero. This proves SH,(W’; k) = 0 for any field k.

Now assume that the integral symplectic homology SH,(W’;Z) does not vanish. Since
H"™*(W;Z) is a finitely generated abelian group, SH (W’;Z) is also finitely generated be-
cause of (18.3). By (18.4), SH.(W’;Z) is also finitely generated, because both H"~*(W’; Z)
and SH}(W';Z) are finitely generated. Thus, by the classification of finitely generated
abelian groups, SH.(W';Z) either contains a Z summand or a Z/m summand. In either
case, there exists a prime p, such that SH.(W';Z) ®z Z/p # 0. By (18.1), this implies
SH.(W;Z/p) # 0, in contradiction to SH,(W; k) =0 for k =Z/p. O

Corollary 18.12. Under the assumptions of Theorem 1.6, there is an isomorphism H*(W;Z)
H*(W"Z).

Proof. By Theorem 1.6, we have SH,(W;Z) = SH.(W';Z) = 0. We also have SH;F (W;Z) =
SH}(W',Z) by Proposition 18.9. Then the long exact sequence in Proposition 18.8 yields
an isomorphism H"™'*(W;Z) = SHF(W; k) = SHF(W'; k) = H""'=*(W'; Z). O

The following corollary provides a partial answer to Question 1.7.

Corollary 18.13. Assume the contact manifold (Y,€) has a flexible Weinstein filling W.
If W' is a topological simple Liouville filling of Y, then SH,(W';Z) = 0 and H*(W;Z) =
H*(W"Z).

Proof. By Proposition 18.3, W is a topologically simple filling. The contact manifold (Y ¢)
is asymptotically dynamically convex by Proposition 18.7. The flexible Weinstein domain
W has vanishing symplectic homology by [15]. Then this corollary follows from Theorem 1.6
and Corollary 18.12. O

Using Theorem 1.6, we can also strengthen [71, Corollary 1.3] to the following statement
by the same argument used in [71].

>~
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Corollary 18.14. Let (Y?°,€) be the contact structure constructed in [{6] for any simply-
connected, almost contact 5-manifold (Y?°,J) with ¢;(Y®,J) = 0. Then all 2-connected Li-
owville fillings of (Y®,€) are diffeomorphic.

Moreover, we have the following corollary for cobordisms.

Corollary 18.15. Suppose (Y, &) is simply-connected and has a flexible Weinstein filling.
Assume there is a Liouville cobordism E from (Yy, &) to (Y, ) such that ¢i(E) = 0. Let F
be a Liowville filling of (Yo, &), such that ci(F) =0 and t; — 3 : HY(E)® HY(F) — H'(Y))
is surjective, where 11,19 : Yo — E, F are the inclusions. Then we have SH,.(F;7Z) =0

Proof. We can glue E and F to obtain a Liouville filling E Uy, F of (Y;§). Let 7y : E —
E Uy, F, 75 : FF = E Uy, F denote the inclusions and consider the Mayer-Vietoris sequence

o HY(E) @ H'(F) "% H\(Y,) — H*(E Uy, F) 2% H*(E) & H(F) — ...

Since 1;—3 : HY(E)®H'(F) — H(Y)) is surjective, 77 &7y : H*(EUy, F) — H*(E)®H?*(F)
is injective. Note that 7 (c1(E Uy, F)) = ¢1(F) and 75(ci(F Uy, F)) = c1(F), therefore
c1(E) = ¢1(F) = 0 implies that ¢;(E Uy, F') = 0. Since m1(Y) = 0, E Uy, F' is a topologically
simple Liouville filling of Y. Since Y has a flexible Weinstein filling by assumption, we have
SH,.(E Uy, F;Z) = 0 by Corollary 18.13. Since the Viterbo transfer map SH,.(EUy, F’;Z) —
SH,.(F;7Z) is a unital ring map [89, Theorem 9.5], we obtain SH,(F;Z) = 0. O

Corollary 18.13 also provides the following obstruction to the existence of flexible Wein-
stein fillings.

Corollary 18.16. Suppose (Y, &) is a contact manifold. If one of the following conditions
hold, then there are no flexible Weinstein fillings for (Y,§).

1. There is a topologically simple Liouville filling W' of Y, such that SH.(W';Z) # 0.
2. There is a Weinstein filling W' of Y, such that SH,(W';Z) # 0.

Proof. Note that condition 2 implies condition 1 by Proposition 18.3. Suppose condition
1 holds and assume that Y has a flexible Weinstein filling W. Then by Corollary 18.13,
SH,.(W',Z) = 0, which contradicts the condition 1. O

18.3 Applications

Brieskorn manifolds have no flexible Weinstein fillings

As an application of the obstruction considered in Corollary 18.16, we show that all the
Brieskorn manifolds [69, Definition 2.7] with dimension greater or equal to 5 can not be
filled by flexible Weinstein domains. We review some basics of Brieskorn manifolds following
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[69]. Let a = (ao, ...,a,) be an (n+1)-tuple of integers, such that a; > 2 foralli =0,...,n.
The Brieskorn manifold ¥(a) is defined as follows:

Y(a) = {z e Crtl 200+ ... zym =0, Z‘Zj|2 = 1}
=0

It has a contact form

Qg =

| =

Z CL]‘ (Zjdzj — zdej). (186)
j=1

For e sufficiently small, the Brieskorn manifold (¥(a), &, := ker a,,) has a Weinstein filling:

Ve(a) = {z €CM 80 .. 20 =, Z |2]? < 1} (18.7)
=0

with the symplectic form induced from C"*!; see [69, §2]. Moreover, V,(a) is homotopy
equivalent to \/1=0("1 gn the wedge of [1j_(a; — 1) spheres [69, Proposition 3.2], Xi(a)
is (n — 2)-connected [69, Proposition 3.5].

Theorem 18.17. The Brieskorn manifolds of dimension > 5 can not be filled by flexible
Weinstein domains.

Proof. We have H*(V.(a)) = H? (\/H?:O(aj_l) S”) = 0, since n > 3 by assumption. There-
fore the first Chern class ¢;(V,(a)) vanishes. Since ¢1(&,) = ¢1(Ve(a))|s(a), we have ¢1(&,) = 0.

By [69, Theorem 1.2], we know SH,(V.(a);Z) # 0. This shows that the condition 2 of Corol-
lary 18.16 holds, hence ¥(a) can not be filled by flexible Weinstein domains. O]

We can also apply Corollary 18.16 to the exotic Weinstein structures constructed in [22].
Cieliebak-Eliashberg [22] proved that for dimension > 6, every almost Weinstein domain
(W, J) with ¢y (W, J) = 0 admits infinitely many non-symplectomorphic Weinstein structures
Wy. By the h-principle for flexible Weinstein domain [22], we can put a flexible Weinstein
structure on W. W) is the boundary connected sum of the flexible Weinstein domain W
with k copies of the exotic C}, in [82]. Lazarev [71, Remark 1.10] proved that the Cieliebak-
Eliashberg-McLean contact manifolds W), can not be filled by flexible Weinstein domains
except for possibly dim H(OW, Z/2)+1 values of k € N. In fact, when k € N*, W, can not
be filled by flexible Weinstein domains. Since SH,(Wy;Z) = SH,(W;Z)®k | SH.(CY;Z) =
®F [ SH.(C%;Z) # 0; see [82], W}, is a Weinstein filling of OW), such that condition 2 of
Corollary 18.16 holds. Therefore 0W, can not be filled by flexible Weinstein domains for
E>1.
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Not flexibly fillable contact structures on spheres

The contact structures on S® is well-understood by the work of Eliashberg [29]. For higher
dimensional spheres, Eliashberg [31] constructed exotic contact structures on (52", J ) for
odd n, where Jgq4 is the almost contact structure induced by the standard contact structure
Esq- Geiges [46] and Ding-Geiges [28] generalized that to all spheres of odd dimension
> 5. Ustilovsky [101] showed that there exist infinitely many different contact structures on
(527~ J) for odd n > 3 and any fixed almost contact structure J. For even n, Uebele [100]
showed that there exist infinitely many different contact structures on (S7, Jyq), (S, Jsta)
and (S'° Jsq). The constructions in [101, 100] use the Brieskorn spheres, which can not be
filled by flexible Weinstein domains, see [71, Corollary 1.12] and Theorem 18.17. In contrast,
Lazarev [71] constructed infinitely many contact structures on (S?"~!, J4) by taking contact
connected sums of the exotic contact structure on (S?"~1 Jy,) from [46, 28], and all of those
exotic contact structures can be filled with flexible Weinstein domains.

In this section, we construct infinitely many different contact structures on (S?"~1,.J) for
n > 3, which can not be filled by flexible Weinstein domains. This construction allows fixing
any almost contact structure J with the exception of a small class in case n = 8,12, 16, .. ..
More precisely, we can fix any J € Cy,_1 in a subset Cy,_1 of almost contact structures on
S2n=1 as follows. Recall that an almost contact structure J on an oriented closed manifold
M is a reduction of the structure group SO(2n—1) to U(n—1) x {id}. If « is a contact form
for (Y, &), then an almost complex structure J on £ compatible with da induces an almost
contact structure on Y. Therefore a co-oriented contact structure induces a unique almost
contact structure. The almost contact structures on S**~! are in one-to-one correspondence
with mg,_1(SO(2n)/U(n)) by [85], and by a result from Massey [77],

Z®Zy ifn=0 mod4
Zip—1y 1Hn=1 mod4
Ton1(SO@n)/UMm) = ¢ 70— 0 (18.8)

Zin—ry ifn=3 mod4

2

Let p denote the bijection from the set of almost contact structures on S?*~! to 7, _1(SO(2n)/U(n)),
then p(Jgq) = 0. Moreover, p is additive with respect to the operation of contact connected
sum, i.e. if &1, & are two contact structures on S?"71, and & #&, is their contact connected
sum, then p(§&#&) = p(&1) + p(&2); see [100].

Now, we define the set Cy,_; to be all possible almost contact structures on S**~! for
n=1,2,3 mod4orn=4. Whenn =0 mod 4 and n > 8, we define Cy,,_1 := p~(Z x {0})
to be the set of almost contact structures represented by the Z summand in (18.8).

Theorem 18.18. Forn > 3 and J € Cy,_1, there exist infinitely many contact structures
on (S?"71J), such that none of them can be filled by flexible Weinstein domains.

Proof. Our construction is a modification of the construction in [71, Corollary 1.12]. Hence
it is also based on the contact structures in [28, Theorem 2], i.e. for each J € Cop_1,
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there is a contact structure on (S**~! J) with a flexible Weinstein filling W, such that
H*(W;,Q) # H*(D*",Q), i.e. W has nontrivial rational cohomology in some degree greater
than 0.

