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Constructing the virtual fundamental class
of a Kuranishi atlas

DusA McDUFF

Consider a space X, such as a compact space of J—holomorphic stable maps, that
is the zero set of a Kuranishi atlas. This note explains how to define the virtual
fundamental class of X by representing X via the zero set of a map “y: M — E,
where E is a finite-dimensional vector space and the domain M is an oriented,
weighted branched topological manifold. Moreover, .#)s is equivariant under the ac-
tion of the global isotropy group I on M and E. This tuple (M, E, T', #)r) together
with a homeomorphism from ﬂﬂ}l (0)/T to X forms a single finite-dimensional
model (or chart) for X. The construction assumes only that the atlas satisfies a
topological version of the index condition that can be obtained from a standard, rather
than a smooth, gluing theorem. However, if X is presented as the zero set of an
sc—Fredholm operator on a strong polyfold bundle, we outline a much more direct
construction of the branched manifold M that uses an sc—smooth partition of unity.
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152 Dusa McDuff

1 Introduction

1.1 Statement of main results

Let X be a compact space that is locally the zero set of a Fredholm operator F of
index d, such as a moduli space of J-holomorphic stable curves. The question of
how to define its fundamental class is central to symplectic geometry, since so much
information about the properties of this geometry depends on the ability to “count”
the number of elements in X. There are many possible approaches to this problem,
eg Fukaya and Ono [3], Hofer [5], Hofer, Wysocki and Zehnder [6] and Tehrani and
Fukaya [16]. In this note we develop the work of McDuff and Wehrheim [13; 14; 12]
and Pardon [15] that uses atlases, in an attempt to clarify the passage from atlas to

virtual fundamental class.

A d—-dimensional atlas consists of a family of charts K; indexed by subsets I C
{1,..., N} =:A, together with coordinate changes @y for I C J, where the chart K;
is a tuple

Ky =Ur. Er. T, 51, 91),

consisting of a manifold U; of dimension d 4+ dim Ej, a real vector space Ej, actions
of the group I'7 on Uy and on Ej, a I'7—equivariant map s7: Uy — Ej, and finally
the footprint map vy : sl_l (0) = X that induces a homeomorphism from (SI_1 (0))/ Iy
onto an open subset F7 of X. The charts K; that are indexed by sets {i} of length
one are called basic charts, and we assume that their footprints (F;);<;<ny cover X,
while the other charts K; with |/| > 1 form transition data. In applications, the
corresponding vector spaces E; cover the cokernel of the Fredholm operator F at the
points in the footprint F; C X, and are called obstruction spaces because they obstruct
the existence of solutions when F is deformed. The essence of the problem lies in
trying to assemble these local finite-dimensional models for X into one structure that
retains enough information to determine its fundamental class, which (when d = 0)
one can think of as the number of solutions of a “generic” perturbation of F.

The paper [12] explains one way to use a d —dimensional oriented atlas to define a Cech
homology class [X ]V,Cir € Hy(X:;:Q). Roughly speaking, the idea is this. Using the
coordinate changes to identify different domains, one constructs a metrizable, Hausdorff
space |K| = |J; Ur/~ that supports a (generalized) orbibundle |Ex| — |K| with a
canonical section |s|: || — |Ex| together with a natural identification

x: X = [s|710).
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Constructing the virtual fundamental class of a Kuranishi atlas 153

With some difficulty, one then defines a multivalued perturbation section |v|: |V| — | Ex],
on a subset |V| C |K]|, such that |s 4 v| is transverse to 0. Finally, one shows that the
perturbed zero set |s 4+ v|~1(0) represents a unique element in Hy (X:;:Q).

Because it uses the notion of transversality, the above construction requires that the
atlas have some smoothness properties.! In particular, the transition maps between
charts must satisfy the so-called tangent bundle (or index) condition. On the other
hand, Pardon [15] introduces a new way to extract topological information from an
atlas that satisfies a topological version of this condition that he calls the submersion
axiom. Instead of gluing the chart domains together to form a topological space ||,
Pardon works with K —homotopy sheaves of (co)chain complexes defined on homotopy
colimits of spaces that are obtained from the chart domains. This gives a flexible way of
assembling local homological information into a global object. Though this approach
may be useful in many contexts, it is hard for a nonexpert in sheaf theory to understand
where the technical difficulties are, and what actually has to be checked to ensure that
the method works in any particular case. This becomes an issue if one wants to extend
the method to cases (such as Hamiltonian Floer theory, or symplectic field theory) in
which one must deal with a family of related moduli spaces and so should work on
the chain level. The current paper was prompted by the desire to develop a different
approach, that would replace Pardon’s sophisticated sheaf theory by more elementary
arguments that yet do not require smoothness.

This note only considers the simplest case, appropriate to Gromov—Witten theory, in
which the aim is to construct a homology class [X]}' € H,(X:Q). Working with
Pardon’s submersion axiom, we define a consistent thickening of the domains of the atlas
charts to make them all have the same dimension. In the case with trivial isotropy, one
thereby constructs an oriented topological manifold M of dimension D :=d +dim Ey4,
together with a map : M — E4 whose zero set can be identified with X. If
the isotropy is nontrivial, M is a branched manifold with a weighting function A
and a global action of the total isotropy group I'4, and there is a homeomorphism
5”1;11 (0)/ T4 => X.2 (A typical example of such a manifold (M, A) is the union of
two circles, each of weight % identified along a closed subarc A, so that the points

1See Castellano [1; 2] for a weak form of these requirements.

2 Another way to say this is that M := |1\2 |3 is the Hausdorff realization of a topological groupoid M
that is étale but not proper; see Sections 1.2 and 1.3 for relevant definitions. However, just as in the case of
the construction of the zero set in [12], it is most natural to construct a topological category M in which
not all morphisms are invertible, ie it is a monoid, rather than a groupoid.
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154 Dusa McDuff

x € A have weight A(x) = 1, while the others all have weight A(x) = % See also
Section 1.4.)

Here is the first main result. (See Theorem 1.3.4 for a more precise statement.)

Theorem A Let K be a d —dimensional Kuranishi atlas on a compact space X that sat-
isfies the submersion condition (1.2.3) and has total obstruction space E4 :=[[;c4 Ei
and total isotropy group Ty := [[;c4Ii. Let D = d + dim E4. Then there is an
associated weighted branched D —dimensional manifold (M, A) with an action of T4,
and a I’y —equivariant map /py: M — E4 with a compact zero set 5”1;[1 (0). Moreover,
there is a map V: YA}I (0) - X that induces a homeomorphism 5”1\}1 0)/T4 => X.

It is immediate from the construction that the bordism class of a neighborhood of
5”1\;1(0) in M depends only on the concordance class of k.3 Further, if K and
hence (M, A) is oriented, we show in Lemma 2.3.4 that (M, A) carries a fundamental
class pps in rational Cech homology H,. Hence, we have the following:

Theorem B If K is an oriented atlas on X as above, there is a unique element
[X],VCir € Hy(X: Q) that is defined as follows. Forb € H4(X;Q) and D =d +dim Ey4,
we have

(1.1.1) (IXIY, b) := (S)w(b) € Hoim 4 (Ea, E4~{0}: Q) = Q,
where b is the image of b under the composite

HY(X;Q) ¥ HY (3 (00:Q) 2> Haim, (M. M ~ 73 (0): Q).
and D is given by cap product with the fundamental class jtps. Moreover, [X ]‘,’Cir
depends only on the oriented concordance class of /C, and in the smooth case agrees

with the class defined in [12].

A key element of the proof of Theorem A is Pardon’s notion of deformation to the
normal cone, which allows one to assemble different chart domains into a family of
topological manifolds Y, albeit ones of the wrong dimension; see Proposition 2.1.1.
The second key point is the existence of compatible collars for these manifolds Y.
Remark 1.3.6 outlines the proof in more detail.

As we explain in Remark 2.2.5, if we start with a smooth atlas then the proofs of
the above results can be somewhat simplified. In particular, by McDuff [9] we can

3Two atlases K° and ! on X are said to be concordant if there is an atlas X°! on [0, 1] x X whose
restriction to {a} X X is K% for @ = 0, 1; see [13, Definition 4.1.6]. Note also that as here, when there is
no danger of confusion, we often abbreviate “Kuranishi atlas” to “atlas”.
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Constructing the virtual fundamental class of a Kuranishi atlas 155

construct M to be a simplicial complex, so that there is no need to use so much rational
Cech homology when proving Theorem B. Further, if one works with polyfolds, then
the proof can be radically simplified. Indeed, it is not difficult to define a smooth
Kuranishi atlas on any space X that appears as the (compact) zero set of a polyfold
bundle; see Hofer [5], Hofer, Wysocki and Zehnder [6], Yang [17] and McDuff and
Wehrheim (work in progress). Because the polyfolds of Gromov—Witten theory support
sc—smooth partitions of unity, if the isotropy is trivial, one can even define such an
atlas with just one chart. In other words, one obtains a finite-dimensional model

(U, RN s,9), y:s71(0) = X,

for the whole of X, in which U is a smooth manifold of dimension d + N and
s: U — R¥ is a smooth map. As we show in Remark 1.3.8, this construction can
be adapted in the presence of isotropy. However, the domain of the single chart is no
longer a manifold, but a branched manifold with action of the total isotropy group I'4.

Another simple example is the calculation of the Euler class of an oriented vector bundle
7. €— X of rank 2k over a compact manifold X. If £’ — X is an oriented complement
to &€ of rank 2 such that there is a vector bundle isomorphism ¢: £ ® &’ = RN x X,
where N = 2k + 24, let

(1.1.2) M=E¢£, s M —>RN, (¢, x) > prrw (¢ (€', x)).

Then .#~1(0) 2 X, and it is easy to check that the class [X],VCir defined by (1.1.1) is
Poincaré dual to the Euler class of £ — X ; see Lemma 1.4.1. This is an instance of
the construction in Pardon [15, Defition 5.3.1] for the bundle 7: £ — X with section
s = 0 in which the thickening A: RY x X — &’ is given by the projection.

Finally note that the methods of this paper should extend, eg to a more general notion
of atlas, or to spaces more general than topological manifolds; see Remark 1.3.7.

1.2 Basic definitions and facts about atlases

A weak Kuranishi atlas K of dimension d on a compact metrizable space X consists
of the following data:*

4These are essentially the same definitions as in [12], except that the smoothness requirements
mentioned in Remarks 1.2.1(ii) below have been replaced by an equivariant version of Pardon’s submersion
axiom. The notion of topological atlas introduced in [13] is somewhat different; in particular the domains
there need not be manifolds. For more details on all topics mentioned in this section, see the original
papers [13; 14; 12] or McDuff [10].

Algebraic & Geometric Topology, Volume 19 (2019)



156 Dusa McDuff

¢ Footprint cover A finite open cover of X by nonempty sets (Fj)ic4.
e A poset T = {I CA|Fr:=\ieg F # @} that indexes the charts.
e Charts Forall I €Z, Fy is the footprint of a chart Ky := (Uy, I'7, E7,s1,Y71),
where
— Uy is a finite-dimensional topological manifold of dimension d 4 dim Ey;
— Er:=Tl,es Ei is a product of even-dimensional® vector spaces such that
dimUI —dim E] = d;
- I7T =]l;e; Ii is a product of finite groups that acts on Uy, and acts by a
product of linear actions on Ej;
— s7: Uy — Ej is a ['T—equivariant map;

— the footprint map vy: sI_1 (0) = X induces a homeomorphism
(1.2.1) s71(0)/ Ty => Fy.

e Coordinate changes If / C J there is a coordinate change ) 7. K —> Ky
given by the following data, where we identify E; as a subspace of E; in the
obvious way:

— arelatively open, [’y —invariant subset Uy of S}l(E 1) C Uy containing
s;l (0) and with a free action of I'y_7;

— a covering map pjyj: U 77 — Uy that quotients out by the (free) action
of I'y.7 and is equivariant with respect to the projection I'y — Iy, and,
further,

spopry =5y, Yy =vyropy on sy 0)cCUy;
- if I CJ C K, then

(1.2.2) PIK = PIJ © PJK

whenever both sides are defined;

— in an atlas (rather than a weak atlas) we require in addition that the domain
pj}((f]}]) N UJK of pjx o pys is a subset of the domain 1711( of prx;

— in a tame atlas we require that both sides of (1.2.2) have the same domain
and that 1711 = s;l(EI).

3For simplicity, we assume that E; is even-dimensional, so that the orientation of a product of the E;
does not depend on their order. In the Gromov—Witten situation we may always choose the E; to have a
natural complex structure since the target of the linearized Cauchy—Riemann operator is a complex vector
space of (0, 1)—forms.
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¢ Equivariant submersion condition Foreach / C J, each point x € U; JCUy
has a product neighborhood that is compatible with the section sy 7; more
precisely, for each such x with stabilizer subgroup I'y C I, there is a I'x—
equivariant local homeomorphism of the form

(12.3) ¢x  (Ejars x We, {0} x W) > Uy, Upy),

where Ej s is a §—neighborhood of 0 in E;.; and Wy is a I'y—invariant
neighborhood of x in U 17 , such that

sjrodpE(e,y)=e, ecEj_ss.

Remarks 1.2.1 (i) Although the submersion axiom in [15] does not assume equivari-
ance, this is needed in our set-up in order that M support an action of I'4. Notice that
because 'y ; acts freely on U 17 , the stabilizer I’y of x € U 17 lies in the subgroup I}
of I'y = I'y x I'y7. The standard proof of the submersion axiom for Gromov—Witten
moduli spaces adapts easily to yield I'x —equivariance because it is an application of
the gluing theorem at the stable map x. The process of gluing depends on various
choices, for example of Riemannian metrics and of the complement to the image
of the linearized Cauchy—Riemann operator at x, and these can always be chosen
invariant under the finite stabilizer subgroup of x. This equivariance is built into the
smooth index condition, since the latter is expressed in terms of the equivariant section

maps SjyJ -

(i1)) The smooth case In this case the manifolds U; are assumed to be smooth, all
structural maps (the group action on Uy, the section s; and coordinate changes pyy)
are smooth, and the submersion axiom is replaced by the requirement that Uiy bea
submanifold of Uy such that

(1.2.4) the derivative of syj: Uy — E j7 induces an isomorphism from the
normal bundle of U[J inUjyto Ej g X 171].

In this case we claim that each of the maps 77; in Proposition 1.3.3 can be chosen

to be a local diffeomorphism onto its image, so that M is a smooth manifold if the

isotropy is trivial, and otherwise is a smooth branched manifold. The construction of

such an M is sketched in Remark 2.2.5.

(ii1)) Orientations We will consider an atlas to be oriented if each domain U; (and
each obstruction space Ej) has a I'7—invariant orientation that is respected by the
coordinate changes. In fact, in the current situation, since we have assumed that the E;
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are all even-dimensional (eg that they are all complex vector spaces), then if they are
also invariantly oriented, the Ej inherit natural orientations, and the local product
structure given by the submersion condition permits the transfer of an orientation
between charts. In the smooth case, a slightly more general notion of orientation is
discussed extensively in [14; 12]. o

We now briefly recall some other terminology that will be useful later. An atlas
K = (Kj, &}J) is a shrinking of K = (K, ®yy) if

e it has the same index set Zy, obstruction spaces Ej and groups Iy,

* each chart domain U; is a precompact subset of Uy, written Uy C Uy,

¢ the coordinate changes are given by restriction.
For short, in this situation we write
(1.2.5) ucu,  where U= | |Uj u=|]U.

Il VESIAS

It is shown in [13, Section 3.3; 12, Section 2.5] that every weak atlas has a tame
shrinking K’ C K that is unique up to a natural equivalence relation called concordance.
A tame atlas K is called preshrunk if there is a double shrinking X = K’ = K such
that both K and K’ are tame.

Each atlas® K determines a topological category By with

(1.2.6) Objg, = | | Ur. Morg, = | | Uy xTy.
1€ 1cJ
sx1: Morg, — Objg,_xObjg. ., (I,J,y,y) (I,y" (o1 (x)), (J.)).
We denote by |K| := |Bi]| its (geometric or naive) realization. Thus,
|Bi|:=| | U1/~
1

where ~ is the equivalence relation on Objp, . that is generated by the morphisms, ie
(I,x) ~ (J,y) if and only if there is a chain of morphisms

(I,x) = (o, x1) > (I1,x1) < (U2, x2) = +++ < (U, xx) = (J, y).