Step 1: There exists a Weinstein domain My, ,, such that the contact boundary OMj,,,
1s asymptotically dynamically convexr and induces the standard almost contact structure Jsy
on S*~1. Moreover, SH.(M,,,,;Z) # 0 and SH}(M,,,,; Q) is locally finite. The Weinstein
domain Mj ,, is constructed as follows: Let ¥ be the Brieskorn sphere ¥(3,2,...,2) and
V' be its Weinstein filling (18.7). Ustilovsky [101, Lemma 4.1, 4.2] constructed an explicit
regular contact form o on X, which is a perturbation of (18.6), such that all the Reeb orbits
of o has positive Conley-Zehnder index and for each integer there are finite many Reeb
orbits with that integer as the Conley-Zehnder index'. In particular, pucz(v) +n—3 > 0 for
all Reeb orbits of o/. Therefore, if we take a; = o' in definition 18.5, ¥ is asymptotically
dynamically convex. SH,(V;Q) is locally finite because the chain complex is locally finite.
By [100, Theorem 2.1], ¥ is homeomorphic to a sphere but may not be the standard smooth
sphere. But there exists k& > 0, such that #*¥ is the standard smooth sphere. Note
that for any almost contact structure J on S?"~!, the connected sum J#J is in Co,_;.
Hence we can choose k, such that #*% is the standard smooth sphere and the almost
contact structure on #*Y is in Cy,_1. Since p(Con_1) is a group and p respects the group
structures, we can find J' € Cs,_1, such that (#kE) #HOWp ~ (5?71 Jyq) as almost contact
manifold. We define M, to be the Weinstein filling (th) nW ;. Since both ¥ and oW
are asymptotically dynamically convex, dM; ,, is asymptotically dynamically convex by
Proposition C.7. Since SH,.(V;Q) is locally finite, by Proposition 18.11, SH,(M_,,; Q) is
locally finite. Then SH;(My,,,; Q) is locally finite following from Proposition 18.8. At last,
SH.(M,,,,;;Z) = SH.((8*V) tW,; Z) = ®*SH.(V; Z) # 0 by [69, Theorem 1.2].

Step 2: For each J € Cy,_1 and each i € N, we define

std

Xy = (5'W,,,,) tW,iM,

Then the contact boundary 9X; ; induces the almost contact structure J on S?"~'. Since
Wy.,., Mj,, and OW; are asymptotically dynamically convex, so it 0.X; ; by Proposi-
tion C.7. By Proposition 18.11, SH,.(X; ;;Q) = SH.(M,,,;Q) is locally finite. Then
SH(X; s;Q) is locally finite by Proposition 18.8.

Step 3: For each J € Cop_1, Xi . is not contactomorphic to X, ; for ¢ < j. Since
X,y is asymptotically dynamically convex, by Proposition 18.9 it suffices to show that
SHf(X;;Q) 2 SHY(X;,;Q) for i < j. Note that X;; = (897'W,,,,)tX; ;. Let ¢ be
the inclusion ¢ : X; ; — X 7, then we have the following commutative diagram of long exact

n [101], only odd n was considered. However, the argument for [101, Lemma 4.1, 4.2] can also be
applied to even n.
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sequences; see [24],

co—=H"(X; 5;Q) —= SH.(X;;; Q) —= SH(X;;,Q) — ...

.
jL* ngH LLsH-‘r

o= H"(X,5;Q) —= SH. (X, ;; Q) —= SHI (X, ;;Q) — ...

where 1§y, 15+ are the Viterbo transfer maps. By Proposition 18.11, 15 is an isomorphism.
By the Mayer-Vietoris sequence, we have

H (X5 Q) = HY ((F7W0,,)6X00: Q) = (&7 HY (W, Q) @ HY X,y : Q) Vk 2L
18.9
Moreover, t* : H*(X; ;; Q) — H*(X; ;; Q) is the projection in (18.9). Recall that H*(W;_,,, Q) #
H*(D*",Q), we have ¢* is surjective but not injective. By the four lemma [76], ¢%, is also
surjective. By the five lemma [76], ¢%,. can not be an isomorphism, since ¢* is not an
isomorphism. Since SH; (X, ;;Q) and SH}(X; ;;Q) are locally finite, ¢%,, being surjec-
tive but not injective implies that there is an integer d, such that dimg SH, (X, ;Q) >
dimg SH (X; 7;Q). Therefore SH; (X, ;;Q) is not isomorphic to SH (X, ;Q), 0X; s is
not contactomorphic to 0X; ; by Proposition 18.9.

Step 4: Since SH.(X; j;Z) = SH.((4'W,,,) tWtM;,,;Z) = SH.(Mj,,; Z) # 0. Note
that we have ¢;(0X; ; ~ S?"7' J) = 0, because H%(S*""';Z) = 0. So X, ; can not be
filled by flexible Weinstein domains by Corollary 18.16. This finishes the proof for Theorem
18.18. 0

Remark 18.19. When n > 4, a modified version of [71, Theorem 1.14] can also be used to
prove Theorem 18.18. The original version uses a family of exotic contact structures on S**~!
. Those exotic structures are the boundary of plumbings of one exotic T*S™ from [32] and
many copies of flexible T*S™. When n is odd, one can require the resulted almost contact
structure is standard. If n is even, this construction yields a (fived) nonstandard almost
contact structure Jp on S*"~'. But we can take connected sum with one of the contact
structures constructed in [28] to modify Jp back to the standard almost contact structure
Jsta- Therefore we can require that the construction in [71, Theorem 1.14] does not change
the almost contact structure for all n > 4.

Corollary 18.20. Let (Y, J) be an almost contact manifold admitting an almost Weinstein
filling W with c¢;(W) = 0. Then there exist infinitely many different contact structures on
(Y, J), and none of them can be filled by flexible Weinstein domains.

Proof. By the h-principle for flexible Weinstein domains [22], we can put a flexible Weinstein
structure on W. The contact boundary (WX ;) represents the almost contact structure
(Y, J) and is asymptotically dynamically convex by Proposition C.7 and Proposition 18.7. By
the same argument used in the proof of Theorem 18.18, d(WX; ;_,,) is not contactomorphic
to O(WhX;,,,) for i < j. Since SH. (Wt X, ,,,;Z) = SH.(X, ,,,;Z) # 0, 0(WtX, ;,,) can
not be filled by flexible Weinstein domains by Corollary 18.16. n
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Appendix A

Local Lifts, Stabilization and
Averaging

A.1 Properties of local lifts

First, we have the following properties of the local action Ly, which follows from directly
from Definition 4.2.

Proposition A.1. Let F' : (X, X) D stab, xU — (V,Y) be a fully faithful sc-smooth
functor from a local uniformizer stab, xU around v € X such that F° : U — 'Y s a local
sc-diffeomorphism. Then the following holds.

1. Let F, denote the local diffeomorphism F near x. For ¢ € X with s(¢) = x, then there
exits a neighborhood V C X of x such that

2. For composable ¢, € X ,there exists a neighborhood V C X of s(v) such that

L¢ @) Lw = L¢o¢ on V. (AQ)

3. If Ly s defined over V, then there exists a neighborhood V' of ¢ € X such that for
every ¢ € V', Ly, is defined on V and

L¢ = Lw on V (A?))

We first prove a direct corollary of the definition of regularity (Definition 4.13).

Lemma A.2. Let (X, X) be a regular ep-groupoid. Let x,y be two points in X and Uy, U,
two local uniformizers around x resp. y. If there is a sc-smooth map F' : U, — U, such that

1. F is a sc-diffeomorphism from U, to an open subset;
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2. |F(2)| = |z| for every z € U, and F(x) =y.
Then there ezists a 0 € mor(x,y) and a local uniformizer V around x, such that F|y, = Ly.

Proof. Since |y| = |F(z)| = |z|, there exists 6, € Mor(x,y). Then there is a open neigh-
borhood V of = such that Ly, is defined on V with images in U, and U := F(V) C U, is a
connected regular uniformizer around y. For every z € V, we have |Lgy,(2)| = |z| = |F(2)|.
Since Lg,(z) and F(z) are in the local uniformizer U, then for any z € V), there exists a
¢, € stab,, such that

Lgy(z) = Ly, o F(2). (A4)

Then Ly, _, (u) = Ly, o F~'(u) for u € U. In particular by the regular property of (X, X),
Loy, (W) = Lg(u)
for some ¢ € stab,. Then (A.4) induces:
Ly-109,(2) = F(2) VzeV
[

A typical scenario of applying this lemma is when we have two equivalences of ep-
groupoids F,G : W, W) — (X, X) such that |F| = |G|. Then for w;,wy; € W and
¢ € mor(wy, ws), then there exists § € mor(F (wy), G(wy)) such that locally:

Ly=GyoLsoF,!
In the bundle case, we have the following analogue of Lemma A.2 with an identical proof.

Lemma A.3. Let (€, E) £ (X, X) be a regular strong ep-groupoid bundle. Let x,y be two

points in X and U, U, two local uniformizers around x resp. y. If there is a sc-smooth
strong bundle map F : P~Y(U,) — P~ (U,) such that

1. F is a sc-diffeomorphism from P~Y(U,) to an open subset;
2. |F(v)| = |[v| for every v € P~Y(U,) and F(z,0) = (y,0).

Then there exists a 6 € mor(x,y) and a local uniformizer V around x, such that F|p-14 =

Ry.

To prove Proposition 4.33, we need to argue that the local representation p, , in Definition
4.27 can be chosen as a family of embeddings and the inverses of p,, can be defined on a
uniform open set, i.e. we have the following.

Proposition A.4. Let p,, : U x (stab, xU) — (X, X) be a local representation of a sc-
smooth group action near g,x on a connected reqular uniformizer stab, xU. Then we have
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1. for each h € U, py.(h,-) : stab, XU — (X, X) is a fully faithful functor and on object
space and py . (h,-) is a sc-diffeomorphism onto an open subset;

2. there exists a neighborhood U' C U of g, such that Nperrpg(h,U) contains an open set
V C X, which contains {py,(h,z)|h € U'}.

As a corollary of Proposition A.4, p, .(h,-)~! is defined on V for all h € U’ and contains
z in its image.