6The extra assumption in the definition of atlas stated just after (1.2.2) implies that the set Mor By
defined below is closed under composition.
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Though for a general atlas the quotient topology is non-Hausdorff, it is shown in
[13, Theorem 3.1.9] (see also [12, Section 2.5]) that if K is preshrunk and tame, the
quotient topology is Hausdorff and the natural maps

(1.2.7) T U] —> |’C|

induce homeomorphisms from Uy /I’ onto their images. Further, the quotient topology
on |K'| restricts to a metrizable topology on |K| that agrees with the quotient topology
on each set mic(Ur). We will say that K is good if its realization |K| has these
properties.”

From now on we assume that K is good in this sense, eg preshrunk and tame.

There is a similar category Ex formed by the obstruction bundles with

ObjE,C: |_| Uy xEj, Morg, = I_l ﬁ]]XE]XFI,
ITex IcJ

sxt: Morg, — Objg_xObjg.. (I.J.y.e.y)— ((I, vy o (),e)). (J,y,e)).

The projections pry: Uy x Ej — Uy, sections sy and footprint maps vy fit together to
give functors

pr: Ex — Bx, s: Bx — Ex, v:s '(0)— X,

where X is the category with objects X and only identity morphisms, and one can
show that ¥ induces a homeomorphism |v/|: |s|~1(0) — X.

Reductions and zero sets The situation when all the obstruction spaces Ej vanish is
considered in McDuff [11]. In this case, the category By is

e ¢étale, ie the object and morphism spaces are manifolds, and the source and target
maps are local homeomorphisms, and

e proper, ie the equivalence relation ~ on the object space generated by the
morphisms is closed.?

7The proof given in [13] that preshrunk and tame atlases are good is abstract, ie the argument only
uses properties of the objects and maps in the category By . However, because the atlas domains are often
constructed as subsets of an ambient Hausdorff metrizable space S (such as a space of stable maps), one
can sometimes use the existence of S to bypass some of the arguments in [13].

81f Objp is a separable, locally compact metric space (as is the case for the categories considered in
this paper), then this properness condition implies that the realization | B| is Hausdorff; for a proof see
[13, Lemma 3.2.4]. If in addition B is a groupoid, then this condition is equivalent to the more standard
requirement that the map s x t: Morg — Objpg x Objp is proper.
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Moreover, by [11, Proposition 2.3] it has a natural completion to an EP (étale, proper)
groupoid By (ic a category in which all morphisms are invertible) that also has
realization |K|. Thus, By provides an orbifold structure on |K]|.

If the obstruction spaces do not vanish, then the manifolds U; have varying dimensions.
However, if v;: Uy — Ej is a perturbation section such that s; + vy: Uy — Ey is
transverse to 0, then the perturbed zero set Zj := (s7 4+v7) ' (0) has fixed dimension d .
Hence, as is shown in [14, Lemma 7.2.7], if the isotropy groups vanish and if we can
choose the v; compatibly, ie they form a functor

v: B K — E Koy
then these zero sets fit together to form a manifold. However, in general the domains Uy
overlap too much for there to be such a functor.’

We deal with this by passing to a reduction V, ie a family of I’y —invariant, precompact
open subsets V; C Uy with the following properties:
: o -1
. e the footprints (G := ¥ (V7 Ns; (0)))IGI;< cover X,
o (V) Nax(Vy)#@onlyif I CJorJCl,
where mic: Ur — |K| is the projection in (1.2.7). In the construction given in Section 7.3
of [14] for the trivial isotropy case, we define the perturbation section as a functor

v: Bily — Exlv

on the full subcategory Bx|y of Bx with objects | |; V7.

If the isotropy groups are nontrivial then it is (in general) no longer possible to choose
a transverse equivariant section v, even on a reduction V. However, because the
morphisms in Bj|y are described so explicitly, we show in [12, Proposition 3.3.3] that
we may construct the perturbation section as a (single-valued) functor

v: BT — Ex|yt,

where B K|§F is the (nonfull, nonproper) subcategory of By |y, obtained by discarding
the morphisms coming explicitly from the group actions. Thus,

(1.2.9) Morg, |sr = || Vs
IcJ

9See the beginning of [13, Section 7.1]. The relation between I/ and its reduction V is similar to that
between the cover of a simplicial space by the stars of its vertices and the cover by the stars of its first
barycentric subdivision. In particular, though the footprints (F;)1<;<n of the basic charts cover X, the
corresponding sets (G; := F; N|V;|)1<i<n are disjoint and do not form a cover; see Figure 1.
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where

sxt: (I, J,y) = (L, prs (), (J,)) and Viy=Vynpt (Vi) Uy

We show in [12, Theorem 3.2.8] that if (s + v) th 0, the full subcategory of B;d;r
with objects

| [Z1 == (s +v)7(0)
1

with weights
wi(Zy) = 1/|I7|

can be completed to a weighted étale groupoid whose realization is therefore a weighted
branched manifold as defined in Section 1.3. We will see below that in the current
context the branched manifold structure of M appears in a similar way.

1.3 The weighted branched manifold (M, A)

We will construct M from the realization of an étale category M whose objects are
thickened versions of the domains V; of a reduction V of the atlas /C, and whose
morphisms have exactly the same structure as those in the category B Kl;F defined
in (1.2.9). In particular, in general M is not proper, so that its realization |M | is not
Hausdorff but rather branches along its locus of non-Hausdorff points (think of two
copies of a circle attached along a subarc.)

We begin with some relevant definitions from [9]. If G is a wnb groupoid as described
below, its realization |G | with the quotient topology is in general not Hausdorff. Hence,
we consider its maximal Hausdorff quotient |G |3, which has the following universal
property: any continuous map from |G| to a Hausdorff space factors through |G| .
In the following we write |G | for the realization Objg /~ of an étale groupoid G, and
|G |4 for its maximal Hausdorff quotient.!® We denote the natural maps by

nG: Objg = |G|, /g 1G| = |G, 7§ :=mng onG: Objg — |Gl

Definition 1.3.1 [9, Definition 3.2] A weighted nonsingular branched groupoid (or
wnb groupoid) of dimension d is a pair (G, Ag) consisting of a nonsingular,!! étale

10The appendix to [12] gives succinct proofs of the results we use; in particular, the existence of |G |y
is established in [12, Lemma A.2]. Lemma 2.3.2 gives an explicit description of |G |3 in the case we need
here.

I That is, there is at most one morphism between any two objects. Further, we restrict here to rational
weights, but clearly this condition could be generalized.
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groupoid G of dimension d , together with a rational weighting function Ag: |G|y —
Q* := QN (0,00) that satisfies the following compatibility conditions. For each
p € |G|y there is an open neighborhood N C |G|y of p, a collection Uy, ..., Uy
of disjoint open subsets of (7175)_1 (N) C Objg (called local branches) and a set of
positive rational weights my, ..., mg such that the following holds:

e Cover (nI%I)_l(N) =|Up|U---U|Ug| C|G|.

e Local regularity For each i =1,...,{ the projection néﬂUi: Ui — |G|y is
a homeomorphism onto a relatively closed subset of N.

e Weighting For all ¢ € N, the number Ag(¢g) is the sum of the weights of the
local branches whose image contains ¢ :

A= ) mi.

i:q€|Ujlw
Now we can formulate the notion of a weighted branched manifold.!?

Definition 1.3.2 A weighted branched manifold of dimension d is a pair (Z,Az)
consisting of a topological space Z together with a function Az: Z — Q7 and
an equivalence class!3 of tuples (G,Agq, f), where (G, Ag) is a d—dimensional
wnb groupoid and f: |G|y — Z is a homeomorphism that induces the function
Az :=Ago f~L

We define the weighted branched manifold (M, A) of Theorem A as the realization
of a category M constructed as follows. First choose a [ —invariant norm || - || on
each E;, and for any J C A give the vector space Ej :=[[;c; E; the sup norm

lles |l = sup [le;]l.
ieJ
Further, let
(1.3.1) Eje:={escEy||es| <e},

121 distinction to [9; 12], we will not assume from the outset that a weighted branched manifold is
oriented, since there is no need for this hypothesis until it comes to considering the fundamental class.
Analogous definitions for cobordisms may be found in [12, Appendix].

13The precise notion of equivalence is given in [9, Definition 3.12]. In particular, it ensures that the
induced function Az := Ag o f~! and the dimension of Objq is the same for equivalent structures

(G, Ag, f)-
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and
(1.3.2) &= (&1)Iezy

where

I1¢CJ = O0<ker<ey for k:=max{|/J||J €Ik}
Given a reduction V of an atlas K as in (1.2.8), for each I C J we let
(133)  Viy=Vinz e(Vy) CVy, Vi =ViNag (V) C Vi,

where mic: Vi — |K| is the obvious projection. Thus, py 1(171 7) = Vis. Observe also
that the group I'q acts on E4y ¢, X Vj by

(1.3.4) y-(e.x) = (yla~s(e). yls(x)), yely,

where y|; denotes the projection of y e Ty :=[[;c4 i to Iy :=[];cs Ii.

The following result is the key step in the proof of Theorem A. A more precise version
is stated and proved in Proposition 2.2.2 below.

Proposition 1.3.3 Let K be a good atlas on X of dimension d. Then there is a
reduction V and choice of constants § > 0 such that the following holds.

(i) There is an étale category M of dimension D := d + dim E4 with

(1.3.5) Objy = | | My:=Esys, xVy. Mory= || M.
Ik 1CJ,1,J€lx

s X t: Morpg — Objpy xObjar. (1, J,y) > (L Ty (»)). (. ).

where M 17 C My is an open I'4—invariant subset containing {0} x Viy whose
closure cl(Mjy) is disjoint from cl(Mgy) unless I C H or H C I, and the
map

T My — Mpy = Eq g5, X Vg C M
is a I'y —equivariant covering map onto My C My such that

e 7y restricts to pyy on {0} x 1711;
e ifHCICJ thentgy=tgroTys on M[_]ﬂﬂ[—]],&ﬂd

(1.3.6) graphtyy C My x My is closed.
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(i) M supports an action of 'y by (1.3.4) on objects, and by
LTy y-UJ.y) = Jy "y, yelu yeMy.

on morphisms.

(iii) There is a I'4 —equivariant functor .. M — E 4, where the category E4 has
objects E4 and only identity morphisms, that is given on objects by maps
Sy My — E4 such that

(1.3.7) Z70,x) =s7(x), L7(Ey)C{0}xVy,

so that
(Z1) 7 0) ={(0.x) € Egq<y x Vy :57(x) =0}

The following result explains the construction and properties of the weighted branched
manifold (M, A) mentioned in Theorem A. Note that . denotes a functor M — E4,
while #s: M — E4 is the corresponding function on M.

Theorem 1.3.4 (i) The category M constructed in Proposition 1.3.3 has a unique
completion to a wnb groupoid M with the same objects as M and the same
realization |M | = |M |.

(ii) If we denote the composite Objyy — |M| — |]\//i|q{ by y — |y| — 7117"‘4(|y|),
the function A: M := |]\2|H — QT defined by

1
Ap) = e #y e Mr | war(lyl) = p} for p € |Mrly,

is a weighting function that gives (M, A) the structure of a weighted branched
manifold.

(iii) The group action by I'q and functor . extend to M, so that there is a I'y—
equivariant map .“p: M — E4. Moreover, the zero set ngl (0) is a compact
subset of M, and the footprint maps ¥ induce a homeomorphism

v S (0)/Tg = X,
(iv) If K is oriented, so are M and M.
The category M has the same structure as the category Z" considered in Theorem 3.2.8

of [12], formed by the perturbed zero set of the atlas K; and the proof of Theorem 1.3.4
(which is given in Section 2.3) is essentially the same as the corresponding result for Z.

Algebraic & Geometric Topology, Volume 19 (2019)



Constructing the virtual fundamental class of a Kuranishi atlas 165

Condition (1.3.6), that 777 has closed graph, is automatically satisfied in the case of Z",
and is an important ingredient of the analysis of the branching structure of M. For
example, if the isotropy groups are trivial, then the maps t7; are homeomorphisms
onto their images, and Lemma 2.3.1 implies that the only morphisms in the groupoid
completion M are those given by the 777 and their inverses. Hence, condition (1.3.6)
implies that the equivalence relation on Objy, has closed graph, so that the quotient
space |1\7 | is Hausdorff, and therefore a manifold. An example with nontrivial isotropy
is described in Example 1.4.3(IV).

Proof of Theorem A This is an immediate consequence of Theorem 1.3.4. a

Remark 1.3.5 Instead of taking M to be a weighted branched manifold with action
of I'4, one could add the morphisms in I'4 to the completed category M to obtain
an étale groupoid M x I'4. In general, this groupoid is not proper. However, it does
inherit a weighting function and so the realization |]\2 x 4 |% is a weighted branched
orbifold M/ T'4; for an explicit example see Example 1.4.3(VI). Note also that the
action of the group 'y on M only affects the fundamental class ptps (and hence [X ]V,Cir )
via the weighting function A, whose values depend on the groups I'7 as well as on the
category M. o

Remark 1.3.6 (outline of the argument) We will explain the main points of the proof
of Proposition 1.3.3 in Section 2. The first step is to use “deformation to the normal cone”
(see [15]) to construct manifolds (Y74, 7.¢) ez, of dimension d +dim E4+|J|—1 with
anatural boundary that lies over the boundary of a simplex A y of dimension |J|—1. We
next consider the open submanifold Yy j . C Yy s, corresponding to a reduction, and
show that this has a partial boundary collar with “corner control”; see Proposition 2.1.4.
Then we use the collar to construct the covering maps tyy: M 17 — My . Since the
general definition of these maps is quite complicated, we explain in Example 2.2.1 how
this works for an atlas with just three basic charts. Proposition 2.2.2 gives the general

construction.

Section 3.1 contains technical details about compatible shrinkings, and the proof that
each Yy, s ¢ is a manifold. The argument here is based on the existence of the local
product structures provided by the submersion axiom. As we show in Step 1 of the
proof of Proposition 2.1.4 in Lemma 3.2.1, this axiom also allows one to construct
local collars that are compatible with the covering maps pyy and with projection to the
vector spaces Ey-y. In Step 2 of this proof we explain a standard method (described
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in Hatcher [4]) for assembling these local collars into a global collar for each Yy j ¢,
and show in Step 3 how to arrange that these collars have the consistency properties
listed in Proposition 2.1.4 that are needed in the definition of the maps 77 . This last
step works under the assumption that the domains of the local collars are compatible
with the reduction V and choice ¢ of thickening constants in a rather subtle way, which
is summarized in the notion of compatible reduction (V, &) in Definition 3.1.9. o

Remark 1.3.7 (generalizations) The construction of M could be generalized in
various ways. The argument relies in an essential way on the submersion property in
order to construct the collars in Proposition 2.1.4, ie on the fact that along Uy the
space Uy is locally the product of the vector space E y-; with the domain Uy . However,
it does not use the fact that the domains Uj themselves are topological manifolds; for
example, since all we want in the end is information on homology, it would no doubt
suffice if they were (locally compact, metrizable) homology manifolds of dimension
dim E; + d . One could also consider atlases (or equivalently categories By ) whose
charts are indexed by a poset more general than that given by the subsets of A. However,
one does need to be able to restrict attention to a subcategory such as By, in which
there are morphisms between the elements of two components of the domain only if
the indices of those components are comparable in the given poset. Some possible
generalizations of this kind are discussed in the last section of [10]. <o

Remark 1.3.8 (the polyfold approach) If X is the zero set of a Fredholm section s
of a polyfold bundle £ — S of index d , then one can use the fact that the realization |S|
supports partitions of unity to give a very simple construction for a weighted branched
manifold M and section . whose corresponding relative Euler class agrees with that
of 5: S — £. (In the applications of interest to us S is a category'# whose realization
is a space of stable maps with the Gromov topology; see Hofer [5] and Hofer, Wysocki
and Zehnder [7].) Here is a very brief outline of the construction; for full details see
McDuff and Wehrheim (work in progress).

Given x € X with stabilizer subgroup Iy, choose a lift g, € Objg, and a I'y—invariant
open neighborhood O C Objg of g, such that the map O — |O| C |S]| factors through
a homeomorphism O/ Ty => |O|. Because s is Fredholm, there is a Ty —equivariant
linear map A: E — Sect(€|p) from a Iy —invariant normed linear space E to a subspace

140ne can think of S as an infinite-dimensional version of an EP groupoid, where the objects Obj s

do not form a set but nevertheless the quotient |S| = Objs/~ is a topological space, where ~ is defined
by setting x ~ y <= Mors(x,y) # 9.
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of scT —smooth sections that covers the cokernel of the linearization of s at x . It follows
that there is ¢ > 0 such that the set

(1.3.8) U:={(e,q) € ExO|s(q) =Ale,q), |le| <&}

is a manifold of dimension d + dim E. (The proof involves a nontrivial amount of
analytic detail that will appear in McDuff and Wehrheim (work in progress).) Choose
a finite covering of the compact set X := |s~1(0)| by the footprints (y; (s; 1(0))iea
of such charts

Ki = Ui, Ei, i, si,¥i), si(e.q) =e,

and let (|O;|)iea be the associated open cover of a neighborhood of X in the ambient
space |S|. Just as in [11], one can use the groupoid structure of S to show that the K;
form the basic charts for a tame Kuranishi atlas K 5 whose transition charts are
given by tuples of composable morphisms. Instead of giving more detail about this
construction, we will outline how to modify these definitions so that the domains of
the charts all have the same dimension d + dim E4.

First choose a family of bump functions (0;);e4 With suppo; C |O;| such that
X =|s"10)] c U{x | i (x) > 0 for some i}.
i
Then choose an ordering of the elements i € A and a reduction (|Wr|)sez, of the
covering (|O;|)ie4 with the following properties:

IWr| C|Or|:= ;e |0i| for each I € Ix;
X CUreg W

WrNnWyl#9 = IcJord Cl;
if i ¢ J then 0; =0 on |[Wy]|.

. _ . . . . . . W .
Then, given I = {io,...,ix} with ig <ij <--- <ij, the space M;" consists of all
tuples

{(eA, Gig» \Ijqioqil e, q,-k) ‘ |q,~0| € |Wrl, \qu/ € Mor(g, q/)’ lleall < e,

5(dig) = X201, (1gia)) ™ (hiy (€3, (@i,)) € Eqo)
J

where (i, , Yoioai, 41 Yai qiy - - qi, ) is a composable k —tuple of morphisms from
a point go € Oj, to qx € O;;, . By [7, Theorem 7.4], we may choose the o; so that for
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each i, j € A the function
Oi _>[0’ l]v qHUj(|Q|)’

is sc—smooth. It follows that if & > 0 is suitably small, then, for each I, M IW is
a manifold of dimension d + dim E4 with action of I'y. Moreover, much as in
[11, Proposition 2.3], for each I C J one can define a I'4—equivariant covering map

t: MY o> M) — M) c M)V

by taking an appropriate combination of the structural maps in S (such as compositions
and source/target maps), where MIVJV (resp. M}/J\}) consists of all elements in M IW
(resp. M}/V) with |gi,| € [Wr| N [Wy|. This gives a category M whose structure is
precisely as described in Proposition 1.3.3. The resulting virtual fundamental class
(VFC) [X]"I" is independent of all choices, and can be shown to agree with that defined
by the polyfold Fredholm section s: S — £.

Note that the equation satisfied by the elements in M IW involves the bump functions o7,
while the equation (1.3.8) defining the chart domains of the atlas Ky 5 does not. Hence,
the weighted branched manifold (M"Y, A) constructed above is not identical to the
manifold obtained from the atlas Ky » by the collaring construction described below.
Nevertheless, these two constructions are closely related and, by adapting the arguments
in Section 2.3, one can show that they define the same VFC [X]"'. For more details,
see McDuff and Wehrheim (work in progress). o

1.4 Examples

We end this introduction by giving some examples. Though these are not needed for
the proofs of the main results, readers unfamiliar with the description of orbifolds via
atlases might find it useful to read at least some of this section before proceeding further.

We begin by discussing the definition of the relative Euler class of an oriented vector
bundle 7: &€ — W over a manifold that is equipped with a section s: W — £ whose
zero set X := 5~ 1(0) is compact. In particular, we explain why the method outlined in
equation (1.1.2) does compute the Euler class e(€) of £ — W when W is compact and
5 = 0. In Remarks 1.4.2, we describe how to extend the construction to orbibundles.
Finally, we show in detail how our main construction works to calculate the Euler class
of the tangent bundle of S2, starting from the atlas defined in [12]. Our approach easily
generalizes to the football orbifold S2 , which is S? with orbifold points of orders p

P.q°
and ¢ at the two poles.

Algebraic & Geometric Topology, Volume 19 (2019)



Constructing the virtual fundamental class of a Kuranishi atlas 169

Let w: £ — W be an oriented, vector bundle over the manifold W, together with a
section s: W — &£ with compact zero set X C W. As always (see Remark 1.2.1(iii)),
we suppose that £ has even rank to avoid problems with orientation.!> We build a
(Kuranishi) atlas whose charts are defined using tuples

(0.E,1,5),
where
e OCW isopen,
e F is an even-dimensional, oriented vector space,

e A ExXO — &|p is a surjective orientation-preserving bundle homomorphism
over idp, and

e A pushes s: O — E forward to s|p, ie A(s(x),x) =s(x) € &|x forall x € O.
Given such a tuple, the corresponding chart
K :=(U,E,s,v), with footprint F,
is defined by setting
U={(e,x) e ExO|A(e,x)=5(x)}, s(e,x)=e, v¥(0,x)~>x¢€eX.

One obtains an atlas as defined in Section 1.2 by taking the basic charts to be a finite
family (K;);=1,..4 of charts of this form whose footprints (F;) cover the compact
set X = 57 1(0), and the transition charts (Kj)sez, to be the corresponding charts
(Ur. Eq,s1,yr) with footprints Fy := (7); F; that are formed just as above but now
with Ef =[[;e; Ei and A7 =), 7 A; . In particular,

Ur ={((ei).x) € E; xOr | ¥ Ai(ei.x) =s(x)}, where Oy == O;.
iel
This gives an atlas in which the coordinate changes K; — K ; are given by the obvious
identifications

Uy :={(e,x)eUys|ecEr, x€Oy} =5 Upy ={(e,x) €Ur | Ax € Oy}.

To see that the submersion condition holds, choose for each I arightinverse o7: £|p, —
E; x Oy to Ay, so that A; ooy = id, and define

5/]\1 = {(e’—al(s(x)),x) le' e Ejy, x € (’)U} CEjx0y.

150f course, over Q the Euler class vanishes for bundles of odd rank anyway.
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Then S’J\ ; is an affine subbundle of E; x Oj — Oy, and we may identify Uy with
the pullback of £, _; to Uiy by the projection Uy — Uy, (e,x) > x.

Since there is such an atlas for every collection of charts K whose footprints cover X,
any two such atlases K° and K! are directly commensurate, ie there is an atlas K
whose charts include those of K and K!. Therefore, K° and X! are cobordant by
[14, Section 6.2]. Hence, they define cobordant manifold models (M, E4,.%) by
Theorem A and the same class [X ]V,Clr by Theorem B.

If the bundle £ — W is smooth, then we can define the VFC either as in the proof of
Theorem B given in Section 2.3, or via an inverse limit of the homology classes of the
zero sets of a family of perturbed sections s + vi of £ — W. As explained in the proof
of Theorem B, these two approaches give the same answer. If W is just a topological
manifold, it is of course easiest to represent the Euler class by starting with an atlas
with just one basic chart (and hence just one chart). In this case, our general method of
building an atlas gives the tuple described in (1.1.2). We now show that if s =0, so that
X =5 1(0) = W is a compact manifold, then [X ]VKir as defined in (1.1.1) is Poincaré
dual to the usual Euler class e(€) € H2K(X;Z), where 2k = rank €. In the following
lemma, we use simplicial (co)homology instead of the Cech theory discussed in the
appendix, since all spaces are manifolds, and take coefficients Z since the isotropy is
trivial.

Lemma 1.4.1 If £ — X is an oriented 2k —dimensional vector bundle over an oriented
(2k+d)—dimensional manifold X with s =0 and atlas KC as above, then
[XI{ = pux Ne() € Hy(X).

where py is the fundamental class of X and e(£) € H 2k (X;Z) is the Euler class
of £.

vir

Proof By Theorem B and the above remarks, it suffices to calculate [X]}*" using an
atlas with one chart as in (1.1.2). Thus, we may take

M=¢, M —>RN, (¢, x) > prgw (1(€, X)),

where & has rank 2¢, N =2k +2¢, ©: M — & @& is the inclusion and prg is the
projection
pryv: EBE = OF =RV x X - RV,
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Denote the Thom classes of £ and £’ by t¢ and ¢/ and their pullbacks to O}I(V by
Tee H* (O, 08 ~¢&), T e H? (O}, 08 <o)
Then, if gy € HY (RN, RY < {0}) is the canonical generator, we have
S (tgn) = (o) = F (T UTe) € HN (M, M~ X).

We may identify wups N ter with the fundamental class uy € Hpr44(X), where
upm € Hoprg(M, M ~ X) is the restriction of the fundamental class of M. Then,
for any class b € H%(X), we use the cap product in (A.7) with Y = M, A = &
and Y ~U = X, and the relation between cap and cup products for even-dimensional
classes, to obtain

(XTI, BY:= (S (pum N ), o) = (tx(pr ND), Te UTer) = (L (s N N 1er), Te)
=(ux Nb, 1y (te)) = (ux Ne(€).b),

where we have written 1x: X — & for the inclusion and used the fact that (% (¢) is
the Euler class e(€£) € H2(X) of £. a

Remarks 1.4.2 (i) The above construction easily adapts to the case of an oriented
orbifold bundle £ — W over an oriented orbifold W, where now we should think of the
spaces £ and W as the realizations of suitable EP categories E and W. Thus, one can
build an atlas whose basic charts are as above with the addition of a group action, while
the transition charts are made using composable tuples of morphisms in E. For details,
see [10, Section 5.2]. One can then piece the corresponding fattened charts together
by the method explained in Sections 2 and 3 below to obtain a tuple (M, E4,.7) as
in Theorem A. However, we can also build the category M directly from the set of
basic charts (U;, E;, I}, s;, Vi), using a partition of unity, and an associated reduction
as explained in Remark 1.3.8.

(i) In Gromov—Witten theory it sometimes happens that the space of J—holomorphic
maps in class A does form a compact manifold (or orbifold) X such that the rank of the
cokernel of the linearized Cauchy—Riemann operator D, at x € X is independent of x.
In this case, these cokernels fit together to form a bundle £ — X such that the map s
induced by the Cauchy—Riemann operator is zero. We explain in [10, Remark 5.2.4]
why one can choose a Gromov—Witten type atlas (constructed as in [10, Section 4]
or [15]) with precisely the structure considered above.

(iii) Pardon [15, Proposition 5.3.4] proves the analog of Lemma 1.4.1 in the smooth case
using a transverse perturbation of s as in Step 3 of the proof of Lemma 2.3.4. o
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Example 1.4.3 (the tangent bundle of the 2—sphere and the football) We now illus-
trate the construction in the proof of Theorem A in the case of the bundle 7: TS? — S?2
with section s = 0, starting from the Kuranishi atlas with two basic charts that was
constructed in [12, Example 3.4.2]. We organize the details into several steps.

(D) (atlas for the tangent bundle of the 2—sphere) To build a Kuranishi atlas whose
associated “bundle” pr: |Ex| — |K| models TS?, cover S? by two copies D and D,
of the unit disc in C, whose intersection D; N Dy =: D1 =: A = [0, 1] X S! isan
annulus, and for i = 1, 2 define

K,' = (Ul' = D,’, Ei = (C, S; = O, W,’ = id).

For i =1, 2, choose unitary trivializations 7;: D; x C — TS2|D,., (x,e)—T; x(e),
and then define the transition chart

Ki2:= (U2 CE1 xExx A, E1 X E2, 512 =Prg,xg,» Y12 = PrgloxoxA4)

by setting
Uiz :={(e1,e2,x) | x € A, T1 x(e1) + T2 x(e2) = 0}.

The coordinate changes &%,12 are given by U; 12 = {(0,0)} x A and p;12(0,0, x) = x.
To justify this choice of Kuranishi atlas, note that one can construct a commutative
diagram

|Ex| — TS?

ls| < l 5=0 (l
|Bx| —— S?
where the top horizontal map restricts on Uy X E1, to the map
((e1.€2.x).€].€5) > T1 x(€})) + T2 x(e3) € TxS? C TS?|4.
Thus, it takes
graphsi2 = {((e1, €2, x), e1,€2) | (€1, €2, x) € U2} CUr2 x E12

to the zero section of TS?.
This construction is generalized to other (orbi)bundles in [10]. <o

(IT) (calculating the Euler class) In order to calculate the Euler class of TS? it is
convenient to identify the annulus A4 with [0, 1] x S, and then consider the corre-
sponding trivialization TS?|4 = A xR; x Rg, where t €[0,1] and § € S' =R /27 Z
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are coordinates. Then, for i = 1, 2 there is a section v;: U; — E; with one transverse
zero such that

Tix(vi(x)) = (x,1,0) e AxR, xRy =TS?|4, x € A.

(Take suitably modified versions of the sections v;(z) = z and vy(z) = —z, where
D; C C.) Therefore, the v; fit together to give a global section of TS? with two
transverse zeros, and it follows that the Poincaré dual of e(TS?) is represented by
2[pt] € Ho(S?).

To see how e(TS?) is calculated via the atlas, we start by choosing a reduction G of
the footprint covering. For example, we may take G1» = (¢, 1 —¢) x S1 C A for some
e (O, %) and choose G; C D; so that

171,12 =(0,0) x (8, %) xSt c Uiz, 172,12 = (0,0) x (%, 1 —8) xSt c Uia.
Choose a cutoff function B: [0, 1] x S 5 [0, 1] — [0, 1] that equals 1 in [0, 3] x S
and 0 in [% 1] x S'. Then the map vy2: Via — E1 x E, given by

viz(er, e2,x) = (B(x)v1(x), (1= B(x))v2(x)) € E1 x Ez

restricts to v; on V; 12 C (0,0) x A for i = 1,2. Thus, the tuple (v1,v2,v12) is an
admissible perturbation section in the sense of [12]. Moreover, s12 + v12 does not
vanish at any point (e1, ez, xXg) € V12 because the three equations

T xo (e1) + 12 x, (e2) =0,
T1,x0(e1) + B(x0)(1,0) = T2 x,(€2) + (1 — B(x0))(1,0) = 0 € {xo} x Rt xRy

together imply that the vector (1,0) € R; x Ry is zero, a contradiction. Hence, as
before, the perturbed zero set consists of two points, each with weight one. o

(III) (construction of the corresponding manifold M and section #r: M — E15)
When, as in the case at hand, the isotropy groups are trivial, the current paper constructs
from the above reduction V of K a manifold M that is the union of three components

M= (M1 =Ey e xV1)U(Mz = E1xV3)U(Mi2=V12))/~,

i12°
The submersion axiom (1.2.3) implies that the submanifold V; 12 has local product

where ~ identifies (e;, x) € M; 12 with o 12(ej,x) € M; 12 C M5 where o 12:=7

neighborhoods in V1, . In Section 2 we will describe how to assemble these into a more
global structure that can be used to relate the different components M;. However, in
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the current situation there is an obvious global product structure that directly gives the
needed attaching maps as follows. First, with i =1 and j =2, we define

¢E: (B2, x V1,12, {0} x Vi 12) > (Vi2. Vi12),  (e2.x) > (=T 1 (T2.x(e2)). €2, %).
Then, the attaching map oq,12 = Tl_,%z is given by

a1,12: E2e X V1,12 — V12,

(e2.%) > x' = ¢E (L -e2.x) = (T N(T2x(he2)), Aez. x),

A= Vlezll.