Proof. For the first assertion, for each h € G, B(h) : Z — Z is an isomorphism of polyfolds.
As a local representation of such map, p,.(h,-) : stab, XU — (X, X) is fully faithful and
local diffeomorphism on objects. To show it is a sc-diffeomorphism on objects, we only need
to show it is injective on objects. Assume otherwise, i.e. there exist h € U, y, z € U, such that
Pgz(h,y) = pgu(h, z). Since py . (h,-) is local diffeomorphism, we have pg .(h,-)|; ' o pga(h, )
is well defined in a neighborhood of y, where p, . (h,-)|;! is the inverse of p, . (h,-) near z.
By Lemma A.2, p, .(h,-)|; 0 py.(h,-) = Ly near y for some ¢ € Mor(y, z). Since U is a local
uniformizer, Ly = Ly, for ¢ € stab, by Corollary 4.5. Such % is unique in Stab;ﬂr because
if we have another ¢’ such that L, = Ly near y, then L, 1,y is identity near y. By the
regular property (Definition 4.11), L1y = id on U’ i.e. ¢ and 9" induce the same element
in stab®. Next we consider a set S:

S:={pellpys(h,-) = pgu(h,-)o Ly in a neighborhood of p}.

It is clear that S is open. We claim S is also closed. Suppose we have lim; x; = 7 for x; € S
and T € U. Since py.(h,z;) = pgu(h, Ly(z;)), we have py .(h,T) = pgo(h, Ly(T)). There-
fore by the same argument before, there exists a unique n € Staubi,fr such that p, . (h, )|Zi @ ©°
pg.z(h, ) = L, near . Since p, ,(h, ~)|Zi(§) = pg.a(h, -)|Ei(xi) for i > 0, we have p, ,(h, -)|Zi(xi)o
pg.z(h, ) = L, near z; for ¢ > 0. By assumption py ,(h, )\Zi(x) 0 pgu(h, ) = Ly near z;. We
must have n = 1 in stabiﬁr. Therefore S is closed. Since U is connected and S is not empty
by assumption, we have S = U. Since L, # id on any open subset U, there exists y;, — z
such that Ly (y;) # v;. This contradicts py . (h, -) is a local diffeomorphism near .

To prove the second assertion, we first pick a local uniformizer VW around y := p, . (g, ).
Then there exist open neighborhood U’ C U of g and U’ C U of x such that p, . (h,U') C W
for every h € U’. Since a polyfold is a metrizable space, by the proof of Lemma 3.31, we
may choose the metric d to be G-invariant. Because open set |U'| C Z contains a r-ball
around |z|. Then we can choose the neighborhood U" C U of g small enough, such that the
following two conditions hold:

e [/’ is connected;
® Uneurp(h, |z|) has diameter smaller than 7.

Since p(h, By(|z])) is a r-ball centered at p(h, |z[), we have B (|y|) C Nneprp(h, Br(|z])). Let
V C W be the neighborhood of y such that [V| = B:(|y|). We claim that V C p,.(h,U’) for
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every h € U'. Since on object level we have |V| C p(h, [U'|) and py.(h,U") C W, for every
z € V there exists a ¢ € stab,, such that Ly(z) € py.(h, w) for some w € U'. Since p, . (h, )
is a fully faithful functor, we have stab,, =~ staby, () Therefore the stab,-orbit of w in U’
has size |stab, |/|stab, | and the stab,-orbit of Lg(2) in V has size |stab, |/|stabr, )| =
| stab,, |/| stab,, |. Because p, . (h,-) maps the stab,-orbit of w into the stab,-orbit of L4(z)
and p, . (h,-) is injective by the first assertion, we must have z € p,,(h,U) as z is in the
staby-orbit of Ly(z). Therefore V C p, . (h,U) for every h € U’. O

Proposition 4.33. Let Z be a reqular polyfold with a G-action (p,B) and (X, X) a polyfold
structure of Z = |X|. Then for x,y € X and g € G, the isotropy stab, acts on L(z,y,qg) by
precomposing the local sc-diffeomorphism Ly for ¢ € stab, and this action is transitive. The
isotropy stab, also acts on L(x,y,g) by post-composing L, for ¢ € stab,, this action is also
transitive.

Proof. We first recall the definition of local lifts from Subsection 4.3. For z,y € X and g € G
such that p(g, |z|) = |y|. We have two equivalent polyfold structures (X, X,),(Xp, X;) and
a local uniformizer U, C X, around x,, such that |x,| = x and the action can be locally

represented by
Pg,zaq - U x (stabxa [><Z/{a) — (Xb,Xb),

where U C G is a neighborhood of g. Since (X,, X,), (X, Xp) and (X', X)) are equivalent
polyfold structures, we have the following diagram of equivalences as in (4.4) (we suppress
the morphism space from now on):

Fo Ga (7)X Fy Gy
b

X P W, X

Wa

A local lift I at (g,x,y) is constructed by first finding w, € Wy, wy, € Wy, 0,9 € X,§ €
X, n € X, such that F,(w,) = ¢(x), 6(Go(wa)) = Ta, N(Pgz. (9, a)) = Fy(wy) and Gy(wy) =
Y(y). Let F ., resp. Fy,, denote the local diffeomorphisms Fj, resp. F}, near w, resp. wy.
We define for z close to x and h close to g,

I'(h,z) == Ly-10Gy o0 Fbjb 0 Ly © pgag(h,-) o Lo Gao Fy . o Ly(2). (A.5)

Case one - different choices of wq, wy, ¢, 1, 0,n: Assume we have two sets of different
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choices inducing two local lifts I', I,

Py F, W, Gq X, Pg,za(9:") X, F, W, Gy X
x Lo —> Py, (9, Ta) Y
/| | I g
Fo(w,) =—w, — Go(wy) Fy(wy) wy Gp(wy)
"y ba Lo —= pg,ma (g, xa) O )
‘| /| g v
Fo(wg) =— wj, —= Go(wy,) Fy(wy) wy, Gy(wp)

Since F}, is an equivalence, F, induces a homeomorphism on the orbit spaces, so we can
find 6, € W, such that 0,(w,) = w!,. Moreover F}, : mor(wy, w,) — mor(Fy(wp), Fp(wp)') is a
bijection. Thus there exists 6, € mor(ws, wy), such that

Fy(05) =1 © pga, (g, (0" © Ga(0a) 0 071)) o (A.6)

Here &' 0 G,(0,) o 671 € mor(z,,z,) and pg.,(g,-) is the functor stab,, xU, — (X, Xp),
hence it can acts on a morphism. The following computation is made for z close for  and
h close to g, or equivalently one can treat them as germs.

T(h,z) 2 LyioGyoFyl oLyopy,.(h-)oLsoGyoFyl o Ly(z)

A 0 Gyo Fyl 0 Lyo pya(hy-) 0 Ly o Gy o Ly o L o L 0.06()

Bz Ly-10Gyo Fb}ib o Ly o pya,(h,-)o Lsoc, (071051 © Lo 0 Gq © Fz;&;{l 0 L, (8.)06(2)
= Ly-10Gpo Fbﬂib © Lnopg@a(h,éoGa(Ga_l)o&*l) 0 pgaa(h, ) 0 Lsr 0 Gy 0 Fch};g 0 LF,(6a)04(2)
(4.3) Ly-10Gpo Fbjuljb o Lnopg,xa(g,éo(Ga(e,;l)oé'*l) 0 Pgaa(h,) 0 Ly oGyo Fa;i{l o L, (0,)00(2)
(45) Ly-10Gyo Fb;ib o LFb(Hb_l)on’ 0 Pgaa(h,) 0o Ly oGyo Fc:ulj‘g o L, (0,)00(2)

(12 Ly-10Gpo Fbjuljb o LFb(Gb_l) o Ly 0 pg.(h,-)oLsoGyo F;&}é 0 L, (0,)06(2)
() Ly-10Gyo L9b_1 o Fb;i,b o Ly opgz.(h,-)oLsyoGyo F;llu(,l o Lp,9,)(2)0¢
(A1)

walon(ebfl) oGyo Fbjul;g © Ly 0 pga,(h,+) o Ly o G0 FJ&;{I 0 L, (6.)06(2)

Lwloab(e;l)ow/ oI'(h,-) o L1607, (04)06(2)-
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So far, we prove that:
I'=Lgol"oL,

for o = ¢t o F,(0,) o ¢ € stab,, 3 =110 Gy(6, ') 0’ € stab,. By the similar arguments
as above, one can move Lg inside to get

F = F/OL,B/ OLa
for

B'=¢"" o Fu(G (07" 0 pya, (9,07 0 Fy(Gy ' (o Bop™)) om) 0 d)) o ¢ € stab,.

Therefore different choices of w,, wy, ¢, 1, d,n give different germs of local lifts up to pre-
composing the stab,-action. And post-composing with stab,-action can be rewritten as
precomposing the stab, action. The transitivity for the pre-composition action is equivalent
to the transitivity for the post-composition action.

Case two-different choices of equivalent polyfold structures W, and W,: If we have two
ep-groupoids W,, W/ along with equivalences F, : W, — X, G, - W, —» &, F. - W, - X
and G - W! — X,. Let W, xx W! denote the weak fiber product [65, Definition 10.3] of
F, and F!, then by [65, Theorem 10.2], we have two equivalences m : W, xx W, — W,
and 7' : W, xx W! — W!.. Therefore, we have the following (not necessarily commutative)

diagram:

We can choose w € W, xx W! such that |w| = |z| in Z, let w, := w(w) € W,,w!, := 7' (w) €
W! Then we can find ¢, ¢’ € X, 6,0 € X,, n € X, wy, € W, and ¢ € X, such that we have
the following diagram:

F(w,) fo Wy —=

T
3

x w gxa(g7xa) y
el | |
F/( ) <Fl— w —>- G/ Fb(wb) o Wy Ge Gb(wb),

which define two different local lifts I' and 7. We only need to prove I' and I" are related
by a pre-composition and post-composition of the stab,-action.
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By Lemma A.2, There exists 6; € Mor(F,(w,), Fl.(w,)), 02 € Mor(G,(w,), G, (w),)), such
that

Ly, = F,or'om,'oF,, (A7)
Ly, = Gpom'om, oGy,
If we write
03 := F, (10 pys, (9,6 002007 ) on™") € staby, (A.9)
Then
I'(h,z) = Ly10Gyo Fbjul)b © Ly 0 pga,(h,+) o Lso Gy o Ffl_ﬂ})a o Ly(2)
(A:.7) Lw—l oGy o Fbﬁb o Ln O Pga (h, ) oLsoGpomo 71';;1 o Fé;ll,) o Lelqu(Z)
(A8) Ly-10Gyo Fbjul)b oLyopgz.(h,-)oLso Lez—l oG o Fé:ul‘,l 0 Lg,0(2)
(A Ly-10Gyo Fbjlib oLyo Lpg,za(h,éoez‘loﬁ'*l) 0 Pgea(hy) 0 L 0 G 0 Ft;vl& © Loiog(2)
(A4-3) Ly-10Gyo Fbjulib oLyo Lpg,za(g,éoegloé/—l) 0 Pgaa(h,-) 0 Ls o Gy, 0 Fz;:vlg © Lgo(2)
(A9)

Ly-10Gyo Fy 0 Ly (o100 po, (hy o) © Ly 0 Gy o Fyy 0 Lyyog(2)
= Ly10Gyo Ly 0Fyy, 0Lyopya,(h,) o Ly oGyoFy o Loos(2)
walon(%l) oGy o Fbjul)b 0 Ly 0 pga(h,-)o Ly oGl o F;_J(,I o Lg,0p(2)

/
Llpflocb(ogl)w ol"o Ld)’*loﬁloq&

We can move Lw,loGQ(%_l)w inside just like before, thus I' and I'" are in the same stab,-orbit.
Similarly, different polyfold structures for W, also give local lifts in the same orbit.