Further, we take .12 = 512, Where

s12(=Tix (Tax(e2)). €2.x) = (=T 1 (T2, x(Ae2)). Aea).

and then define .#1 by pullback over V1, 12, extended over M by a cutoff function

S1(e2,x) = ,31,12(36)(—7"1_,; (T2,x(Ae2)). Aez) + (1 — B1,12(x)(0, e2),

where B1,12: V1 — [0, 1] equals O near x =0 and 1 on V/,12. Note that 71,12 does have

where

closed graph in M1 x M, since M contains no points (e, x) with x € {%} xSTcCA,
while M, contains no points (eg, ez, x) with x € {0} x S! C A. There are similar
formulas for a,12 and ;.

This construction gives a 4—-manifold M together with a map .“3r: M — E1, whose
zero set is homeomorphic to S2. In fact, we can identify M with a neighborhood of the
zero section in TS? that has width & > 0 over the discs (V; ~ Vi12)i=1,2 and contains
the whole of TS?|g,, . This holds because V1 can be identified with TS?|g,, . o

(IV) (the normal bundle of 5”1;[1 (0) = S? in M is isomorphic to TS?) To see this,
note that there is an embedding

My UOll.lz M1,12 — C x D,

given on M = E; ¢ x V; by the obvious inclusion (where we identify E, = C) and
on M 1,12 by

(—Tix (T2 x(e2)), €2, x) > (A2, x) € Ez x ACC x Dy, A= +/|ezl.

Identifying A with (e, 1 —&) x S! as above, we may extend this embedding over a
neighborhood N C M of the set {(0,0)} x (e, %] x ST so that it equals

(—Tl_,; (T2,x(e2)), ez, x) = (ez,x) forall x € (% -4, %] x ST,
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The similar embedding
(El,é‘ X VZ) Ual,12 Nz — C x D,

is given near the circle {3} x S' by the map (e1,—T5 1 (T1.x(e1)). x) > (e1,x).
Therefore, this bundle over S is determined by the clutching map x = =T 1(T1 x),
which is homotopic to the map x — T, ;(Tl, ) that determines TS?. o
(V) (the case of the football orbifold S 1%, q) This orbifold is topologically S 2 but has
orbifold points of orders p and g at the two poles. Thus, the bundle 7: TS]%,q — Sg’q
is again modeled by a Kuranishi atlas!® with two basic charts K; and K, as above,
with [7 = Z/ pZ acting by rotations on D; and E; and with [ = Z/qZ acting by
rotations on D, and E5. Since s; =0 for i = 1, 2, the footprint maps

Yits (0)=U;i—>S2,. x> |x],

simply quotient out by the action of the group I;. We choose the trivializations 7; x
of TD; to be equivariant under the rotation action of the isotropy groups, and will
suppose for simplicity that (p,q) = 1, so that the domain Uj, of the transition chart
is connected.!” Then, in terms of the coordinates (¢, 8) € A introduced in (II) we have

Uiz = {(e1,e2,x) € Ey X Ex X A | [Ty, p; 15 (x)(€1)| + 172,05 15 (x) (€2)| = 0},
p1,12(t.0) = (t.90), p2,12(t,0) =(t,pf) € A=[0,1]xR/Z,

where we denote the image of (e,x) € E1 X Dp in T|X|S1%,q by |T1,x(e)|, and the
equation takes place in the tangent bundle of the orbifold. Because the maps p; ;; are
equivariant by hypothesis, this equation is preserved by the action of I'1; on Ujz by

(%,2)'(61,62,(1,9))= (%-el,éwz,(t,@—i-%%-eq—s)), kg +4Lp=1.

16The reader should beware that the words “orbifold atlas™ or “good atlas” are usually used in orbifold
theory with slightly different meaning, which is why [11] uses the words “strict atlas” to denote a Kuranishi
atlas with trivial obstruction spaces. As explained in [11], a strict atlas K for an orbifold Z defines an
EP groupoid Gx whose realization is Z, and hence defines an orbifold structure on Z. Further, by
[11, Proposition 3.3], G is Morita equivalent to the category constructed from any standard orbifold atlas
for Z . Finally one can obtain a standard orbifold atlas for Z from /C by taking a collection of restrictions
of the basic charts in & whose footprints cover Z , with transition maps induced by the morphisms in Gy .

17Since all points in Ujp have trivial stabilizer, we need I'12 to act freely on Ujz in such a way
that the projection pj,12 quotients out by the action of I3, which is possible for connected U;» only if

(p.q)=1.
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We may calculate the Euler class by using essentially the same perturbation section
as before, since this may be chosen to be equivariant. But now the two zeros of the
section count with weights, % for the zero in V; and é for the zero in V5.

The corresponding category M has three components that are given by the same
formulas as before. Again, the attaching maps 7; 12: M, i,12— M, 12 C M; are nontrivial
covering maps. However, in distinction to the case of an atlas, the 7; 12 do not quotient
by the induced action of I'; on M,-,,- ; since they are constructed to be I'1» equivariant,
and 7, acts (often effectively) on M;, via

(Y1, v2) - (ej. xi) = (yj-ej, Vi xi).

However, as explained at the end of the proof of Proposition 2.2.2 (see for example
(2.2.20)), they do quotient out by some action of I'; on M that extends its free action
on 17,-,1 s C 1\7[,-,1 2. For example, the map 71,12 quotients out by the free action of I}
on My 15 C Ey x Ea x (e %) x S given by

y-(el,ez,x) = (61,32»)/'36)-

Therefore, in the quotient space M = |M | there are g branches of M;, that come
together over the 3—dimensional branching locus

Bry := {|(€1,€2,X)| €Mz C[M|y|xe€ % XSI}-

This is consistent with the requirements of Definition 1.3.1 since the component M,
has weight p—lq while M; has weight %.

The construction of #y: M — Ej5 is as before. Moreover, one can identify a
neighborhood of its zero set Sg, 4 With a neighborhood of the zero section of the tangent
orbibundle to S5 .. Hence, the Poincaré dual of e(TS ) is represented by

11
(; + 5)[pt] € Ho(S2,). o

(VI) (the quotient space |M |/ T for TSI%’ g) The only morphisms in the category M
come from the covering maps 7, 12. Since these are I'1;—equivariant, we can add the
action I'13 X Objps — Obj,, to the morphisms in M. The resulting quotient space
|M |/ T'12 has the following structure:

e It is covered by three branches My, M, and M1, with weights 1/p2?q, 1/ pq?
and 1/p?q?.

e The two poles [(0,0)] € M;/TI'1» have stabilizer subgroup I7,.
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e The other points with nontrivial stabilizers lie on the two closed discs
{0y x (V;~{0})/Th2 C [M;|/Th2, i=1,2,
with isotropy subgroups I'; for j #i.

e For i = 1,2 there is branching of order |I';| over the 3—dimensional branching
locus Br;. For example, if I = {id} and I3 = Z/2Z, then |M;|/ T is an
orbifold with a 2—dimensional family of points with nontrivial stabilizer (corre-
sponding to the points {0} x D1 C E»x Dy), while I3 acts freely on M1, and the
I —equivariant map p1,12: M1,12 — M1 quotients out by a different free action
of I3 that lifts the rotation action on A via the projection M 1,L12CE12xA— A.
Thus, there is branching of order 2 along the boundary Brj, which lies over the

circle t = {%}

We do not consider this space further, since it plays no role in the definition of the
fundamental class. o

2 The main arguments

In this section, we first explain how to construct an auxiliary family of collared manifolds
and then explain in Section 2.2 how to use this family to prove Proposition 2.2.2 and
hence Proposition 1.3.3. Finally, we prove Theorems A and B in Section 2.3.

The key notion is that of the manifold Y7, 7 ¢, which lies over the (|J|—1)—-dimensional
simplex Aj. Its open submanifold Yy j ., corresponding to a choice of reduction
YV C U, has a partially defined boundary collar that is compatible both with shrinking
of chart domains and with projection to Ay. We will define the attaching maps
M 17 — M|y of the different components of Obj,, by thinking of M as a subset
of Yy je.

Although strictly speaking the construction of the category M only uses the manifolds
Yy 7, we also consider the manifolds Y, s ¢ to clarify the exposition. The latter
has elements that are relatively easy to understand (see (2.1.3)) and it has an easily
described boundary, while, as we see from Proposition 2.1.4, the collar is supported on
only a rather complicated part of the boundary of Yy ;.. Further, considering both
Yi,7.¢ and Yy, j ¢ will allow us in Section 3 to introduce the many technical conditions
satisfied by the pair (V, €) in stages, first some conditions on (I, &) needed for Y3/ 5 ¢
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to have good properties (Definition 3.1.1), and then more conditions needed to construct
a suitable collar on Yy j ¢ (Definition 3.1.9).

The first main results of this section are Proposition 2.1.1, which describes the structure
of Yy, s, and Proposition 2.1.4, which describes the properties of the boundary
collars put on the manifolds Yy, y .. Proposition 2.2.2 then explains how to use these
boundary collars to construct the attaching maps 777 whose existence is claimed in
Proposition 1.3.3. Since the general construction is quite complicated, we describe
it first by example (see Example 2.2.1). Since the proofs of Theorems A and B in
Section 2.3 depend only on the statement of Proposition 1.3.3, this subsection can be
read independently of Sections 2.1 and 2.2.

2.1 The collared manifold Y

Suppose given a tame atlas X with set of chart domains ¢/ := (Ur)sez, . The next
definition uses a choice of constants & = (¢7) as in (1.3.2), and the following notation:

o Aj:={t=(i)ies |t =0, |t|:=>;c;t; =1} is the (|J|—1)-simplex;

for @ # I < J, we denote by t77: Ay — A the natural inclusion with image

dyrAy={tecAy|t;=0,jeJ~I}CAy

(we often omit ¢7y if there is no danger of confusion);

t-e:= Ziejt,-e,-,where teAj,e€ Ey;
k:=max{|J|:J € Ix};
I(x):={j:s5;(x) 40} CJ for x € Uy; and

* ¢&:=(er)rez,. 1s a set of positive constants such that ke; < e; whenever I C J.

Given J € Zx, consider the set!8

QLD Yy =Yyje= {(e,x;t) €EEAxUyxAy|sy(x)=t-e, |le| <kere,
”Si (X)” < &I(x) foralli e J}.
Here are some properties of this definition:
e I’y actson Yy, j¢ by
y-(e.x;t) =(y-e,y-x:t).

18To begin with, readers should ignore the rather fussy conditions involving the constants & in this
connection see (2.1.6) and Corollary 2.1.2 below. Notice that we do need some such constants since
the size of €7 determines how thick the pieces My will be, and to construct M we need to embed (a
covering of) My into My forall I C J.
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e The condition sy(x) = ¢ - e implies that
(2.1.2) I(x):={j:sj(x)#0}CI():={i:t; >0}
In particular, if (e, x;t) € Y3, 7, we must have
(2.1.3) x €57 (Erw) = Urys CUryr .

where the equality holds because /C is tame (see (1.2.2)). Further, the components
of e in Ej() are determined by the pair (x, 1), while those in E4-j() can vary
freely.

* There are three I'y—equivariant projections of Y, . onto the factors of its
domain:

- prg: Yyu,76— Eq, (e, x;t)—e. For I C A, we denote by e the elements
of Ey, and denote by prg, the projection to Ey .

— The projection pry: (e, x;t) — x € Uy has contractible fibers that vary
with x e Uy.

— The fibers of prp: Yy, 5 — Ay, (e, x;t) — t, also depend on the image
t € Ay. In particular, if for some / £ J we have t €int Ay := A ~JdA; C
dAy, then, for any (e, x;t) € per (1), we must have x € Uy while the
restriction prg, ,(e) can vary freely.

e For each element of the form (e, x;t77(¢)) € Yy,7,¢ there is a corresponding
element (e, pry(x);t) € Yy 1,6, where pyy: Upy — Uypy is part of the atlas
coordinate change. Thus, if we define

(2.1.4) dgrYy:=pra' @s<1Yy):={(e.x:t) €Yy |1; =0, j ¢ I},
there is a ['4—equivariant covering map
(2.1.5) dygYy—=>YIN(Eqg4xUpy xAj) CYy.

If the isotropy is trivial, we can therefore identify d 7.7 Yy with an open subset
of Y.

e The relevance of the conditions involving the constants ¢ are explained by the
following remark. For each x € U such that ||s;(x)|| < &j(x) forall i € J, and
every H satisfying I(x) C H C J, there is a corresponding element

(2.1.6) (e.x:thy(bH)) € Y76,
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where by is the barycenter of Ag . Indeed, if we take e := (|H|s;i (x))ic4,
then e; = 0 for j ¢ I(x), by definition of /(x), while for i € I(x) we have
leill = [H||lsi (x)|| <Kep(x), as required by (2.1.1).

The following result is proved in Corollary 3.1.4.

Proposition 2.1.1 Let /% be a family of chart domains for an atlas on X. Without
loss of generality, we may pass to a shrinking U = U*? and choose constants £ > 0 so
that the following holds for all J :

@) sy(Uy)CEyg,.
(ii) The space Yy :=Yy, j ¢ defined in(2.1.1) is a manifold of dimension D +|J|—1,
where D :=dim E4 +d .

(iii)) Yy has boundary given by

oYy =Y, npra' @A) = | ) 051y
IS
= U{(e,x;t) eYyj:xe (71], t e BJ\IAJ}.
1S

Corollary 2.1.2 If Proposition 2.1.1 holds, then for all I < J there is an embedding
LEU: Ea<1,6; XUy — Yy, ¢ given by

tEU: (eawr, X) > (eaws + b7t -57(x), x;bp).
Proof Since 57 (U ) C Ej ¢, by (i), this holds by (2.1.6). |

Proposition 2.1.1 shows that the boundary of Yy lies over that of A y. It is well known
that the boundary of every topological manifold can be collared. The next step is to
show that we can construct this collar to have a special form, with control over the
components in E4-j near the “corner” per (071 Ay). However, to establish this we
need to pass to a reduction V = (Vy)rez, of the atlas (see (1.2.8)), since this severely
restricts the overlaps mic(V7) N (Vy) in |K| of the different chart domains. We
define

2.1.7) Yv.je:=Yuse6N(EaxVyxAy).
Since Yy, j ¢ is an open subset of Yy, j ¢, it is a manifold of dimension

d+dimE4+|J]|—1
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with boundary
Yy je=Yy geN0Yy e C U Esx(VyN (71]) XdjgAJ.
1<J
We denote by

(2.1.8) tgv: Eawre, XV — Yy e (eaws,x) > (eaws + b7 " -s1(x), x;bp).
the restriction of the map tgy in Corollary 2.1.2, and will consider the projections
pry: Yy ge— Vs, (e.x;t)—x,
priy: Yv,ue = Vil (e, x:1) & [x]| = i (x),
where i is as in (1.2.7).

There is a corresponding category with objects | | ez Yv,J,¢ and morphisms given
by the covering maps
2.1.9) (03w Yv,0.6 NV(EAx Vi x 177 (Ap) = Yy 16,

(e, x:ty (1)) = (e, pry(x):1).

This category has realization
Zv = U YV,J,@/’”,
J €T
where (e,x;t); ~ (¢/,x";t')y for |[I| < |J|if I C J, ¢ =e, t' = 175(t) and
p1s (x") = x. Notice that the projections to Ay induce a map
pra: Yy —Ac= ] As/~,
J €T
where the simplicial complex Ay (with boundary identifications induced by the face

inclusions 177 ) is the topological realization of the poset Zi-.!® There is also a projection

pry;: Yy = [VIC K], [e, x; 1] = |x].

Remarks 2.1.3 (i) The projection pr}, X prp induces a map
Yy, — [IVI'C VI x Ak,

19The topological realization of a topological category has one k —simplex for each length-k compos-
able string of morphisms, with the “obvious” boundary identifications. Thus, Ax has one k—simplex for
each I € I with |I| =k + 1. Observe that as the associated footprint covering (F7);ez, of the zero
set X is refined, the space Ax gives better and better approximations to the topology of X ; indeed the
Cech cohomology of Ax converges to that of X.
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whose image || V||’ is closely related to, but not the same as, the topological realization
||B;¢|§F | of the category B;d;r in (1.2.9). For example, if x € V; is such that its
image |x|:= m(x) in |K] lies outside all the other sets pry-(V7) for I # J, then it
gives rise to a single point in || B K|§F | (since the only morphism involving x is the
identity morphism) while it corresponds to a whole simplex x x Ay in ||V|".2° The
partial boundary 'Yy, j o C Yy s that we consider below could be understood in
terms of an embedding of || B ;g|;r | into ||V|]. However, we will take a more naive,
geometric point of view.