Case three-different local representations of the actions: Suppose we have polyfold struc-
tures X,, X, Xy, X, and two connected regular local uniformizers U,,U., around z, € A&,
and z), € X respectively, such that the action is locally represented by both p, ., : U X
(staby, xU,) — X and pj,, : U x (stab,, xU,) — X;. A priori, the polyfold structures
W,, W! might be different. However, since they are equivalent, there is a common refine-
ment. Similarly for W,, W, there is a common refinement. Since we have shown the case of
changing W,, W,. Therefore we can assume the following diagram of equivalences:

Pg,xq
Xa — Xb
yd N\
F, G
Z<—"W, W, ——= X
G, o, Fb/
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To define the local lifts for the two representations, we fix elements w, € W,,w, € W,
and morphisms ¢ € Mor(z, F,(w,)), ¥ € Mor(y,Gy(wy)), 6 € Mor(Gy(w,),z,), & €
Mor(G(wa), 77,), n € Mor(pg.,(9: Ta), Fy(wp)), 0" € Mor(py ., (9, x7,), Fy(wp)), such that we
have the following diagram:

Lo ——— Pg,zq (97 xa)

X Ga(wa) Fb(wb) Y
] Y
Fa<wa) 'L a Wy i Gb(wb)
G, F|
G (wa) Ey(ws)

I

Ty — Py (9, 74)

For every h close to g, we define the local diffeomorphism around w,:
= Gl © L0 0l ()™ 0 Ly-s 0 Fy 0 Fy). 0 Ly 0 pya, () © Ly o G

By Proposition A.4, there is neighborhood U’ C U of g and regular local uniformizers V, O
of wg, such that for every h € U’, uy, is a diffeomorphism from V with images in W. We
can assume ) is a connected local uniformizer around w,. By Lemma A.2, we can find
8, € stab,,,, such that near w, we have

ng = Hg-
We claim p, = Lg, on V. To see this, we define
S :={p € V|uy = Ly, in a neighborhood of p}.

Then S is open and non-empty by definition. Since V is connected, it suffices to prove S
is closed. Let p; € S such that lim;p; = p € V. Then by Lemma A.2, u, = Ly for
A € mor(Peo, fhy(Poo)). By Corollary 4.5, L = Lg, on W for 0, € stab,,. Since Lg, = Lg, on
a neighborhood of p; for i > 0, the regular property of W implies that ¢/ = 0, in stabfufi.
Hence p, is also in S and S is closed.

Similarly for every h € U’, we can find 6, € stab,,, such that

Lgh = Up O V.

It there is a sequence of h; converging to g, such that Ly, # Ly, as germs at w,. Since
| stab,, | < oo, we can pick a subsequence such that Lghi = Ly for 0 € stab,,. Since
L, # L,, there is an object p € V, such that Lg-1 o Ly, (p) # p. Then

tin,(p) = Lo(p) # Lo, (p) = pg(p). (A.10)
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Note that |, (p)| = |1g(p)|, pn, (p) only has finite possibilities. Then (A.10) contradicts that
pu, is continuous in h. Therefore py, = Ly, for h € U” C U, where U” is a neighborhood of
g. Therefore the two local lifts I', IV are related as follows.

L(h,z) = Ly-10GyoFy " 0Lyopys,(h,-)oLsoGaoF, " oLy(z)
= Ly-10Gyo Fy~ o Ly o gy (hy) o Ly 0 Gy o L, 0 F ' o Ly(2)
= T'(h,") o L¢710Fa—1(9g)o¢(2)~
Therefore, we have the group action by stab, is transitive. O]

As a corollary of Proposition 4.33, we have the following.

Corollary A.5. Let U be a regular local uniformizer of z, such that every I' € L(z,y,g)
defined over U, then the restriction to g:

L(z,y,9) — Mapg. (U, X)
18 1njective.

Proof. Assume otherwise that two different I'y, I'y satisfy I'(g, -) = I's(g, ). By Proposition
4.33, 'y =Ty 0 Ly as germs for ¢ € stab,. Therefore I'1(g, ) = I'a(g,-) = I'2(g, Ly(:)) as
germs near z. Since I'1(g,-),'2(g,-) are local sc-diffecomorphisms by Proposition 4.31, we
have Ly = id near z. This contradicts I'y # I's. O

Proposition 4.35. Let Z be a regular polyfold with a G-action (p,*B) and (X, X) a polyfold
structure of Z = |X|. Then for z,y € X and g € G, (x,y,g) has the following structures.

1. For every ¢ € mor(y,z), I' = Ly oI defines a bijection from L(z,y,g) to L(x,z,g).
And T+ T'o L, defines a bijection from L(z,x,g) to L(y,x,g).

2. There is a well-defined multiplication o : L(y, z,g) X L(x,y,h) — L(z, z, gh) with the
property that if I'y € L(y, z,9) and I's € L(x,y,h), then

[y o Ty(egh, z) = T1(eg,Ta(h, 2)) = T1(g9,T2(g 'egh, 2)) (A.11)
for € in a neighborhood of id € G and z in a neighborhood of x.

3. There is a unique identity element I'yq € L(x, x,id), such that T'iq(id, 2) = z for z in an
open neighborhood of x. This identity is both left and right identity in the multiplication
structure.

4. There is an (both right and left) inverse map L(z,y,q) — L(y,x,g~") with respect to
the multiplication and identity structures abowve.
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5. Forx € X, g € G, there exists an open neighborhood U x O xV of (z,y,g) in X xCx G
such that all the local lifts in L(x,y,g) is defined on V- xU with image in O. Moreover,
for any (2',¢') € U x V and y € O such that p(q',|2'|) = |y/|, every element I €
L(z',y',g') is represented by the restriction of a unique element I' € L(x,y,g) to a
neighborhood of (¢',x') as germ.

Proof of Proposition /.35. For property 1, the map is defined as

L(z,y,9) = L(¢(x),¥(z), 9)
I' = Lyol'o Ly

It has an inverse:
L(¢(x),¥(y), 9) — L(z,y,9)
r— wal ol'o Ly

For property 2, let p(h, |z|) = |y| and p(g, |y|) = |z|, fix two three local representations

of the actions:
pa U X (stab,, xU,) — X,

pe 'V X (stab,, XU.) — Xy

pl, W x (staby xU,) — X
for open neighborhoods U 3 h, V' 5 g and W 3> gh, and U,,U., U, are local uniformizers in
X,, X., X! around z,, x., x,. We have the following diagram of equivalences:

X, p1(h,’) X, Fy W, Gy X F. W, Ge X, pe(gy) X,
o/ N
x <fw, W, Ga,y
X! P (gh, x!

(A.12)
Let I'y € L(y, 2,9),I's € L(z,y,h). By (A.3) and (A.5), for € close to id and u close to = we
have

P1<€g7 P2<h7 u)) = F1<97 F2(971€gh7 U))

Using the same argument in the case three of the proof of Proposition 4.33 to the diagram
(A.12), we can find I € L(z, z, gh) such that

F1(697 F2(h7u)) = P1<g> P2(971€gh7 u)) = F<€gh’7 u)

We define I' to be I'y o I'y. To verify that the definition does not depend on the specific
digram, note that the map in Corollary A.5 transfers the product structure defined by any
diagram (A.12) to the composition of maps. By injectivity result in Corollary A.5 and that
the composition of maps is a fixed structure, the multiplication structure is well-defined.



APPENDIX A. LOCAL LIFTS, STABILIZATION AND AVERAGING 224

For property 3, note that B(id, -) is an equivalence of polyfold structure. The local rep-
resentation piq ., : U X (stab,, XU,) — A}, has the property that piq ,, (id, -) is an embedding
of local uniformizer and induces the inclusion of || — Z on the orbit space. Then by the
argument in proof of the quotient map in Theorem 1.1 or [65, Section 17.1], we can build
a new polyfold structure X! containing U as a connected component', such that there is an
equivalence py : X) — A}, covers the identity map on Z extending piq s, (id, -). Then we have
the following diagram:

X F, W, Ga XC/L Pid,zq (id,") X, p00Gq W, F, X

x Tq — Pid. (id, 24) xr

g | ; g
Fi(w,) =—w, — Go(wy) po © Go(wy) W F,(w,).

Since pg 0 Go(w) = pidz, (id, Ga(wa)) = pid.e, (id, T,), we can choose n = pig 4, (id,d~1). Then
the local lift from this digram is

L(id,z) = Lyr1oF,0G opg' oLy, (a1 O Pida,(id, ") o Ly o Gqo Ft o Ly(z)

L) LyoF 06, 0 py" 0 pas,(id, ) 0 Guo Fy b o Ly(2)

- z

By Corollary A.5, the identity element is unique and is both left and right identity.

As another consequence of Corollary A.5, the inverse of an element is unique and is
both left and right inverse. To prove the existence, for every I'y € L(z,y, g), we pick some
Iy € L(y,x,g7'). Then I'y 0Ty € L(z,x,id). By proposition 4.33, there exists ¢ € stab,
such that Ly o'y oIy = I'iq, thus Ly o I'y is an inverse to I';.

For property 5, pick regular local uniformizers U, O around x and y and an open set V'
of g such that every I' € L(z,y,¢) is defined on V x U with image contained in O. For
I' e L(z,y,9), @ € U, y € O and ¢ € g such that |[I'(¢’,2")| = |¥/|, by Theorem 4.4
there exists a ¢ € stab,, such that L,(I'(¢’,2)) = y'. By the Proposition 4.33, L, o I' =
I'o Ly € L(x,y,g). By definition the restriction I' o Ly defines an element in L(z/,y/, ¢').
Then by Proposition 4.33, every element in L(z2',y’,¢') is I' o Ly precomposing with L., for
Y’ € stab,. By Corollary 4.5, Ly is the restriction of Ls for some § € stab,. Therefore
any element in L(z',y’, ¢') comes from a restriction of elements of L(z,y,g). The regular
property of the polyfold implies that this restriction is injective, i.e. if '),y € L(z,y, g)
restricted to same element in L(2’,y’, ¢'), then I'y = I'y. This is because I'y =I'y 0 L, and if
I'' =Ty € L(z,y,¢'), we must have that Ly = id near 2’. Then by Definition 4.11, L, = id
on the local uniformizer, which means I'y = I's. O

Explicitly, X! can be chosen as U U X.
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Proposition 4.16. Let (X, X) be an effective groupoid. Assume for every x € X, there
exists a local uniformizer U around x, such that for any connected uniformizer V C U
around x, we have V\ Ugidestab, Fix(¢) is connected, where Fix(¢) is the fized set of L.
Then (X, X)) is regular.