(ii)) We saw in Remark 1.3.8 that in the polyfold setting one can use an sc—smooth
partition of unity to construct a finite-dimensional branched manifold M with section
& M — E,4 that is a global chart for X. One can think of the extra coordinates
t € Ay (with ) #; = 1) as a kind of “external” partition of unity that gives a more
indirect way to patch the different coordinate charts together. o

The boundary collar We now consider lifts to Yy, s ¢ of the collar on dA
(2.1.10) ¢ A x[0,w) = Ay, (t,r)> (1—r|J)t+r|J|by,

where by =(1/]J|,...,1/|J|) is the barycenter of Ay and w < 1/(4|J]); see Figure 5.
Note that any ¢ € Ay with at least one component #; < w is in the image of this collar.
In order to get maximal control over the collar we will not define it on all of 9Yy j .
since much of Yy j . is irrelevant to the task at hand. Indeed, we are only interested
in boundary points (e, x;t) with x € Vg for I ¢ J while, by Proposition 2.1.1, a
general boundary point has

xeVyns;(En=Vyny,

a set that is usually strictly larger than the overlap Vi (which is defined in (1.3.3)).
Although the submersion axiom (1.2.3) implies that each 171 7 is a submanifold in Vy

of codimension dim(E yj), we will make the following definition of the “boundary’
of Vy:

2.1.11) Vs = Var.
HSJ

which lies over the “boundary” 9|Vy| = Ugcy |Var| of |Vy].

201f the isotropy is trivial, there is an embedding | Bx|};' | — || V||, whose image can be described
using versions of the sets §t§(|x|) in (2.1.13) below.
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‘We will define the collar
c}/: Yy gex[0,wy) — Yy se

over a subset 9'Yy s . of points (e, x;7) € Yy, s, such that x € 3Vy and ¢ is restricted
to lie in the set s_t§(|x|) defined as follows. Recall that for each x € Vj the sets H
such that |x|:= mxc(x) € mc(Vy) (where mc: Vy — |K| is the projection (1.2.7)) form
a chain

@112) 1= Ipin(Ix)) = To(1¥]) S (5D S - S I (1X]) = I (1)) =2 K.
If J = I,,(|]x]) with n <m, we will write
(2.1.13) st4 (|x]) := conv(bry, bry, - b1, ) C5ar,  (xhAJ

for the convex hull of the barycenters of the simplices corresponding to the elements
of this chain; see Figure 1. Note that s_t§(|x|) lies in the boundary of Aj.

b e oo Vg gt : |
\‘ - W }\ ,' b3
\\§~-_——’/'v' \,-/;-— R4
Vi3 :
V>3 b13
by by

Figure 1: The figure on the left is schematic, showing the sets |V;| rather
than their (disjoint) lifts V7 ; the sets V5 12 C V, and Va3,123 C Va3 are
hatched, while for x in the shaded set W, we have I, (|x|) = {1}, [1(|x]) =
{1,2}, Imax (| x|) = {1, 2, 3}. The top-right illustrates the change in dimension
from V; to Vi, while the bottom-right shows s_t§(|x|) for x € 171,123 N

V13,123-

The domain 9'Yy, 7., C 3Yy, s ¢ of the collar map ¢} contains all the points in the image
of the injections tgy in (2.1.8), as well as the lifts to Yy, j . of all points in im(cg)
where I C H C J. To obtain points with more general #—coordinate we consider the
following rescaling operation: Suppose given t € Ay and a tuple iy = (i4;)jea such
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that u; =11if j ¢ J, uj >0 forall j, and puy -t € Ay. Then, for any element
(e,x;t) € Yy j ¢, there is a commutative diagram

(e x:t) F ()™ - ecxipg o 1)
(2.1.14) PE, XPTVI IprEA\J xPry
(€At X) ——— (€4~J, X)

where we assume ||(uy)~!-e| < K& (x)» SO that the top arrow has target in Yy, j .

The following result concerns a reduction V plus choice of constants ¢ that are com-
patible in the sense of Definition 3.1.9. In particular this means that property (i) in
Proposition 2.1.1 holds, and that (V, ¢) is compatible with a fixed choice of local
product structures as in (1.2.3). The proof is given in Lemma 3.2.1 below.

Proposition 2.1.4 Let (V,&) be a compatible reduction of an atlas K. Then, for
each J € Iy, there is an open subset 3'Yy j . C 0Yy, j ., a constant wy > 0 and a
'y —equivariant embedding

2115 Ty e x[0,wy) = Yyge, (e, x:0),7) > (¢, X582, 1)),
with the following properties:>!
e 'Yy e Ci(e x;t):forsomel & J and x° € Vir, x~x%and t € s_t§(|x0|)}.
. c}’ is compatible with the projections to E4-, as follows: we have
(2.1.16) LEV(EA<I,6; X Viy) C Yy e forall I < J.
Further,
cY((e,x;1),0) = (e,x;t) forall (e,x;t) €'Yy sg,
@117 prg, ,(e)=0 = c§((e,x;t), r)= (e,x;c?(t,r)),
and
(2.1.18) prg,, oc?(LEV(e,x),r) =prg, ,(e) forall (e,x) € Egq<ye, X 1711.

o The sets 0'Yy, s ¢ are compatible with covering maps as follows: if | S H  J,
then the relevant part of the image of c{l lifts to the domain 0'Yy, j ¢ of c}/ . More
precisely, if (e, x;t) € d'Yy j, has x € p;IIJ(VIH) NVys22and t €3y Ay,

21 The precise definition of B/YV,J@ may be found in (3.2.19) and (3.2.20). By slight abuse of language
we will call 'Yy, s . the domain of c}[.
22By (1.3.3), when 1 C H € J any two of the sets Vyy, Vgy and pEIJ(VIH) determine the third.
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then (e, pgry(x);t) is in the domain 3'Yy g, of c}’l and for all r € [0, wy)
there is (¢, x';1') € 3 Yy j o with x' € Vg such that

(2.1.19) ch((e.x;t),r)= (¢, pus(x');t)) € Yy he.

Further, the restriction of c}; to Yy geN prI_,1 (171 g N Vi) has a well defined
lift (also called CZI) to Yy, j ¢ such that, for all x € 171] N I7HJ,

(2.1.20) (prgp)s(eg(e,x;0),r) = (cp(e, pry(x),0),7) € Yy e, 1 €[0,wp),
where (pr{”)* is as in (2.1.9).

e Each 0'Yy, j . is invariant under rescaling as follows: if (e,x;t) € 'Yy j ¢,
where ¢ € st5y (|x|), then, for all juy as in (2.1.14) such that juy -1 € s_tfl(|x|),
we have

wg (e, x;t) = (,ul_{1 e, x; g 1) €'Yy g

and

(2.121) prg, ,xv oc}/((e,x; t),r)

=prg, axvocy (Wg'-e.x;pum-1).r) € Eacu x V.

e The collar maps 05 are compatible with shrinkings as follows: if (V', &) C (V, &)
is another compatible reduction, then there are constants 0 < w’, < wy such that
the restrictions of the maps ¢¥ to 8'Yyy ¢ == 0Yyr ¢ N 0'Yy, j,¢ have all the
above properties with respect to the constants w’J.

e If K is oriented then the collar map c}/ is compatible with the natural induced
orientation on its domain and range.

By Lemma 3.1.11, any reduction V" has a shrinking V _ V" that is compatible with
respect to some choice of constants ¢ and hence supports a collar (C}/ )Jez, asin
Proposition 2.1.4. Further, we show in Corollary 3.2.3 that (V°°, £*°) has a further
nested shrinking that is collar compatible in the following sense.

Definition 2.1.5 Let (V°°, £*°) be a compatible reduction, with collars (c§’°°) JeIy -
We say that a shrinking (V, &) = (V°°, %) is collar compatible if it is compatible as
in Definition 3.1.9 and if for all J € Zx the collar map c§’°° restricts to a collar (c}/ )
on (V, &) whose widths w satisfy /ey <wy forall I C J.
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2.2 Construction of the category M and functor .7: M — E 4

In (1.3.5), the component M; of Obj,, was defined as
(2.2.1) My =Ep g, xVy,

which is a manifold of dimension d + dim E4. We take My := Eq<j¢, X Vi, and
define the map tj7: Mj; — My that attaches M to M to have domain a suitable
open subset Mjy C M and to extend the atlas structural map

prr: {0} x Vg — {0} x Viy € My C Mj.

We require that 77 be a 'y —equivariant covering map, induced by a free action of I'y_7.
Further, to obtain a category, these maps must be compatible with composition, ie for
I C H CJ we need

(2.2.2) THJOTIH =Ty7 OnN MU OMVH_] ﬂf;l‘ll(MIH) = M]_] QMHJ.

(Note that by (1.3.3) any two of the sets M 17> M 7 and II}IJ (1\7 1H) determine the
third.) For maximal elements J of Zx, we then define .y: M j — E 4 as the projection

Sy My — Ey, (e4<y,x)— (eay,sy(x)).

The above should be considered as the default formula for .y, which holds at points
(e4~J,x) € My where x is far from any overlap Vyx with J € K. However, in
general it must be modified in ways explained in Example 2.2.1 below.

Before giving the general formulas for wy, 777 and .y, we discuss an example.
Part (i) shows the role of the collar in constructing t;, and also how to achieve the
closed graph condition in (1.3.6), while part (ii) explains the relevance of the collar’s
compatibility with projections and rescaling to the proof of the composition rule (2.2.2).
The usefulness of considering multiple collar compatible shrinkings (V", &) will also
become apparent. We will use cutoff functions (y77: V7 — [0, 1])7cy of the following
form: if YV C V', we have

(2.2.3) supp(x)) € | Vg and () Vim cint(xzf(1).
ISHCJ IGHCJ

Example 2.2.1 (attaching the M ;) We begin by considering the case when the
isotropy groups are trivial, so that t;7: M7y — Mj; is a homeomorphism. It is then
easiest to define its inverse

. —1. v
arpy =t My — Mjy,
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since My C Mj is defined to be the product E4<j 5, X Vyy (where Vi is as defined
in (1.3.3)) while My will simply be defined as the image ;7 (Mjs). Asin [14], we
use the notation ¢y := ,o;Jl: Viy — VI 7 for the inverse of the atlas structural map pyy .

(i) Consider the case when there are two basic charts with labels 1 and 2. Then M
has three components:?3

My =E;s5,xVi, My=E s xXV2, Miz:="V12,

where we assume (V, §) is collar compatible as in Definition 2.1.5. In particular, this
means that for i = 1,2 we have §; < wfz, where wj; 1s the width of the collar 0{2.
We first define the attaching maps 1,12 and oz, 12, then define the sections .7 and
finally prune the sets M, so as to satisfy the closed graph condition.

We define aq,12 as a composite My,12 := E5 5, X V1,12 = Yy 12,6 > M12:

(2.24) a1,12((e2. %)) = pry (cl,(tev (e2. ). 7)) (with 7 := /||e2|])
= pry (c15((s1(x). €2, 617 (x): b1). 7))
=pry ((e}. e2.x": (1 =r,7)))
=x'€Viz = My,

where (g is the map in (2.1.8), by = (1, 0) is the barycenter of A; considered as

a point in A, we have used formula (2.1.10) for clAz, and we have used the fact from
(2.1.18) that e; is unchanged by c{z. We note the following:

e Because (V, d) is collar compatible, Definition 2.1.5 implies that the collar width

satisfies w1z > /[|82] > r. Hence, the element ¥, ((s1(x), e2. @17 (x); b1),7)
is well defined for all (e, x) € My 12.

e Because the collar variable r := \/m vanishes for the points (0, x) € M1 12,
the map o112 extends the inclusion ¢yy: Viy — 1711 by (2.1.17), as is required
by Proposition 1.3.3(i). Further, for small enough §; the closures of the images
of 1,12 and the similarly defined map o5 ;2 are disjoint.

* Because the points (e,x;t) € Yy j satisfy sj(x) =t -e; and we chose
r = +/|lez|, we have

3/2
rllez2ll = (le2)*? = 52X
so that 7 = ||so(x)[|'/3 is determined by x’.
23Here we simplify notation by writing M1 := Mgy 2y, Mi,12 := Myqyq1,2) and so on. For an

example of this construction, see Section 1.4.
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e To see that «p,12 is injective, notice that because c§ is injective it suffices to

check that the other elements, e}, e and r, that appear in the tuple

(e1.e2, X1 (1—r,1)) €Yy 12,

are determined by x” € V5. But we saw above that r = ||s2(x")||}/3, so that the
equations s1(x) = (1 —¢)e] and s2(x) = te, determine ¢} and e;.

We now define .#15 := s12: My = Vo — E12, and define .% on 051'_112(]‘71',12) by
pullback; thus, on this set,

Fi(ej.x) = (eI ?e), 51 (@inalej. X)), i # .

has the form claimed in (1.3.7). We then extend .#; to the rest of M; by patching it
to the default map (e;, x) — (e;js;(x)) € Ej x E; = E12 via the cutoff y; in (2.2.3):

(22.5) Hi(ej.x) =
xi2() (Ilej 11 2e;, si (@i12(e, %)) + (1= xi,12(x)) (e, 5 (x)) € E1a.

For this to be well defined, we need «; 12 to extend to a neighborhood of M; 12 in M;.
But we can always assume that V is a shrinking of some other reduction V. Then,
because the collar extends over V', we may extend «;, 12 over the corresponding set
Ml./712 by using the above formula (2.2.4). It is then clear that 5”1._1 (0) = {0} x sl._1 0).

It remains to arrange that «; 12 has closed graph. Note that its restriction to {0} x V; 12
does have closed graph because V is a reduction of a good atlas X, which among other
things implies that the realization |V| C |K| is Hausdorff; see the discussion around
(1.2.7)-(1.2.8). Denote by

(2.2.6) Fr(M; 12) := cl(M; 12) ~ M; 12

the frontier of M; 12 in M;, where, as usual, cl denotes the closure. As above, we may
assume that «; 12 extends to a homeomorphism «; 12: cl(M; 12) — V{z, which evi-
dently has a closed graph. Hence, it suffices to arrange that V12N 12(Fr(M; 12)) = 2.
But

Viz Nel(ai,12(Fr(M;12))) C cl(Vi,12) ~ Vi 12

is a closed subset of V;, that is disjoint both from cl(I7j,12) (by the separation property
of the sets 171,12 and 92,12) and from the zero set s1_21 (0) (because |V| is Hausdorff).
Hence, as in Figure 2, if this set is nonempty, we can simply remove it from Vj,, ie
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o, 12(FT(M1 12))

Figure 2: Removing points from Vi, so that «; 1, has closed graph. Since
V12 is open, the point where the two heavy lines cross is not in V5. The set
M; 12 = Vi12 X Ei; C Vi is hatched.

we replace Vi by

22.7) Via~ | (i 12(Fr(Mi 12))).
i=1,2
(i1)) Now suppose that the atlas K has three basic charts with labels 1, 2 and 3,
so that the sets V7 in the reduction V intersect as in Figure 1. We assume that the
isotropy is trivial and all E; # 0, and again explain how to choose the constants §;,
and define the attaching maps «yy and sections .7 that involve the vertex 1, namely
those with labels 1, 12, 13 and 123. It is now convenient to assume that we have four
nested collar compatible shrinkings (V!,e!) = (V2,e2) & (V3,¢3) C (V4. &%) of V.
Correspondingly, for 1 C {1,2,3} and k <{ < 4 we define

MFi=E o xVE. M =E; 4 x Vi c Mf,
where
k.t
Vig = VENViy = VEN o (V).

We aim to define a category with basic domains of the form M, 11 and compatible
morphisms ayp: M; l” \H| _, My |H| . However, to make these continuous and to define
the corresponding maps .1 we have to define transition functions on larger sets such
as M I|§1|+1,|H|. As in (i), we will first define suitable maps o7y and sections .7, and

then will prune domains to achieve the closed graph condition.