Proof. Since the polyfold is effective, the first property of regularity is satisfied for any local
uniformizer by Theorem 4.4. To proved the second property, we show that U/ is a regular
local uniformizer. Consider any connected uniformizer V C U4 and map & : V — stab,, for
¢ € stab, we define

Sy = {z]z € V\ Ugzia Fix(¢), (2) = ¢}.

We claim S, is open, assume otherwise, there is point p € Sy, and p; € Sy converging to p
for 1) # ¢. Then

I Lo, (pi) = lim Ly (pi) = Ly (p) # Ls(p) = Lag)(p)

contradicts the continuity of Le(.)(2). Since V\ Ugia Fix(¢) is connected, hence there is a
¢ € stab,, such that V\ Uy Fix(¢) = Sy. That is

L‘I)(z)(z) = L¢(Z) for z € V\ U¢7gid FIX(¢)
By the first property of regularity, V\ Ugsq Fix(¢) is dense V, thus

L@(Z)(Z) = Ld)(z) Vz e V.

We mention here some other consequences of the regular property of polyfolds.

Proposition A.6. If (X, X) is an effective and reqular ep-groupoid and we have two equiv-
alences F,G : W, W) — (X, X), such that |F| = |G|. Then F and G are naturally
equivalent.

Proof. By Lemma A.2, for any w € W, there exist a morphism ¢ € Mor(F(w), G(w)), such
that Ly, = G o F~! near F(w). Since X is reduced, ¢ is unique. Then the assignment w — ¢
is an sc™ natural equivalence between F' and G, the sc-smoothness follows from the étale
property. ]

The following theorem was proven in [65], if we assume the ep-groupoids are regular.

Theorem A.7 ([65, Theorem 10.7])). Let (X, X) and (¥,Y) be two regular ep-groupoids,
if f and g are two generalized isomorphism from (X, X) to (V,Y) such that |f| = |g|, then

f=g.
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A.2 Stabilization on the fixed locus

In this appendix, all sc-Banach spaces are sc-Hilbert spaces. Therefore we have sc-smooth
bump functions and partition of unity by [65, Theorem 7.4]. Let V* be a fixed irreducible
representation of GG, we call a G-M-polyfold bundle & — X a A-M-polyfold bundle iff each
fiber of £ is VA ®@H for some sc-Hilbert space H. Therefore the bundles N*, W* in Definition
6.9 are A-M-polyfold bundles. An M-polyfold subbundle of £ is an M-polyfold bundle F
together with a sc-smooth inclusion F — £.

Proof of Proposition 6.15

Proposition 6.15. Under the tubular neighborhood assumption (Definition 6.9), assume
s71(0) N ZY is a compact manifold. Then there is a G-invariant finite-dimensional trivial

subbundle W C W™ over s71(0)N ZY with constant rank, such that W covers the cokernel
of D*s over s71(0) N Z¢.

The following propositions are needed for the proof.

Proposition A.8. Letp : £ — X be a \-M-polyfold bundle and F' C £ is a finite-dimensional
G-invariant subbundle with constant rank. Then there is a complement M-polyfold subbundle
F+ C &, such that F*+ is G-invariant and F+ @ F = &

Proof. Pick an open cover {U, }oca of X, such that over each U,, £ has trivialization modeled
on the image of bundle retraction IT : U, xE, — U, xE, and ¢, : p~*(U) — im I is the local
trivialization, for some sc-Hilbert space E,. Using a partition of unity {f,} subordinated to
{U,}, then there is a s¢> map g(-,) : EHE — R by

(.T, €1, 62) — Z fa(x) <¢a€17 ¢a€2>0-

Then g defines a metric on £. By averaging over (G, we can assume ¢ is G-invariant on &.
Using the metric g, we can define a map nr : £€ — £ to be the orthogonal projection from
£ to F. Since g and F are both G-invariant, mp is a G-equivariant map. We claim that
7w is sc-smooth. To see that, let € X', we can trivialize F' locally to find n sc™> sections

S1,...,8y of F near x, such that si,...,s, are pointwise linearly independent and span F'.
Since F' C £ is a subbundle, in particular, the inclusion F' C &£ is sc-smooth, s1,...,s, can
be treated as sc™ sections of £. Using GramSchmidt process, we can assume sq, ..., s, form

an orthonormal basis. Therefore the projection to F' near x can be written as

mr(y.e) = Zg(y, e, si(y))si(y).

Therefore 7 is sc-smooth. Since 7 is a G-equivariant projection, id —7p is a G-equivariant
projection from &£ to ker mp. Composing the bundle chart maps with id —7z, we can get bun-
dle charts for ker wp. It is not hard to prove that ker 7 is a G-invariant M-polyfold subbundle
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of £. Using the projections mp and id —7x, we see that F* := ker mp is the complement
of Fin £. A G-invariant subbundle F* of the A M-polyfold bundle £ is automatically a A
M-polyfold bundle O

Proposition A.9. Let M be a compact n-dimensional manifold and Wy — M be an infinite-
dimensional X\ M-polyfold bundle. For any triangulation on M, there exists a refined triangu-
lation, such that if we have a trivial G-invariant subbundle F* C W) of rank k dim Ry over a
netghborhood of n n-simplex A\ , then we can extend F' from /A to M as a trivial G-invariant
subbundle of the same rank’.

To prove Proposition A.9, we need the following proposition. Recall that an irreducible
representation R, of rank m, there exist ¢1,...,¢9, € G, such that for any v # 0 € R,,
{g1v, ..., gmv} form a basis of R). We fix a such set {¢g1, ..., g} in the following proposition.

Proposition A.10. Given a triangulation on a compact n-dimensional manifold M and
Wy is a A M-polyfold bundle over M. For (z,w) € Wy, we use I,y C (Wy), to denote
the G-invariant subspace spanned by w € (Wy), in the fiber (Wy),. Assume over an open
neighborhood U of a k-simplex A\, the bundle is modeled on a bundle retraction 11 : U x F —
U x F and there are elements py, ..., ppy1 € Foo, such that Iy p,), - - - Iti(u,p,..) do not have
nontrivial intersections with each other for all v € U. If there exists a nowhere zero sc>
section s : V — W, over an open neighborhood V' of OAF, then

1. if k < n, there is a nowhere zero section 5 defined over a neighborhood O of A*, such

that s = 5 on V' for a neighborhood V' C VN O of ONF;

2. if k = n, there is a nowhere zero section section s defined over a neighborhood O of
A", such that s = § on OA™ UV’ for a neighborhood V! C VN O of OA";

Proof. We will prove the claim for £ = n as the remaining case is similar and simpler. Since
Itt(up1)s - - » Ini(u,pn.i) do not have nontrivial intersections with each other for all v € U,
gill(u, p1), .. gmIl(w, p1), 1 11(w, pa) . .., gmIl(u, pry1) are linearly independent for all u €
U. Therefore they span a G-invariant subbundle F' C W, of constant rank. By Proposition
A8, we have a decomposition

Wy=FeaF*

over U. The projection to F' is denoted by mr. Let O denote the open neighborhood A" UV
of A™ and A} C AP C A™ be a two smaller n-simplexes with A™\ C A%.Using a smooth
bump function, we can extend s to O of A" such that s = 5 outside A}. We also call the
extended section s, since we will only consider the extended section from now on. We can
find a smooth C° small perturbation p on O in the finite dimensional bundle F', such that p
vanish on O\A}. Moreover mps-+p is a transverse section of F' near the 0A}. By dimension
reason, transverse here implies 7ps + p # 0 near dAY. Since dim F' > n, (7ps + p) can be

2But it may change the bundle outside the simplex.
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extended smoothly to a section of F' from O\AY} to O and is nowhere zero on AJ. Denote
the extension by sp. Then

§:=s(x) + p(z) — mr(s(z) + p(x)) + sp(z) = s(x) — mp(s(x)) + sp(z)

satisfies the conditions. This is because sp(z) = 7mp(s) on O\AY then s = § on O\AJ.
Therefore § # 0 on O\AL. Since 7p(5) = sp(z), § # 0 on AJ. O

Proof of Proposition A.9. Given a triangulation, we can always find a refinement of triangu-
lation such that the conditions in Proposition A.10 hold because W, is infinite dimensional.
Since F'is a trivial A bundle, we can find sections s;,...,s, of F, such that I, ... I,
generate F'. We extend s; first, pick all the O-simplexes in M not contained in A", we can
assign nonzero vectors to them, then by Proposition A.10, we can extend s; to neighbor-
hoods of all the 1-simplexes not contained in A\,,. Therefore after applying Proposition A.10
enough times, s; can be extended to a nonzero section in W,. By Proposition A.8, there

is a complement to I,,, denoted by I;-. Then the projection of s,,...,s, to I;- are linearly
independent over A™. Then we can extend the projection of s5 in [ jl by the same argument.
Repeat it n times, we find the extension F'. O

Proof of Proposition 6.15. Following the argument in the proof of [59, Theorem 5.21], for
every point z in M = s71(0) N 29, there exist a neighborhood U C M of x and sections
Vi,..., Vi of Wy over U, such that Iy,, ..., Iy, have trivial intersection with each other and
covers the cokernel of D*s. We can find a finite cover of M, such that each open set in
the cover has this property. Then we can find a triangulation such that any simplex is
contained in some open set in the cover and the triangulation satisfies Proposition A.9. We
order the top-dimensional simplex by Aq,...,2A;. N denotes of the sum of the numbers of
the vector fields over every open set in that open cover, or N > 0.Therefore for each top
simplex /\;, we have a G-invariant trivial bundle F; covers the cokernel of D*s on A;. By
Proposition A.9, we can find trivial subbundle F extending F; hence covers the cokernel
over /\y. By Proposition A.8, there is complement M-polyfold bundle FlL. By Proposition
A.9 and infinite dimensionality of FlL, we can find a trivial bundle Ry, @ R*V F}L over
M. Let mgen denote the composition of two projections Wy — Fj Land I — R\ ® R2?YV.
Similarly, we could have FQ over A\y. However, if F1 N F2 # 0, the rank of F1 + F2 may
be varying. To avoid this, we start with trivial bundle F5» which covers the cokernel over A,.
Then for any small € > 0, there exists G-equivariant bundle map 7 : Fy|a, — Ry @ R*Y|A,,
such that |7| < € and mgen|g, + 7 is injective. For e small enough, im((id 4+7)|g,) still covers

the cokernel over A, and is G-invariant, then m . im((id 47)|g,) is still a trivial subbundle

-1
over Ay of the same dimension. We can extend 7 + im((id +7)|g,) to M in F; ™, the extended

bundle is denoted by F’g, then I} + Fy is a subbundle and covers the cokern(i over Ay U As.
Then applying the same argument to As,...,/\;, we can find the required W,. O]
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Proof of Proposition 6.16

Proposition 6.16. Under the tubular neighborhood assumption (Definition 6.9), then we
have the following.

1. Suppose that s|zc : Z¢ — W is transverse to 0. Let W be a trivial bundle asserted in
Proposition 6.15, then N = (D’\s)_l(W)‘) is smooth subbundle in N2 over s~1(0) N
A

2. ind D*s is locally constant on ZS and rankﬁi — rankWi =ind D*s, for x € s71(0)N
AS

3. For every k € N, {z € s71(0) N Z%| dim Coker D*s, < k} is an open subset of ZS.

Proof. (3) follows from [37, Corollary 3.3]. For (1), first note that by (3) there are finitely

many W". Then t+s : W*(EB)\EAW)\) — W, where ¢ is the inclusion. Then by construction
L + s is equivariant and transverse on M := s|,4(0). Then (¢ 4 s)7'(0) is G-manifold

containing M as a submanifold, then N is identified with the A-direction of the normal
bundle of M in (v + s)71(0). (2) follows from (1). O

A.3 Averaging in polyfolds

In this section, we prove that averaging argument works for polyfolds. The following Lemma
follows from a classical argument e.g. [94, Theorem 9.42], where the integration in Banach
space is defined using Riemann sum, e.g. see [50].

Lemma A.11. Let M be a compact manifold with a volume form. Let U C R} x E

and V. C R} X F be two open subsets for Banach spaces E,F. Assume we have a map
f:MxU—YV, then

1. if f is continuous, then

f:U—R:xF, xl—>/f(p,x)dp
M

18 continuous;

2. if f is Cl, then f is C' and the differential is

Df,  R"xE —-R"xF, v / D fp.yvdp.
M

Proposition A.12. Let Z(FE, F) be the space of bounded linear maps between Banach spaces
E,F. Given a compact maniold M and a map D : M — ZL(E,F) such that T : M x E —
F,(p,e) = (p, D(p)e) is contious. Then sup,c, || D(p)|| < co.
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Proof. For p € M, since T is continous, for every ¢ > 0, there exits a § > 0 and a neighbor-
hood U C M of p such that T'|yxps0) C Be(0). Hence for every q € U, |[D(q)|| < §. Since
M is compact, we have sup,c,, ||D(p)|| < oo. O

Lemma A.13. Let M be a compact manifold with a volume form. Let U C R} x E and
V CR% x F be two open subsets. Assume we have a sc' map f: M x U — V, then

7:U—>]R7}FXIF, :Er—>/f(p,x)dp
M

is a sc' map.

Proof. By (1) of Lemma A.11, f is a sc” map. By [65, Proposition 1.5], for every k > 1 the
induced map f : M x Uy — R™ X F,_; is C! a and the tange map T'f : T(M X U)p_1 —
TVie1, ((p,x), (v,u)) = (f(p,x),Dfpe)(v,u)) is continuous. Then by (2) of Lemma A.11,
f:U, >R xFpyisrCtand Tf : TU — R? x F is sc. By [65, Proposition 1.5], to show
f is sc! it suffices to show that for z € Uy, the linear map

veER" X Ep_1+— / D f(pyvdp
M

defines an element in Z(R™ x E;_;, R™ x Fy_1). This follows from Proposition A.12. O
By induction, we have the following corollary of Lemma A.13.

Corollary A.14. Let M be a compact manifold with a volume form. Let U C R} x E and
V C R} xF be two open subsets. Assume we have a sc® map f: MxU =V for0<k < oo,
then

T:U—HRCLFXIF, x»—>/f(p,x)dp
M

is a sc*® map.

The following two corollaries are direct consequences of Lemma A.13.

Corollary A.15. Let G acts on a polyfold Z by (p,B). Assume we have two G-invariant
neighborhoods V- C U and a sc-smooth function f : Z — [0,1] such that fly = 1 and
supp f C U. Then f := ﬁ(G) Jo(B(g,-)*f)dg is a sc-smooth fuction on Z such that f|y =1

and supp f C U.
The following corollary is used in the proof of Theorem 6.17.

Corollary A.16. Let N — X and & — X be two G-M-polyfold bundles. Suppose G 1is
equipped with a bi-invaraint volume form. Assume we have map f : N — £ be a sc-smooth
bundle map then

N =€, UH/Gg-f(g_lv)dg

is G-equivariant sc-smooth bundle map.
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Appendix B

De Rham theory on M-polyfolds and
Polyfolds

This appendix is to review some technical details of the constructions in [60, 59, 63], and
provide some details on the some other aspects on de Rham theory used in this paper. Given
a M-polyfold X, define QF(X%9)(i > j) as set of s¢> maps ®yT x|y — R which is linear in
each argument and skew symmetric. Since we have s¢>® embedding T X7 | X, — TX7%2| i, for
i1 > i9,J1 > j2, we have Q*(X292) — (X)), hence we have a direct system over (i, 7),
the direct limit is denoted by Q% (X). Functorality follows from chain rule.

Proposition B.1. X : X% — Txk Y : X — TX% are two sc™ wvector fields(k, >
ko,j1 > j2), then [X,Y] can be defined as a sc> vector field X"+ — TX. Such that for any
s¢® map f: X =R, [Dfx, DfY]| = Df[X,Y], and Jacobi identity holds for this Lie bracket
in the sense that [X,Y], Z] + [[Y, Z], X] + [[Z, X],Y] = 0 as a vector from XFHTita+2 ¢,
TX.

Proof. First of all, X(Y) will be s¢* map from X*(X71) to TX. Then DX will be an sc*®
map from TX* to TTX, and Y can be understood as sc>® map X7tk — TX*  hence
DX oY will be an s¢* map from X71t% to TTX, the projection to the tangent direction
of the tangent direction of X is again sc*, which is denoted by DX - Y. Similarly we have
DY - X is also sc™® from X71+K1 to TX | then [X,Y] is defined as DY - X — DX - Y. It’s not
hard to see in finite dimensional case, this coincides with normal definition. Functoriality
follows from chain rule. And Jacobi identity comes from X : X** — TX is C* map on
each level and normal Jacobi identity, and shift of 2 comes from the fact we need to use the
Hessian of C? map is symmetric. ]

We can define the exterior differential on Q*(X'7) taking image in Q¥ (X1 as follows:

w : BT X vi — Ris s¢®, s0is Dw : T @, TX?, — R, plug in 0 in the tangent directions
of the fiber of ®,T X7, we get a sc™ map, still denoted by Dw: @ TX ! yis @ TX" — R.

It is easy to see it is linear in each argument, and skew symmetric for the first k arguments.
Since ¢ > j, hence we can restrict Dw to @k+1TX;i+1, then skew symmetrize it will give
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us dw in the space as we claimed. This d will be compatible with the direct system, hence
induce a map on 2% (&'). The following proposition is the justification for formula in section
1.

Proposition B.2. Given w € QF(X%7), pick a point (g, 1, ..., 71) € Bp1 T X 25 over
p € X2 and extend it to sc™ vector fields Xy, ..., Xy of TX?|x: locally. Then at p:

~

dw(wo,...,zx) = Y(-1)'D@(Xo,..., Xiyoo, Xp)) - Xi
+ Zi<j(_1)l+]w([Xi,Xj]7X07.--,Xi...Xj,...,Xk)

In particular, the local definition and global definition above coincide in 2% (X)

Proof. By chain rule D(w(Xo, ..., X, 1)) X, = Dw(Xo, ..., Xn 1) Xp+w(DXo- Xy, ..., Xp1)+
oot w(Xo,...DX,,_1X,). Skew-symmetrize both side, we can get the identity. ]

Use the local definition, and Jacobi-identity, one can show that d? = 0 on _(X). And
by chain rule f*d = df* is f is an sc™ between two M-polyfolds.

Proposition B.3. Q% (X) is a G* algebra.

Proof. We will use the sign convention in [53], i.e. £ € g will induce a vector field &y =
Lo exp(—t€) from X! to TX. Since for any element g € G, dg : TX7 | i — TX |3 is s¢™,
hence the pull back of form in Q*(X*7) is still in Q*(X'*7), this is compatible with the inclusion
for different i. Therefore pull back is well defined on Q}_(X). And the G action can be defined
as p(g)ww = g~ w. Then there is an s¢>® map p(g)w : G x *TX7| i — R, Then we define
Lew = Dp(g)wigw(€,0) € QF(X1IT1) We can also write this as Lew = 4|,_op(exp(t€))w?.
1,1 is defined by the interior multiplication by &,

pla)Lep(a™) = L ag,¢ follows from chain rule, p(a)iep(a™) = taqg,¢ follows from, Da(&yr) =
(Ad,€)r and p(a)dp(a=') = d follows from functoriality of pull back.

[d,d] = 0 is equivalent to d* = 0. [u;,¢;] = 0 follows form skew symmetric property.
(L, L] = c§:Li,[Li, 1] = ¢, [d, L] = 0 will follow from the Cartan formula L; = [d, 1],
and the local formula for d we have established?.

So it suffices to prove Cartan formula. After writing out the local formula, we only need
to prove £|,_gexp(t€).X = [€a, X], for X : X' — TX7. Since both sides are well defined,
hence only need to prove they are equal in some level of the domain, so we shift the index
of the domain to gain some classical differentiability. X will be C* from X**! to TX7 so is
&ur, and p(expté) will C? on (—¢,€) x X2 — X, use these classical differentiability we can
show <£|,_gexp(t€).X = [£a, X] holds after restricting to space with higher index. O

Proposition B.4. Q*(X,7;) is G* algebra.

IThe base direction is obvious, and fiber direction follows from sc—smoothness of dg : TX7 — T X7 and
sc—smoothness of TX7|yi C TX?