If |[I|=1and |H| =2, we define ayg: MII}? — Mlzi as in (i) above. These methods
also easily adapt to define the maps oyg for |/| =2 and ./7: My — E4 for |I]| > 2.
Indeed, if J := {1, 2,3} then

23 3
a1, My — My
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can be defined much as in (2.2.4). The only new point is that because Ay; isa 1—
simplex, we have to decide how to lift V1; s to dYy, s, in order to use the collar. For
now, we use the default choice given by the embedding gy in (2.1.8), ie we embed
it over the barycenter by; of Aj;, which we identify with the corresponding point
t15,7(b1;) in Ay. Thus, for i # j, i, j € {2,3}, we define

(2.2.8) ari, g M3, — M3, (ej.x) > X/,
as follows: with (e;, x) € E; 2 x Vlzi’3 and r = /|lej |,

(¢j.x) > ¢y ((gv(e.x)).r)
=: (e'li,ej,x’;cJA(bli,r)) € Y3y .3

’ 3

= x € Mj.
Since r depends on e3 and hence on s3(x’) as above, it follows as before that ;7
is injective. Notice also that if x € Vlzi’ej the point ¢1; s(x) would lie in Vlel. J as
would its image x’ under the collar map since the collar maps preserve the shrinkings
by Proposition 2.1.4. Taking £ = 4 here, we may therefore define %1, by pullback

from .y on M 122’3 7 » tapering it off to the product s12 X pr E; outside the larger set
Eje,; % Vlzl.’f} by using the cutoff functions f1; s as in (2.2.5).

The main new task is to define

. 1,3 3 . : 1,3 1,2
ar,y: Ml,J — Mj sothat «aq,7:=ay;y0aq,1; in MI,J li,li'

If x € Vllj ~Uiz2s Vll,'13l~ (ie x is “far” from Vll”lzi) then we may define

(2.2.9) a1,7(e23.%) = prg,uy (cF ((51(x). €23, 91,7 (x). b1).7)). 7= +/eas]|.
as in (2.2.4). Hence, the lift of a1, (e23,x) to Yy3 5 3 lies over the ray
B (byx [0.wo]) C Ay

On the other hand, the composite «1; s o «1,1; first uses the collar cfi for by in Aq;
and then the collar c}/ of by; in Ay, and hence its natural lift to Y3 53 is rather
different. We interpolate between these two maps as follows, where we take i = 2
for clarity, and use cutoff functions f1,12 as in (2.2.3), with support in V11,’132 and
that equal 1 near the closed set 171:%2 C Vll,’132. Thus, with x € V11”132 N Vll”; and
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e23 = (e2,e3) € Ep3, we write

ri=Bri2(x)Vllez] and (r':=max((1—B1,12(x)) v Ilezl. VIesl))

and define

(2210)  (e23.%) > e ((51(x). €23, f1,12(x): b1). 7)
=: (e}, e23,x";1=1,1) € Y3 15 ;3

Y ((e]. ea3. 12,0 (X)) 1=1,1). 7))

= (6/1/, €23, x”; t//) € YV3,J,§3
. 3 3
= x" =1ay,7((e23,x)) € M7 = V5.
Note the following:

e Here (as in (2.1.20)), we consider C{z to be the lift to 9'Yy, J,& of the collar for
d'Yy,12,¢, and the composite c}’ o C{z is defined by (2.1.19).

e The above map (ez3,x) — x” is continuous, and equals that given in (2.2.9)
when B1,12(x) = 0 because ||e23| = max{|e;| :i = 2,3} by definition.

o IfxeV 7 nViy, cVlyN(Brl,(1), then

a1,12(€23,x) = @12, oa1,12(€23, X).

Indeed, the invariance of the collar under rescaling in (2.1.21) shows that applying
the second collar map at (1 —r,r) with r’ = \/m and then projecting to M;
gives the same result as rescaling, then applying the second collar at b1, with the
same r’, and then projecting to M ;’ Note that by (2.1.18) this last claim holds
even if ez = 0, so that the second collar map has r’ = 0 when B; 12(x) = 1.

e It remains to check that this map (ez3, x) — x” is injective. Since the first two
maps in (2.2.9) are injective, it suffices to check that the projection

(ell/, €13, x//; t//) — xl/

is injective. But both collar maps preserve e, and e3 by the extended corner con-
trolin (2.1.18). Hence, for i =2, 3 we know |l¢; || and therefore ¢/’ from s; (x”) =
t'e;. Since ), t/ =1, we therefore know " and hence also e” = (e}, e23).

As before, we define .7 by pullback via o; « over Ez3 ¢, x| ey V1,7, extending
to the rest of M via a cutoff function B ;. However, to do this we need the pullback
of .1 to be compatibly defined on a set that is larger than that on which we ultimately
want .7 to equal the pullback. But we can arrange that the identity a1,y =12, 7001,12
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actually holds on a nelghborhood of the closure of V11 122 N V1 J , since in (2.2.10)
B, 12 =1 on a neighborhood of V1 7 - and we can always extend the domain of g,12
to V1 2 Therefore, we can imitate the formula in (2.2.5).

It remains to prune the domains My so as to achieve the closed graph condition for all
maps a7y . We will do this by downwards recursion on /. Thus, first taking |/| =2,
we remove points from M3 so that the maps «y 123 have closed graph, and then
with I = {i} remove points from all M; with |J| > 2 so that the maps «; ; have
closed graph. At each stage we use the analog of formula (2.2.7), removing from V;
all points in cly, (azs (Fr(Myy))) where Fr(My) is the frontier of My = MI|§|’|J| in
My :=M; LT Since Fr(Mpy)C Mll| I/1+1 , the points removed lie in the image of the

extension of the collar over Y J VM1 but not in the image of the collar over Y TV g

£
Hence, because the o7y are defined in terms of the collar map, these points do not lie in

imogy forany H & I < J. Thus, the different steps do not interfere with each other.

(iii) If the isotropy is nontrivial, then we can still adopt the above approach, but now
must interpret a7y as a local I'x —invariant inverse to tyy and then define M 17 to be
the I'4—orbit of its image. Further, we must make equivariant constructions, but this is
possible since the collar is equivariant, so that all the above formulas are appropriately
equivariant. In particular, the sets that must be removed in order to achieve the closed
graph condition for the local inverse o jy are I'y—invariant, so that we can arrange that
t77 has closed graph by removing its I'y4 orbit. o

The next result is essentially a restatement of Proposition 1.3.3, though it gives a little
more information on the nature of the map t7;. Since the proof is rather complex, we
describe the strategy here. As in Example 2.2.1, we define the maps « 77 by downwards
recursion on the cardinality |/| of the index set /, shrinking domains at each step. In
order to extend the interpolation formula for o y; = rI_Jl given in (2.2.10) to a chain of
inclusions 1o € 11 € --- I of length k > 1, we apply an iterated sequence of collar
maps over a family of paths P(e, x) in the simplex A as described in Step 2 below.
We then define the attaching maps t;7 and .77, and check that they have the needed
properties.

Proposition 2.2.2 Suppose given a good atlas K on X. Then there is a reduction V
and set of constants § = (§7)1ez,. > 0 such that the following properties hold with
My = Eqys, xVr and My := Eq 15, X V1s:
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(i) Foreach I C J there are open sets M 17 C My and 'y —equivariant maps
Ty My — My
that restrict to pyy on {0} x Vi and are such that:

. MIJ is a product E4_j 5, X M?J, where 171] - M})J C Vy,and CI(M;)J)
and CI(M 191 7) are disjoint unless I and H are nested.

© ty =idg x T?J where T?J: ]\7?] — Ej.1s, X Vi has the following
properties:
- 19,(x) = (0, p1y (x)) for x € Vir,
- r?J has closed graph, and

- r? 7 quotients out by a free action of I'y<j that extends to a free action
on a neighborhood of cl(M?J) inVy.

(i) For I < J & K we have
2.2.11) TJK(M]K N MJK) = M}J NMjx and tTig =T17°TJK.
(i1i) Foreach J thereis .#j: Mj — E4 such that, for all J C K, we have
(22.12) Syorx = Ikl L7 (Ep) Cl0yxVy,  Z5(0,x) = (0,57 (x)).
(iv) If the initial atlas KC is oriented, then so is the category M defined by the above
data as in (1.3.5).

Corollary 2.2.3 Proposition 1.3.3 holds.

Proof If the category M is defined as in (1.3.5) using the above data, My, M; J
and 7y, then all the properties of Proposition 1.3.3 hold. |
Proof of Proposition 2.2.2 We proceed in five steps:

Step 1 (the set-up and basic strategy of proof) Fix a shrinking G% = (G?);ez,. of the
footprint cover. By Corollary 3.2.3 we may choose a family of nested collar compatible
shrinkings as above,

w—l(gO) C (V1,§1) C..-C (VK+1,§K+1) C (Voo’é\OO) C uoo,
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with collar widths that increase with m. The projection mx: Up® — |K| quotients out
by I'7 and its restrictions to the V™ have the property that

N;C(I/_Ik)ﬂmg(l/_;)#g < ICcJorJClI.

For m < { we let Vﬁ’e =Vrn n,gl(n,c(VJe)), and for m < |I| and m < { < |J|
define

N £
(2.2.13) M = Egipon X Vi, M~ = Eqqeom < Vi

For each I ¢ J and m < |I| we will define . : M|JJ| — E 4, a subset ]\7}'}6 C M§
and a I'y—equivariant covering map

m,l. 75m,l m,{
Ty My — My,

with the following properties:

(a) r}"je has product form and closed graph as in (i), and quotients out by a free
action of I'y7 on (M;;’Z)O.

’ ’ ~ml ~m’ m' _md

(b) Forallm=<m'<|[I|and £ <{' <|J|, M;;" CM;;”" and 7, |M71],£ =177

(c) If I € H S J then I|IIJ|’|J| = rjlqb;l’ljl o rllﬁ’lHl on their common domain;

moreover, this domain maps onto
Easter x (Vg™ 0 prr (V77 < .
(d) If I S J then 5 otz =7 on MIFT,
© #710)=1{0}xs71(0) c M},
In the end we will take

My =M My = m)fH

with the corresponding sets M %I,IJI , and the restrictions of the maps t7; and .7. In
particular, 87 = 8|II|.

For simplicity, we first assume that the isotropy groups are trivial. As in Example 2.2.1
(see in particular (2.2.10)) for I < J we will define a family of injective maps

I|+1,|J]|+1 Il J|+1
ar: MY e vy el < ey > MY a1
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(where ey~ :=prg,_,(e)), with well-defined restrictions

2214)  agi=aylyme M- ME m< |1+ 1L k<|J|+1.m<k,
1J

such that

2215  ay =aggoarg on M gk (MMl forat 1 H S U

Then we define
rrm.,L A _
M7 =ap (MY, Ty =ap.
With this, conditions (b)—(c) will hold and 775 = oz;JI has the required product form.

We will arrange the rest of (a) later.
by

Pk =b1 by

Pk+1
Figure 3: The path P(e, x) with I ={1},..., Ix+3 ={1,2,3,4}

Step 2 (definition of «; via the paths P(e, x)) To define ays(e, x) we consider
the chain of length m = m(|x|) formed by the sets H such that |x| € [V | HI+1,

(2.2.16) Inin(|x]) = To(Ix]) & 11 (|xD) G -+ G Im([x]) = Tmax(|x1).

modifying the definition of s_t§(|x|) from (2.1.13) accordingly. Extending the pro-
cedure in (2.2.10), if I = Iy (|x|) we define ays(e,x) by applying collar maps in
Yyit1 g, ge+1 atotal of m —k times with initial points p,—1 € per (Ayg,) and collar
lengths rpforn=k+1,....m= m(|x|). In fact, it is useful to think of applying the
iterated collar map that lies over the path P(e, x) in s_t§(|x|) with the vertices

Pk =br. pn=U—=rn)pr,_, +rubr, =cf (Pn-1.ta). k <n =<m(|x|)

(see Figure 3), where the r;, are as described below. Note that by the collar compatibility
with covering maps in (2.1.20) it makes no difference whether at the n™ step we apply
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the collar map over the segment [p,_1, pn] in Yy 1, ¢ (Where V := V*) and then
lift to the next level Yy g, ., e, or whether we first lift all the way to Yy ,, . (Where
I = I'max), and then apply the collar maps. We take the second approach, first lifting
the initial point (e4p, , x) to

—1 .
(ea~1y +blk S1 (%), 1,1, (X): b1, ) € 0,1 ijlm’§K+l N 3/Im\IOYV’Im,§K+1

and then applying successive collar maps that remain in the boundary 9'Yy, ; gt
until the very last step. Note that by the collar compatibility with shrinkings we can
work in V := V¥ rather than in the different V' .

To complete this definition of 77 (eq-1, x) it remains to define the lengths r,, = ry, (x)
for k +1 <n <m. To achieve consistency with coordinate changes, for each I € Ty,
we choose a cutoff function yz: || — [0, 1] such that

1 — 1
(2.2.17) supp(xr) € me (VY a7t () € e (v,

and for each J denote its pullback to the set Vmle

an = +/ller,~1,_, || and yx; := xr,, we define
Fm+1(X) := ym+1(X)am+1,

m+2(x) 1= Ym+2(X) max((1 = xm+1(X)am+1.am+2).

by the same letter. Then, writing

rn(x): —)(n(x)( max Aj aj)

Aji= 1‘[(1 —xi(x), j<n,
i=j
A,n = 1.
To check that a7y (eq-7, x) is well defined we note the following:

e The path P(e, x) depends both on the position of |x| with respect to the sets
|V |11 in the chain (2.2.16), and on the relative sizes aj of the relevant
components of e; see equations (2.2.10).

* In order for the collar maps to be defined over P(e, x), we must have r, (x) <wy,
for all n. But

rn < s Vier,~n,_ I < Vleasrl < 1, <wi,

for all m > n because (V, ¢) is collar compatible; see Definition 2.1.5.
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e Further, at each stage we need the image of the iterated collar map to lie in the
domain of the next collar map It follows from (2.1.16) that the initial point

(eA\Ik + bI_kl oy (X), ¢1k1m (X); blk)

of P(e,x) does lie in 0'Yy, j . One then uses the fact that these domains
'Yy, s ¢ are compatible with covering maps, as explained in (2.1.19)—(2.1.20).

e To see that the path P(e, x) varies continuously with x, it suffices to check con-
tinuity for a sequence of points xV — x° for which just one of the functions y —
say ys —changes from a positive value to zero. But in this case (assuming
that e is fixed) the functions r;(x) are continuous for i < s, while for i > s we
have

aj =a;°, i#s,s+1, ag° = max(ay,ag, ),
lilljn ri(x")=ri(x*), i<s, lign rs(x”) =0,

limr;(x¥) =ri—1(x*°), i>s.
v

e Ifxe Vllﬁ+1’|H| for H = I with m <s <n, then yg(x) = 1. In this case, we
can divide P(e, x) into two independent segments at the point pg, because the
lengths r,(x) for n > s no longer depend on a; for i <s since A; =0 fori <s.
Further, the second part of P(e, x) projects to the path P(¢;g (x)) under the
natural projection

(conv(byq, ..., by, . (x)) > (conv(by,, ..., b)) — conv(by,....by, . ).

Step 3 (definition of the maps «j; and sections .77 in the case of trivial isotropy)
With these formulas in hand, we now define the maps oy and sections .7 by down-
wards recursion on |/ |. For |J| =k :=max{|J|:J € Ik}, we define

Sy =77,
where

S My — E4q,  (eqa—y,x) > (e4<y.57(X)).