2The only requirements for this derivative is that it should be linear, and when the path is constant, it’s
zero, which is obviosly true here

3These equality will make sense after a suitable index shift, but they will induce equality in Q*_(X)
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Proof. Since every element a € Q*(X, 7;) is represented by the following data: A open cover
{R,} of X, with each R, is an open set of X;, and for each R,, there is a o, € Q*(R%/)
for some i, 7, and for any point x € R, N R, N X, there is a open set R, C R, and Ry,
such that o, = a; € Q*(R8!) for some k, . Since the argument in the previous proposition
is local, thus can be applied to Q*(X, 7;). ]

In the proof of Theorem 8.20, one need to average a form w in Q% (X) over the compact
group G. Thus the following proposition is needed:

Proposition B.5. If w € Q*(X%), then #(G) Jo g*wdg € (XYY and also G invari-
ant, where the measure is determined by a bi-invariant metric.

Proof. The G invariance is obvious, and average of w will be the shifted space, comes from
a general fact: given sc™ 6 : M x X — R, where M is a compact space, then fM 0: X' - R
is sc¢>. This is because 6 : M x X* — R is C*, hence the fMQ : X* = R is again C*, by
Proposition 2.12, it’s sc¢® from X! — R. O

Corollary B.6. The average process above also gives map Q0*(X,7;) — Q*(X, ;)¢

Proof. Let a € Q*(X, 1;), since G is compact, for any z € X, G - x is compact, then there
is G invariant open neighborhood U, of G -z in X, such that « is defined as Q*(U%7), then
we can apply the averaging process as before. All these local description gives rise to the
averaged element in Q*(X, ;)¢ O

Proposition B.7. Mayer-Vietrious sequence holds for %5 (X)), Q*(X, ;).
Proof. Since we have sc™ partition of functions. n

Proposition B.8. Given a closed oriented manifold M, and a M-polyfold X, H*(X X
MJTi) = H*<X7TZ) ® H*(M)

Proof. It was proven in (8] that for abelian group G, paracompact space X and compact
space Y, then there is an isomorphism H*(X x Y,G) = H*(X, H*(Y,G)). Combining with

H*(X,7;) = H* (X%, 7, R), we prove the Kiinneth formula. ]

Since any two local action I';,T's € L(x,y,g) are differed by precompose of the Stab,
action, since a differential form on polyfold is invariant under such action, there is a well-
defined version of pull back by the G action. And all the conclusion holds for polyfold by
same argument.
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Appendix C

Convergence and Kunneth Formula

C.1 Convergence

We now return to the convergence results used in chapter 12. In this appendix, we will see
another reason of why the transversality of fiber product is essential, besides it is a natural
requirement from polyfold point of view. That is the convergence results, especially Lemma
12.13, is more or less equivalent to the transversality of the fiber products.

Thom class.

We follow the construction of Thom class in [13]: let 7 : B — M be an oriented vector
bundle with a metric over an oriented manifold. The fiber F'| the base manifold M and the
total space E are oriented in the manner of [M][F] = [E]. S(F) denotes the sphere bundle
of E, then we can a form v (angular form) on S(F), such that the integration over each fiber
is 1, and d¢p = —7*e, where e is the Euler class of the sphere bundle [13]. Then we pick
smooth functions p,, : R™ — R, such that p, is increasing, supported in [0, %] and is —1 near
0:

Pn(T)

3=
—_

Figure C.1: Graph of p,

d(pny) defines a form on RT x S(E), and it is 7*e on an open neighborhood of {0} x S(E),
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thus d(p,1) is a lift of some form on E, i.e. d(p,v) = p*d"™ for §" € Q*(E), where p is the
natural map RT x S(E) — E. ¢" is proven to be the Thom class in [13]. The next
lemma asserts 6" actually represent the zero section not only in homological sense, but also
in a stronger sense of current. Let dj; denote the Dirac current of the zero section, i.e.
ou(a) = [y, 1", for o € Q*(E), where i : M — E is the zero section.

Lemma 12.1. §" — 05 in the sense of current, i.e. Yo € Q*(E)

lim [ aAd” — oy(a)

Proof. Let F ~ R"™ be a fiber of the bundle, since 0™ is compactly supported, then the
integration over a fiber is

F F—{0} (0,00)x S7—1 [0,00) x S—1 [0,00)x S—1 {0}xSn—1

Let v € Q*(E), since [, 6" =1 for any fiber F. then

/W*i*a/\5":/ /77*2'*04/\5”:/ e
E MJF M

Therefore, it is enough to show

lim [ (o —7""a) A0" =0
n—oo E

We will prove this by partition of unity: Let {U;} be an open cover of M, and {p;} be a
partition of unity subordinated to the open cover, and assume that we fix trivialization over
each U;. Then over = (U;):

'pi(a — " a) = ZfI’deI A dy”

where x are the coordinates in U;, and y are the coordinates in the fiber direction, I, .J are
sets of indexes. Since o and 7*i*« are the same when restricted to the zero section, therefore

lir% 19 = 0 where r is the radius coordinate in the fiber direction. So we have:
r—r

lim A2 A6 = lim 2! Adp, A — F10aT A purte

n=o0 Ja-1(U) N0 JR+x 571U

1
= lim /n / +0dp, A Ada! £ pofH07%e A da!
neeJo JS(B)w
Since |py| is supported in [0, %] and bounded by 1, /n |dp,| = 1, ljr% 0 =0, and ¢ is
0 r—
bounded on S(E), we have
lim Pzt As™ =0

n—oo 7T71(U)
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When the cardinality |J| of J is greater than 1, dy! = Cr’ld9’ + Drl/I=1dr A d§771,
where df”,d#”’~! is a form on the sphere, and C, D are bounded functions. Because dp,, is
purely in dr direction, then:

lim fAdef Ady? Ad™ = lim / ' / A erldzt A de7 A dp, A

n—o0 a1 (U) n—oo 0

1
— lim /n/ Aoty A dat A de7 A parte
S(E

n—oo 0

— lim / ' / AT DrI=E A A dat Adr AdOTTE A parte
1
Because f/ C are bounded, df’ is bounded on S(FE), / |dp,| = 1 and hm rl =0, thus

the first term limits to zero. Since everything in the last two terms are unlformly bounded,
and p,, is supported in [0, n], thus the last two terms limit to zero. Thus we have:

lim m'pi(a; — T Ta) A" =0
n—o0 Tl'_l(UZ‘)
Therefore
lim [ (a; — 7""a) A" = lim E / 7rpZ a; — T ) AT =0
n—oo E n—oo

]

Next, we will show that Lemma 12.1 is preserved under pullback, when transversality
conditions are met.

Lemma C.1. Let M be a compact manifold with boundary and corner, E — B be a vector
bundle over a closed manifold B. If f : M — E is transverse to B, and we orient f~1(B)
by [fY(B)]f*[E] = [TM|t-1(p)], then for o € Q*(C)

lim a N f*én = / Oé’f—l(B)
e M F71(B)

Proof. We fix a tubular neighborhood 7 : N — f~}(B). For n big enough, f*¢" is the
Thom class of f~!(B), i.e. f*" has integration 1 along each fiber. This is because the
fiber F of f~!(B) is diffeomorphic to a submanifold homotopic to a fiber in £ — B though
the map f. Since 0" is closed and has a small enough support. Stokes’ theorem implies
S [¥0n = ff(F) 0" = Jireros p 0" = 1. Then for the same reason as in the proof of Lemma
12.1, we only need to prove:

lim [ (a—7""a) A f*" =0

n—oo N
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ber F the homotopy
fibers

f~'(B) —_—

Figure C.2: Pullback of Thom class

Pick a point x € f~1(B), then by implicit function theorem, we can find a local chart of
xin M:
¢:REXR" — M, 6(0) =z

And local trivialization of E — B over f(x):
Y R' xR = E,4(0,0) = (f(x),0)
Such that

wil @) f e} ¢($1, s ks Y1y o Yn—js Bn—j+1y - - - 7Zn> = (fla ey fi,Zn,jJrl, ey Zn)

where fi,..., f; are functions of x,,y., z.. We replace the z coordinates by spherical coor-
dinates. With such coordinates, the pullback of d(p,t) through f is d(p,t)), where 4 is
defined on RY x R,_; x 97! x Ry and uniformly bounded. Then the proof of Lemma 12.1
can be applied line by line. O

Following the discussion in section 12.1, we pick representatives {; ,} of a basis of H*(C;)
in Q*(C;) to get quasi-isomorphic embedding:

H*(C;) — Q°(Cy)

and the dual basis is denoted by {0;,}, such that {¢;,} are in the image of the chosen
embedding H*(C;) — Q*(C;) and (1)l [ ¢ A6, = §,. Then by Proposition 12.2,
the Thom class 6" = d(pnty) of A; C C; x C; and > o Tibia A 507, both represent the
Poincaré dual of the diagonal A;, thus they are cohomologous in Q*(C; x C;). Therefore we
can find f, such that df} =7 — >, 716, A 7307, and

i,a)

fit = 1" = (pn = pm)¥i (C.1)
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Thus the support of f*— fI" converges to a measure zero set, to show the convergence results,
i.e. Lemma 12.5 12.13, we need to show f is uniformly bounded. It is not necessarily true
in C; x C;, but it is true after we use polar coordinates near the diagonal A;. To apply polar
coordinate in an intrinsic way, we recall the definition of blow up of real submanifolds from
[83, Chapter 5 |.

Definition C.2 (Blowing up). Let p : E — M be vector bundle over a manifold, then the
blow up of E along M 1is the following manifold.

Ey ={(v,e) € Ex S(E)|p(v) = p(e),Ja >0, such that ae = v}
where S(E) is the sphere bundle (E\{0xy})/R™, and Oy is the zero section of E — M.

Then one can define a blow-up of a submanifold N C M, by blowing up the normal
bundle, after we identify a tubular neighborhood of the submanifold N with the normal
bundle. Moreover, the blow up of the submanifold N can be described intrinsically as
follows:

BiyM = (M\N)U S(TM/TN|y)

where S(TM/TN|y) is the sphere bundle of the quotient bundle TM /T N|y over N, the
smooth structure can be given using an auxiliary tubular neighborhood, but it is indepen-
dent of the tubular neighborhood [83]. The natural map BiyM — M is smooth and is a
diffeomorphism up to measure zero sets. The Thom class §!" = d(p,1;) can be pulled back
to Bla,C; x C;, and the primitive p,1; is uniformly bounded on Bla,C; x C.

BixM

aM

S(TM/TN)

Figure C.3: Blow up one submanifold

Using this intrinsic description, when M x N — C x C' is transverse to the diagonal Ag,
there is a natural map Blyx .nM X N — Bla,C x C induced by M x N — C x C. And
we have the following commutative diagram of smooth maps:

BlyryonM x N ——= By .C x C

J l

M x N CxC
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If we have two submanifolds Ny, No of M, such that Nj is transverse to Ns, then we
can blow up Ni, Ny, it is shown in [83] the order of blowing up does not influence the
diffeomorphism type, the resulting blow-up is denoted by Bly, n,M. Similarly, if we have a
sequence of submanifolds Ny, Na, ..., Ni, such that (N,eaN,) is transverse to Ny for § ¢ A,
then we can blow up all Ny, ..., Ni. The diffeomorphism type does not depend on the order,
and let Bly, . n,M denote the blow-up.

/ | \

By, x, M
\ 1 /

Figure C.4: Blow up two submanifolds

In the setting of flow category, the fiber product M; i Xi M i, X4y ... X5 My
is cut out tramsversely in M;g;, X M; ., X ... X M, 5 .., then N; = M; ; x M, 4, X
co XM Xy Mg X0 X M, are submanifolds in the product M, i, x M, 4, X
oo X M, .., such that (NaealNy) is transverse to N for 5 ¢ A. Then we have blow up
Bl,, = Bly,,. Ny Migi; X My iy X ... X My, 5. And we have similar commutative diagrams
of smooth maps:

| |

Mg iy X Mgy X oo X My Ci x C;

The next two lemmas are about the convergences in the definition of dgc and the proof
of d%¢ = 0. The definition of ./\/lflk% o, fotss ooy [t o] s (12.5).

s+i10 °
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. s,k n n ;
Lemma 12.5. lim M7 [, fiy, ..., fi ] exists.
n—oo
. s,k ni Ty . . . s,k s,k
Proof. Since M" ; [a, fiil; ..., £, 7] is an integration over M;" ;. and [J; M i
is a measure zero set in M ;| thus we can restrict to MJ" , — U M? ~ to get the

11 5.- 9Z]7 Slr

same integral.
We have a blow-up Blr./\/lfl’li_w, by blowing up all ./\/lflkljl,l < j < r. The primi-

tives f7* can be lifted to Bla,C; x C;, and t,; X s;. can be lifted to the blow-ups by (C.2).

s k: ni n . :
Thus we can define BL,M;" | [a, fl; ..., fif; 7] to be the integration of wedge prod-
s,k s,k s,k
uct of pullbacks of a, f%l; , ..., fSHT,y to Bl,M;" ;. Because B[, M;" , and M;" , —
K : :
U, M>" —  are also differed by a measure zero set, by commutative diagram (C.2), we
Lyeenslgyeenslr
have
s,k n n s,k n n
BlTMil,...,ir [a7 s+i1r S+ ’Y] le, e [ s+i1) S+, ’7]
Since i i
S, n n S, m m
BlTMil,...,ir [Oz, s+i19 sS4y 7] BlrMil,...Jr [O./, s+117 0 00 J s+Hip0 ’7]
T
— s,k m n m n n (C?))
- E :BlTMz'l,.A.,iT [0" s+ipr >f Stip_17Jstip — Jstipr Jstipprr st 7]
m

opiys VI are unlformly bounded over Bla,,,, Csi; X Cspyy and the support of f; — f;
converges to a measure zero set in Bla_,, C’SJM] X Csyi; when n,m — oo. By Commutative
J

diagram (C.2), the pullbacks of f; to Bler{li,,,ir have the same properties. Thus (C.3)
implies the convergence. [

Lemma 12.13. For an oriented flow category C,

s,k n n n s,k n n
hm le, ,i[ S+il7"'755+1p R s+ir77] ( ) hm Mn, wip— I:E:Zp-kl, i [Oé, s+110 s+ir77]

where x = (a4 My 13, ) Coti, -

Proof. lim /\/lSk R e,

n—o00 L1see5lp—15Tpstp4-1se-50r

proof of Lemma 12.5.
To prove the limit on the left-hand-side exists, we can blow up everything except for
o,k _to get Bl,_;. Assume the pull back of d;,; is supported in tubular neighborhood

11 yenilpyennylr

Uof M* _  in Mf{]f...,w then U can be lifted to the blow-up Bl,_; to get Bl 1U (c.f.

Tlyeeilpyeyir
figure 7). For simplicity, we suppress wedge and pullback notations, then

arirs - - fari 7] exists by the same argument used in the

p

; n n T n n
nhﬁr{olo ik o s—Hl : 55—1—11) RN PR T}gr& o 8—1—7,1 : 55—&—1,, RN puwing
M ; Bl U
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blow upM s .:

= BiLIT

partltmu of BLT

Va

W=r'v)

=pt{Va)

Figure C.5: r =2,p =1 case

Let BI,_ 1./\/18]“. ..... ; denote the lift of MSk' ..... . in Bl,_1, then Bl,_,U is still a tubular
neighborhood of Blr 1./\/18k' ..... . and p : Bl,_ 1U — Bl,_ 1./\/1816. '''''  denote the projection
of the tubular nelghborhood Then we can divide Bl,_ 1/\/18’“‘ ..... : into two part Vi, Vs,

such that V} is a small open set containing the blow-up domain, and V5 is the comple-
ment. Then p~'(V}) and p~!(V4) are partitions of Bl U (c.f. figure 7). Using the same
local coordinate in Lemma C.1, and if we integrate the radical coordinate first, because

vz Jarip 1o Saviyirs - - - Joys, are uniformly bounded over Bl,_;. , we have
g oy i ] £ K vol(1) (C4)
- 1
where K is a constant. Over p~*(V%), the pullback of f7,; , i o Feiyers s foh, do

not change for n large enough, because p~'(V,) stays away from the blown-up area. Thus
the only thing varies over p~!(V3) is dy4;,- The by Lemma C.1 and orientation relations in
Definition 11.16, we can conclude that

. n n 1 _1\(a+mg sqip)Coti n n n
TLII_{EO a $+’Ll ) 6$+2p coedsva V= nh_{go( 1) ? ? a s+11 o Sstipoa stipn o Jeti Y
p~1(Va) Va2
(C.5)
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By (C.4) and (C.5), because V; can be arbitrarily small, we have

. s,k n n n :
nh—>HoloM“ 77777 o fivis o O s ooy fih, s ] exists.
: n n n n : s,k
Since flyis s fivi, o fins -0 fiyi, are uniformly bounded over Bl MP" TR
n n n n !
‘ Q s+i1 ° 5+iip_1 St+ipy1 "t S«leﬁ)/’ < K VOl(‘/l) (C6)
Vi
. k k .
Since Blr_lj\/l:’ — . and /\/lf — . are differed by a measure zero set, we have
1yeees Py s 1yeees Py s
n n n n _ n n n n
/ sk Q s+i1 8+ip_1 S+’ip+1 te S—Q—Z’T’y - / sk Q s+i1 "t s+ip_1 S+ip+1 v S—l—i,r’y
Mil ,,,,, Tpyesir Blr—ya M Tpyenyip

= / Q sn+z‘1 e fsn+z‘p,1f:+z‘p+1 e f§+iﬂ (0‘7)
ViuVs

Therefore by (C.4), (C.5), (C.6) and (C.7), we have

: n n n (1 \(a+mg sty )Coti n n
lim as+i1...5s+ip... ari, Y — (—1) sstip)Cstip afli - fo
n— 00 Mk Ms,k
LSRR ir B yeeeyipyennsin
< (K + K")vol(V1)
Since V) can be arbitrarily small, thus
lim af 8T Ty = lim (1)@ st )i aflt o
Ny o0 Ms,k s+11 s+ip s+zT7 n—>oo( ) sk Ss+11 s+zr/y
i1 yeenyir B15esipyeesir

O

C.2 Kiunneth formula

In this part, we will prove the Kiinneth formula in Proposition 15.3. To prove the proposition,
we will first introduce a twisted version of Morse-Bott differential, again we assume for
simplicity each M, ;.C; have only one component, then the twisted differential is defined to

be - R
dBC = H dk
k>1

where dAk is defined as

(@lal b1y, = (—pyfellersiliebmmnend (g o], ), ,

= (FpelletD el o], ).,
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for a € h(C,s),y € h(C,s + k).
Then

—2
<dBc la], h/]>s+k — (1)l tlabme it et (@2 o] [4]), =0

That is (BC’,d/B;;) is also a cochain complex. Moreover, there is an isomorphism p :
BC — BC(C, such that
pla) = (~1)l g

for « € h(C,s). It is direct to check that p is a cochain isomorphism between (BC, dp¢) and
(BC,dpc), hence they are quasi-isomorphic.

Remark C.3. In fact, the theory on flow morphism and flow homotopy in chapter 12 works
for the twisted version also. But we prefer dgc over dpc, because dpc follows a consistent
sign rule in remark 12./. Moreover, the sign rule for dgc can be generalized to A, structures.

It turns out the Kiinneth formula is easier (with cleaner signs) to prove using dzc.
Lemma 15.3. H*(C x B,dpc) = H*(C,dpc) ® H*(B)

Sketch of the proof. Let {6, .} be representatives of basis for H*(C;) and {{,} be represen-
tatives of bases for H*(B) with dual basis {&;}, then {7y 0;, A 756} are representatives of
basis for H*(C; x B). Then the dual bases are {(—1)'95ﬂva"|£b|7ra9;a A& . When the 67 is
the Thom class of A; and ¢" is the Thom class for Ap, then ¢, .07 A7, g0" is the Thom
class of A¢,«p. Let f', f™ be the primitives over C; x C; and B x B, such that:

dfr = or —Zf{@wAﬂQ
df" = —ngaAm

Then

Texe 0 A 0" = 071 (Mo A w&) A (=) %Mol 07, A mhey )
a,b

= w0 N Tpxpd” = Texe, (Z T10i0 N T30 ) A Thpyp (Z & A /\7@5;)

b

= T T A Thypd" + T e, (Z 710ia ATH05, ) A df”
a

Thus f8.p = T xo, Ji' A Thypd™ + (=1)%78 0. (Do, m0F Am308") A f* could play the
rule of the primitive of 6 — Y O A0* over C; x B x C; x B. Although that is different from the
construction used in section 12, the convergence results i.e. Lemma 12.5,12.13, hold. Thus
all the constructions from chapter 12 can be applied using f¢., p-
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We claim @[WE’O&/\W*BB] = (—1)|5|7rédAc[a]/\7rE [8]. Obviously, if we only have 7, o fi'/A
Thy 0" in f& g, then the claim is true. With the extra term (—1)“7(. . (3, m65.0 A 7307 ,) A
f", we have

—

dg . plme, o A ]

= <—1>'5cfk[a1sz[ﬁ]izc@ocﬂa]z(hm/ wwfnmss) &
i b BxB

n—o0

:i:ZdAZ o d/]_\l o d/kjj[oz] Z (hm / TB A (m1 X m)* " A (my X 3)* f" /\7T§§b) &
"0 JBxBxB

i b

+...

Since d? = 0, d/c;[ﬂga ATRB] = (—1)‘B|7TZ~CZAC[CV] N 7pB].
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