If |[I|=x—1,for x € V};Hl’m the path P(]x|) has one segment of length yjay :=
x1vlles~rll, and we define oyy: MI|5|’|J| — M|JJ| by applying the collar map as
in (2.2.8). For these values of x we have yj(x) = 1. However, the fact that we have

defined oy; over the larger set Vlljlﬂ’l]l means that the function
1
(2.2.18) gr= ] G=xnZf+ > auelysn: v — Ey
JISJ JISJ

is well defined and is compatible under pullback from V.
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Let us now suppose that maps oy : Vlglﬂ"]'“ — V}J|+1 , and functions .77 : VI“| —

E 4 have been defined for all 7 € J with |I| > k so as to satisfy conditions (2.2.14)—
(2.2.15), and consider / with |I| = k. Because there are no transition functions o/
between these sets V7, we can work separately with each such /. Then define a7 (x)

[I|4+1,|J]+1
for x € VU

by applying the collar maps c}’l 7 as described in Step 2 over the
part, called Prs(x) below, of the path P(e, x) from px = by (where I = I (]x]))

to pg, where J = I,(|x]).
We check the properties of ayy as follows.

e The map ay; depends continuously on x because we saw above that the path
P(e, x) depends continuously on x, and because by (2.1.18) the collar map
along a path segment of length O is the identity.

e Both M 77 and oy have the product form required by (a) because the collar
map c}/ does not change the components of e4-; that lie in E4- s ; see (2.1.18).

e We repeatedly use the fact that the collar is compatible with all the shrinkings to
show that (b) holds.

e To prove the composition formula (c), we use the fact proved above that when
xXeM }2+1,|H|’ the path Py (x) divides into two independent segments, the
first of which is simply Pjg (x), while the second projects onto Prry (17 (x)).
Now use the invariance of the collar map under rescaling (2.1.21).

e To see that oyy is injective, notice first that the path Pyy(x) is determined by x.
Hence, the collar maps applied to the lift (e’, @77 (x);by) of (e,x) € My to
Y =Yy j¢ giveapointin Y that lies over a point 7, € Ay, which is determined
by P(e, x) because the collar c}[ lifts cJA by (2.1.15). But the collar maps are
injective, as is the projection Yy j ¢ N per (tx) to M.

Finally, we define .7 as in (2.2.18). This clearly has the properties required in (iii).

Step 4 (completion of the proof in the case of trivial isotropy) The first claims in (i),
namely that r? ;7 extends pyy and that M J is a product of the form E4_ s 5, X 1\7?1, are
clear. To establish the separation claim, namely that cl(M ;) Ncl(M ;) = & unless 1
and H are nested, notice that the intersections of 01(1\7})]) and cl(ﬂ g 7) with {0} x Vy
certainly have this property by definition of a reduction. Hence, starting with maximal
|7| as usual, we may, if necessary, shrink the constants 6; so that this property holds.
Further, (iv) holds, because if K is oriented, then so are all the manifolds Y, s, and
M . Since the structural maps in C preserve orientation by definition, and the collar
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maps c}/ preserve orientation by Proposition 2.1.4, so do the maps 7;; constructed
above.

It remains to arrange that the maps oy have closed graph. We do this by the method
described in Example 2.2.1. Given I & J, recall that My := M%l’ljl C Ml‘jl"Jl'H
and define Fr(Mjy):=cl(Mjy)~ Mjy, where we take the closure in M1|§|’|J|+l . Then
the maps oy extend to give a compatible family of embeddings defined over cl(Myy).
The images a7y (cl(My)) and agy(cl(Mpgy)) are disjoint unless / and H are nested.
Moreover, if H and [ are nested, the intersection oy (Mpy)Neg s (Fr(Mgy)) is empty
because ayy (Mpj) C My = M‘JJ| while agy (Fr(Mgy)) CFr(My) C M|JJIJrl \MIJJ| .
Hence, if we define

(2.2.19) My =My~ | clars (Fr(Mpy))).
=

the maps a7y for I C J have image in M, and closed graph. Moreover, if we have
already arranged that all the maps ayjx: Mjx — Mg for J € K have closed graph
and satisfy the compatibility conditions (2.2.15) for all I C J C K, then if we replace
the domain Mg by M’ N Mk, the maps o jx: M’ — Mg will still have these
properties. Hence, we may arrange that all the maps o7y have closed graph by applying
these two steps for each J, starting with J such that |J| is maximal and then working
down.

This completes the proof if the isotropy groups are trivial.

Step 5 (the case of nontrivial isotropy) To construct the maps 777 in general, we
argue as above, taking ¢y (x) to be the local inverse to the covering map pys at x € Vis,
and then defining t; to be the I'4—equivariant extension of aI_Jl to a neighborhood
of the orbit of (0, x) in M 7. To see that this definition is consistent and independent
of the choice of x € p;} (p1s(x0), note that the collar map is equivariant and, once
the shrinkings (V¥, eK) are chosen, the only other choice in the above construction
is that of the cutoff functions y; in (2.2.17), whose pullbacks to the sets V7 are also
equivariant. Hence, the local inverse ¢y (xo) is invariant under the stabilizer group Iy,
and so the extension is well defined.

Since all the previous arguments apply without essential change, it remains to check
that r? 7 quotients out by a free action of I’y 7 on ]\7}’1 that extends to a neighborhood
of CI(M?J). To establish this, we must define an appropriate action of I'y_7 on ]\7})].
If I'y<s acts trivially on E -y, then this action is simply the restriction of the given
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action of I'y; on V. However, in general this is not the case, and the new action
0 770
LycrxMpy — My, (y.Xx)y*X,

is described as follows. Notice first that because the collar c}/ is I'y—equivariant and
injective, each point xg € Viy C M?J with r?J (x0) = (0,xy) € Eyr1,5, X Vs has a
neighborhood N (xg) on which ‘E? ', is injective and has image A’ of product form,
namely N' = Ej_ 15, xO' C Ej_1s, x Viy. Further, Iy acts on A/ via its action
on Ej_js,,since it fixes the points of Vi; C V. If rl_Jl,xO: N — N (xg) is the local
inverse to T7y at xg, we now define

(2.2.20) yex =y 5175 1T (), x € N(xo).
where for clarity we have written x + y -7 x (resp. x > y -y x) for the standard action
of yeLyeyon Ej s, xViy CEjiys, x Vi (resp.on M2, C Vy). Then
(v *x) =1 (V7 T (V1 T ()
=y (twoty o 1T () =t (%),

where the second equality uses the equivariance of 77 with respect to the actions -
and -7. Now extend this action over the whole orbit by setting & * (y x x) := (8y) * x.
This new action x — y * x is free, since Iy acts freely on 171 7 . Further, this action
extends to a free action on a neighborhood of the closure of M IOJ since it is determined
by 777, and hence by the collar, both of which can be extended. |

Lemma 2.2.4 The action x — y xx of Iy on M 17 has the following properties:

(i) If H,I C J, then the action of I'y_j on ]\71] preserves the subset M[_] HMH_].

(i1) If H C I C J then the restriction to 1\71] N MHJ of the action of I'y_; on
My agrees with that obtained by considering I'y; as a subgroup of I'y_ g
and restricting the corresponding action from Mgy to My " Mgy .

(i) If HCICJ and y € My N\ My, then
ty(Yi~H *Y) = (Yo~HlI~H) *T17()),

where yy- g |7~ g is the image of yy_g under the projection Ty g — I'1< g .

(iv) Properties (i) and (ii) continue to hold for the extension of the action to the
closure CI(M[J) of ]\71] inMjy.
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Proof (i) follows from (2.2.20) because the action x +— y -y x preserves the sets
M g forall H C J. (ii) also follows immediately from (2.2.20) and the fact that
THJ = TH] ©T[j On M N M g . (ii1) holds because the maps 7y are equlvarlant
with respect to the projection I'y — I[7 and take MIJ N MH_] to My N MHI by
(2.2.11). Finally, (iv) holds because the extended action is defined by extending the
domain of the maps in (2.2.20). m|

Remark 2.2.5 (the smooth case) Note first that if we apply the above construction
to a smooth atlas (ie one that satisfies the smooth submersions condition in (1.2.4)),
then the charts used in (3.1.4) to give Yy s ¢ the structure of a topological manifold do
not have differentiable inverses. A related problem may also be seen in Example 2.2.1:
the attaching map «q,12 in (2.2.4) is given by the collar, which by (3.2.3) has the form
(e2,x) > x" := ¢(|lea]|/%e2, x), where ¢ is the local product structure along Vi
in (1.2.3). Thus, even if ¢ were a diffeomorphism, «1,12 would not have a smooth
inverse along the submanifold e, = 0. Thus, just as in standard blow-up constructions,
in order to obtain a smooth category M from a smooth atlas one needs to choose a
smoothing of Yy, y . along its boundary.

Alternatively, one could use a different construction that avoids introducing the mani-
fold Y. Instead, one can construct the all-important collar structure used to define the
maps 777 by using the exponential map with respect to a suitable family of metrics
on the sets V. Indeed, recall that by the smooth tangent bundle condition (1.2.4) the
derivative dsy.7 induces an isomorphism from the normal bundle TL(I71 j) of 171 7
in Vy to the product Ej_ ¢, X Vir. To explain the idea, let us suppose for simplicity
that the cover V is refined so that the group 'y 7 acts freely on the components on VI 7,
so that the restriction of 775 to each component is a diffeomorphism onto Vj;. Then
we can think of V7 as a subset of 171 7 and the task is to define a consistent family of
injections oyy: Ej<1,¢; X Vigj — Vy. To this end, choose a family of I'y —invariant
Riemannian metrics g7 on V; and constants g7 that are compatible in the following
sense:

e Foreach I C J, Vi isa totally geodesic submanifold of (Vy, gs) and
(p1)+(87 ) = gr1lviy -
e O<egr<eyiflI CJ.

e For each I ¢ J, the gy —exponential map along directions perpendicular to Vi
defines an embedding oyy: Ej<j e, X Vig — Vy.
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e The corners are locally flat, ie if x € Viy N Viy for I C H ¢ J then

arj(ej<H +ea<1.x) =agjlejm.arg(eg<y.x)).

The last condition means that the composition rule holds directly, without having
to introduce analogs of the paths P(e, x). Of course, the choice of the g7 and &;
requires some attention to detail as in the proof of Lemma 3.1.11 below; see also
the construction of the perturbation section in [14, Section 7.3]. Thus, one begins
with a family of shrinkings V¥ C --- = V! © V° of an initial reduction V°, where
k :=max{|J| | J € Zx}, and then chooses metrics g; on lejl, starting with J of
length |J| = 1, that satisfy the above conditions for the submanifolds 171|JJ| of VJ”|
for some constant &, > 0. Finally, once gy is defined on V' for all J, one chooses
suitable constants €7, now starting with maximal |J| and working down. Further
details are left to the reader, as is the proof that the resulting branched manifold is
cobordant to the topological one constructed in detail above. For this last step one
would need to adapt the proof of uniqueness in Step 2 of the proof of Theorem B in
Section 2.3.

Besides obtaining a smooth rather than topological branched manifold, there are no real
advantages to this construction unless one wants to work with the virtual fundamental
class on the chain level using de Rham cochains. Another point is that by [9] we can
construct the branched manifold M to be a simplicial complex, so we could simplify
the proof of Lemma 2.3.4 by using (locally finite) singular homology instead of Cech
homology. However, because we know nothing about X except that it is compact and
Hausdorff, the VEC has still to be considered as an element in Cech homology. For
further discussions of the smooth case, see Step 3 of the proof of Theorem B. o

2.3 Proof of Theorems A and B

To prove Theorem A, we must show that the category M constructed in Section 2.2 has
a unique completion to a weighted branched groupoid, and then analyze the structure of
this groupoid and the associated weighted branched manifold (M, A). The arguments
needed here are very similar, but not identical, to those in [11, Proposition 2.3] (which
considers the case of the category By defined by an atlas with trivial obstruction spaces)
and in [12, Section 3.3] (which analyzes the zero set of a transverse perturbation section).
Theorem B has two parts. It first states that if X is oriented the weighted branched
manifold (M, A) carries a natural fundamental class [X ]‘,’Cir, a result that was proven
in [9] in the case when M is smooth and compact, with or without boundary. Although
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smoothness is assumed throughout [9], the only place where this condition is essential
is in the construction of the fundamental class in the proof of [9, Proposition 3.25]. In
this case, we may replace M by an equivalent wnb groupoid that is tame in the sense
that its branching loci are piecewise smooth and hence triangulable, which allows us
to work with singular homology in the proof of Lemma 2.3.4. In the present case, we
must use rational Cech cohomology, and the appropriate dual homology theory for
noncompact manifolds as described in the appendix. The second and more substantial
part of the proof of Theorem B explains why [X ]Vlr is independent of all choices made
in its construction, and why, in the smooth case, the new definition is consistent with
the previous definition via perturbation sections.

We begin with a lemma about groupoid completions of étale categories; for definitions,
see Sections 1.2 and 1.3. As usual we denote by Z a collection of subsets of a finite
set A, and say that I, H € 7 are nested if ] C H or H C I. We state the condition
identity below for completeness; it follows immediately from the fact that every category
has identity morphisms.

Lemma 2.3.1 Let 7 be a collection of subsets of a finite set A and M be an étale
category with

ObJM |_|M_], MorM_ |_| MI_],
IeT I1cJ,1,JeT

s X t: Morpg — Objpy xObjar. (1, J,y) > (L 17 (3)). (J. ).

where M]J C My is an open subset and the maps tjy: ]\711 — My satisfy the
following conditions:

e Identity Forall [ €, t;; =id on My = My; = M.

e Composition Forall H C I C J, TIJ (MH] ﬂM[J) = MHJ ﬂM]J and
TgJ =THIOT[J on MHJﬂMU hence, 1szMUﬁMHJ where H CI C J,
we have (H,1,y)o(I,J,z)=(H,J,z).

e Separation cl(ﬂ 7)N CI(MH J) = unless I and H are nested.

e Group actions For each i € A there is a finite group I} such that, for all
I C J, tyj quotients out by the restriction to ﬂu of a free action of I'y_; on
CI(M[J) C My, where Tyt :=[];cys Ii - Moreover, these actions x > y % x
satisfy the compatibility conditions listed in Lemma 2.2.4.
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Then, there is a unique nonsingular groupoid M with the same object space and
realization as M. Its morphism spaces for I C J are

(2.3.1) Mor 33 (M1, M) = U (Myy N Mpy)xTy<F,
og#FCI

={(y.y) €My xTy|ye My, yelin,}.
where Hy, :=min{H : y € ]\711]}, with

(232) § X t(I, J, Y, )/I\Hy) = ((Iv VI_\IHy * TIJ(y))’ (J9 y))’
(UL yyram) ™ = Lyly, * v, vily,):

In particular, M is étale, and there is an injective functor M — M.

Proof Observe first that because a nonsingular category has at most one morphism
between any two objects, M must have precisely one morphism between any two
objects (/,x) and (J,y) that are equivalent under the equivalence relation ~ g
on Obj,, generated by Morps . Hence, there is precisely one nonsingular groupoid
with Obj ;7 = Objs and |]\//i| = |M|. Since there is an injection

Morpy (My, My) =My — | ) (Myy0Mpy)xTier
o#FCI

when I C J, and the structural maps described in (2.3.2) are étale, it remains to check
that the formula (2.3.1) does describe Mor g7 (M7, M ).

The separation property implies that for each y € M the set of F such that |y| €
|]\7 FJ| C M| is nested. Let H), be the minimal such element. By Lemma 2.2.4,
for all Hy, C I C J the group I7. g, acts freely on M H,1- Hence, each element
in Ug;éFcI (M7; N MFy)xI'7F has a unique description of the form (y, y) with
y € My and y € [T g, . Further, given such (y, y) it follows from Lemma 2.2.4(iii)

that tg7, 7 () = ta, 1(y "' % 717 (y)) for any I with y € My, so that

(J.y) ~m (Hy. i, 7(») = (Hy. ta, 0 (v 1y (0))) ~m (L T15 (0)).

Hence, for each I with y € M 17 and each y € I'7 g, there must be a morphism m
in M from (I,y~Yst77(y)) to (J, y). To see that these are the only morphisms in M
it remains to observe that each equivalence class [(J, y)] contains a unique element
of the form (Hy,z) where z € My, ; further if H, C I C J then [(J,y)|NM] =
{xe 'OITIi ;1 (2)} consists of the I'7 g, —orbit of 775 (y). Since each morphism is uniquely
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specified by its source and target, there is no need to write out the composition rule
in M explicitly. O

Lemma 2.3.2 Suppose in the situation of Lemma 2.3.1 that for each I C J the map
t77 has closed graph. Then:

(i) The maximal Hausdorff quotient |M |3 is the realization of a nonsingular
groupoid ]\//i;.t with objects Objy, and morphisms from My to My with I C J
given by

Mory; (Mr, My) = U (M Nel(MFpy)) x Ty<F.
og#FCI

(i) For each I, the map n;": M; — |1\2H| is a local homeomorphism with open
image, and in particular is a proper map onto its image.

(iii) The space M = |M |y = |]\//iH| can be given the structure of a weighted nonsin-
gular branched manifold with weighting function Aps: M — Q1 = QN (0, 00)
given for p € |[My|y by

_T7<F, |

1
Am(p):=—#yeM|njp(y)=p} TR

[T |

where F), := min{F : y € C](MFI)} = min{F : n;{l(y) € cl(mpyn(Mp)}.
Moreover, the wnb manifold M is oriented if M is.

Proof Denote by ~ps the equivalence relation on Obj,, corresponding to the quotient
map Obj,y; — |M |y . Its graph is the closure in Obj,, x Objy, of the graph of ~py.
First consider the component in Mor ; consisting of morphisms from My to M for
I C J with y =id. This set can be identified with Mj; and has closed graph by
hypothesis. Next consider the set of morphisms in M from M JtoMy,

Mor g (My, My):= | ) (Mpy)xTsr,
o#FCJ

sxt(J, . y.y) = ((J.y " % ). (J.y)).

These morphisms form a group with closure

Mory, (Mg, My):= ) (Myncl(Mpp)xTr
o#FCJ

={.»yeMy yelyr}
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where
sxt(J, J,y.y) = ((J.y " %), (J.y)).

Next observe that every morphism (/, J, y,y) € Morz; (M, M), where I C J may
be written as the composite

(J. I,y y)oI,J,y % y,id)

of a morphism of the second type followed by one of the first type. Therefore, because
the action of I'7_F on M FIN M 17 C My (where FF C I C J )extends to an action on
cl(ﬂ FJ)N M; 7 by Lemma 2.2.4(iii), the limit of a convergent sequence of morphisms
also is such a composite. Claim (i) then follows easily.

Since |1\2H| has the quotient topology, to establish (ii) it suffices to show that the
inverse image (71}")_1 (n;{(M 7)) is open in M for all J. This set is empty unless
I C J or J C I. In the former case, (n}{)_ln;{(MI) = rI_Jl (Mypy) = My, which
is open. In the latter case, (n;‘)_ln}‘(MI) =177 (]\711), which is also open. This
proves (ii).

To prove (iii), note that by (ii) we may define the local branches at p = JT;" (y) e |My|n
to be the image under I'7< F, of an open neighborhood U C My of y thatis disjoint from
cl(MFpy) unless Fy C F and is also disjoint from its images under I'7< F, . Each such
local branch is given weight 1/|T7|. It then follows easily from Lemma 2.2.4 that A ps is
well defined and has the required properties. For more details, see [12, Lemma 3.2.10].
Finally, the statement about orientations is clear. O

Remark 2.3.3 As in [12, Lemma 3.2.10], it follows from part (ii) of Lemma 2.3.2
that the topology on |A27.[| is second countable, locally compact and metrizable. o

With these preliminaries in hand, it is easy to show that in, the oriented case, M = |A2H|
has a fundamental class.

Lemma 2.3.4 Let M be oriented with corresponding oriented wnb groupoid MH
constructed as in Lemma 2.3.2, and let M := |M7y|. Then there is a class uy €
I-VIIC\’,o (M) with the following property: if U := n;{(M 1) for some I € Iy, then

1 .«
(2.3.3) om,u(ppr) = ﬁ(ﬂ;ﬂ)*(w) e HY (U),

where [ € I’-VI]C\’,o (My) is the fundamental class in (A.3) and pp,y is the restriction
map on homology in (A.4).
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Proof It follows from Lemma 2.3.2 that the statement of the lemma makes sense:
the class py exists by property (a’) in the appendix, the restriction exists by (b")
because U is open, and the pushforward exists by (¢”) because the map n My — M|
is proper. We prove the lemma by showing that for k = 1,2, ... there is a class uj
on Wi := U 1<k 7]*(My) such that

il ) = (1)*(|F| ) forall I, |I| <k.

When k =1, W is a disjoint union of sets 7} H(My), where |I| =1, and we simply
define w1 to be the given pushforward. Let us suppose that w; is constructed, and
consider the definition of pxyq. Since the sets (n}"(MJ))U‘:kH are disjoint, it
follows from (e”) that we can consider each of them separately. Further, by apply-
ing Mayer—Vietoris with U = Wy, and V = n;{(M J) it suffices to show that the
classes uy € I:I]‘\’,O(Wk) and (n}{)*((l/|FJ|)u1) € I-VI]f,o(V) have the same restriction
to W, NV = icJ JT;{(M 77). But because restriction commutes with pushforward
by (d”), it suffices to prove the corresponding statement for the fundamental classes of
the spaces M. Namely, we must check that

=@« (sl ) = = (wrlmy,)-

1Ty IFI

But on manifolds the homology theory H® agrees with the usual locally compact
singular homology. Hence, the above property holds because, by hypothesis, the maps
T My — Myy are orientation-preserving covering maps of degree |Iy|/|I7]|. O

We are now in a position to prove the main theorems. We begin with the proof of
Theorem 1.3.4, which as already noted in Section 1.3 immediately implies Theorem A.

Proof of Theorem 1.3.4 Given the oriented atlas K we construct the category M as
in Proposition 2.2.2. We saw in Lemma 2.3.2(i) that this category has a unique Haus-
dorff groupoid completion ]\2}[ which proves (i). Part (ii) follows immediately from
Lemma 2.3.2(iii). Further, the action of the group I'y on M and E4 induces an action
on MH and E 4, and the functor .¥: M — E4 extends to a ['4—equivariant functor
MH — E4. Therefore, it remains to check that the induced map .#3y: M — E4 on
the realizations has compact zero set 5”];[1 (0) and that there is a map : 5’1\7[1 0)—X
that induces a homeomorphism 5’]‘}1 0)/ T4 = X.

Since My N 5”1_1(0) ={0} x (VI N sl_l(())) by (1.3.7), the full subcategory of M
with objects | |; M7 N YI_I (0) includes into the full subcategory of B with objects
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LIy vin sI_1 (0). Hence, there is an induced map on the realizations
IM|n.7710) — |K|Ns|~1(0) = X.

This is continuous and surjective, but not injective because we have not yet quo-
tiented out by the group actions. Nevertheless, because X is Hausdorff, the universal
property satisfied by the Hausdorff quotient implies that it factors through a map
(/8 |]\7H| N~10) = ,5”];11(0) — X. Further, because 17 induces a homeomorphism
Vi ﬂsl_l (0)/I'1 - Gy C X (where Gy is the footprint of the reduced chart domain V)
and [4-; acts trivially on 5”1_1(0) =Vn 51_1(0), this map : 5”&1 (0) - X does
factor through a bijective and continuous map 5”1;[1 (0)/ T4 — X. To see that it is a
homeomorphism, it suffices to check that YA}I (0) is compact.

To this end, notice first that because the topology on M is metrizable by Remark 2.3.3,
we need only check that yj‘}l (0) is sequentially compact. Thus, consider a sequence of
points py € YATII(O). Because M is the union of the finite number of sets |My |y, we
may suppose that py €| M |3 forall k. Choose a sequence y, € My ﬂfl_l (0) such that
77 (yk) = pr- Then yg = (0, zg) € Eg<1,6, x (V7 Ns71(0)), and ¥ (yi) =1 (z) € X.
By passing to a subsequence, we may suppose that the sequence ¥ (z) converges to
Xoo € X. Since the footprints Gy := V¥ (s;1 (0)) of the reduced charts form an open
covering of X, we may further suppose that there is J such that ¥;(z;) € Gy for
all k and that this sequence has limit xoo = ¥ j(Zoo) € Gy. Because Gy N Gy # &,
the sets / and J are nested, and the original sequence pj € | M|y must lie in the
intersection py € |My|y N [My|y. Therefore, the py also have lifts y; = (0,z;) €
Eavge, x(Vy ﬂs;l (0)), and now it follows from the fact that the map V; ﬂs;l 0) —
Gy C X is finite-to-one that some subsequence of the Z]/C must converge to a some
point z/ in the finite set (Vy N s;l(O)) N wj_l (x¥c0). Hence, (py) has a subsequence
that converges to n}{ (0,zL,) € IM | C M. This completes the proof of Theorem A.

O

The proof of Theorem B is somewhat longer, and hence we restate it for the convenience
of the reader. Here we assume that C and X are as in Theorem A.

Theorem B If K is oriented, there is a unique element [X],VCir € I:Id (X:Q) that is
defined as follows. For b € I-vld(X; Q) and D = d + dim E4, we have

(X1 0) = (Fa)x(b) € Hfp g, (Ea. Ea~1{0}:Q) = Q,

Algebraic & Geometric Topology, Volume 19 (2019)



Constructing the virtual fundamental class of a Kuranishi atlas 209

where b is the image of b under the composite
HY(X:Q) Yo HY (3 (00:Q) 2> H g, (MM ~ 73 (0: Q).

and D is given by cap product with the fundamental class uy € H d+dim E4 (M) con-
structed in Lemma 2.3.4. Moreover, [X ]V,Cir depends only on the oriented concordance

class of K, and in the smooth case agrees with the class defined in [12].

Proof We proceed in three steps:

Step 1 (definition of [X ]V,Cir) Since the fundamental class jps exists by Lemma 2.3.4,
and an appropriate cap product exists by point (f') in the appendix, in order to see that
([X ],Vcir, b) is well defined it remains to note that the map

(Sm)w B g, (M. M~ 73 (0):Q) — H, g, (Ea. E4~{01:Q) = Q

is well defined. Further, it takes values in Q, because E4 is oriented by the definition
in Remark 1.2.1(iii) and the theory I:I,f coincides with singular homology theory on
simplicial spaces.

Step 2 (proof of uniqueness) To prove the uniqueness of [X ]V,Cir, one must state
and prove the analog of Proposition 1.3.3 for cobordism atlases, and also prove that
all choices made in the construction are unique modulo oriented cobordism. For
the constructions that involve atlases, such results are proved in [13; 14; 12]; see
[13, Proposition 4.2.3] for different choices of metrics and [13, Theorem 4.2.7] for
different choices of tame shrinkings, [13, Theorem 5.1.6] for a discussion of reductions,
[14, Section 8] for orientations (in particular [14, Theorem 8.1.12]) and [12, Appendix]
for weighted branched cobordisms. The present construction also requires a choice of
local product structures (as in (1.2.3)) and partition of unity (as in (3.2.17)) in order to
define the collar of the manifolds Yy, ;.. However, in distinction to the smooth case,
it is not necessary to arrange that cobordism atlases have specified collars (ie local
product structures) near the two boundary components because the VFC [X ]Er is now
defined via diagram (A.7), which involves restriction to the boundary rather than via a

perturbation section that must be extended from the boundary to the interior.

Thus, we define a cobordism atlas K°! over [0, 1] x X between two d —dimensional
atlases K% and ! on X to be an atlas K£°! over [0, 1] x X of dimension d + 1 such
that:

(i) The charts whose footprints intersect 9([0, 1] x X) =] |, & x X are manifolds
with boundary.
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(i1)) For a = 0,1 there are functorial inclusions
lg: K% — K01, Lg:IKa—>IK01, a=0,1,

that (for simplicity) we assume to have disjoint images, and for each I € Zx«
take the chart domain U onto the boundary dU 10,1 of the corresponding chart
in %1, where I’ :=Z(I), preserving orientation for & = 1 and reversing it for
a=0.

(iii) We further require that the local product structures in (1.2.3) for the chart
domains in K% extend to local product structures near the boundary points of
the corresponding chart domains in A°!.

We show in [14, Theorem 7.1.5] that any pair of reductions V* of K% may be extended
to a reduction V°! of K°! such that there are natural inclusions tg : [V¥| — |[V°!] that
are homeomorphisms to their image. Further, if J € Zx« for o =0, 1, then for suitable
small % > 0 there is a commutative diagram

Y
La
EAOI\AD‘,ga X YV“,J,ﬁ ? YV01,L“(J),§

Prvl Prvl
1%

o 01
vy Ve

Notice here that we take the product of Yy« ;. with the extra obstruction spaces
E 401 4o g in order to increase its dimension to that of Yyo1 () .. Because the
maps (1.2.3) in the submersion axiom for V0! extend those for V¥, we can choose the
covering and partition of unity in Step 2 of the proof of Lemma 3.2.1 for V°! to extend
those already chosen for V*. Therefore, we can construct the collars on Yy01 jo( ) . tO
extend already constructed collars on the sets Yy« j .. Hence, after possibly shrinking
& > 0, we can arrange that for small ¢% > 0 there are embeddings

L(‘;Wi E o1 go ga X M* — M°' such that |_|im(t§’[) = oM,
o

and also that the map #': M°! — E4 satisfies
(2.3.4) Iy ol = 7% opryy: Eqorge o X M — Eg,

where pry,: Eqo1go go X M* — M* is the projection.
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Because M°! is constructed from an atlas for the product [0, 1] x X, the natural
projection (5”18[1)_1 (0) — [0, 1] x X factors through a homeomorphism

~

()1 0)/ T =500, 1] x X.

Notice here that for « = 0, 1, the group [; decomposes as a product, which we will
write as I';_, % T, where '), _, acts trivially on (56811)_1 0)nN (imtfy ). Therefore,
there are natural identifications

(Z5H™10) N (meG))/ T = (Z) ™ (0)/ T = {a} x X C [0, 1] x X,

Thus, M°! is an oriented branched manifold of dimension N°! + 1, where N°! =
d + dim E 401, with boundary that decomposes as a union

235) oM = | | EM®. where EM®: = (Eqo1 g, co X M®).
a=0,1

For o = 0, 1, the branched manifold EM% carries a fundamental class
HEM® = LE jo1_,, X MM<.

Because the isotropy group of the boundary chart labeled I, in Ky equals that of
the corresponding cobordism chart in K°!, the equation (2.3.3) is consistent with the
boundary map in the long exact sequence (A.5) for the pair (M°!, 9M°!). Hence, the
proof of Lemma 2.3.4 adapts to show that the interior of M °! also carries a fundamental
class

(2.3.6) ppgor € Hiygoy o (MO1 < 0MOT)
such that
O(pupron) = (par. —iEpo) € Hyo (EM®) @ Hyfo  (EM') = Hyoi (9M°h),
where 9 is the boundary map in the long exact sequence in (A.5).
We now apply the cap product in (A.7) with

Y =M U= (Ego~{0) M, A= || EM“
a=0,1

Then Y ~U = (,5”]811)_1(0) is compact with a natural projection to [0, 1] x X and
hence to X. Since these maps are proper, any class b € H4 (X) pulls back to a
class by € ﬁd(Y ~ U) such that (*(by) = bg where 1: A — Y is the inclusion, and
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bg = (bg, b1), where by can be identified with the pullback of b to (5”1(‘,‘1,)_l (0) C M.
Hence, the cap product

(Oupgo1) Nba € Hio1 (AU N A)

is in the image of the map 9’ in (A.7) and hence vanishes when pushed forward to
I-vllf]01 (Y, U). But there is a commutative diagram

(O pg01) Nby Nm(A UﬂA)—>HN01(EA01,EA01\{O})
7 ;
M
0 NOI(Y U)—)HNOI(EAM,EAM\{O})

Hence, (“a)«((0ppg01) Nbg) = 0. Since (dppp01) N by measures the difference
between the two classes g po N by, these classes have the same image in

I‘VI]C\}OI (EAOI s EA01 ~ {0}),
as claimed.

Step 3 (agreement with previous definition in the smooth case) It remains to show

vir

that in the smooth case the class [X]}*" constructed here agrees with that constructed in

[12, Section 3]. The idea there was to construct a small smooth perturbation functor2*
. ~I ~T
v=(vr): Bkly,” — Exly

such that s7 + vy is transverse to zero for all 7, and then assemble the resulting zero
sets Zj := (s1 +v 1)~ 1(0) C V7 into a weighted branched manifold ZV : |Z .
Note that Z" is oriented and has a weight-preserving natural inclusion into M , ie each
branch of ZV is a submanifold of a branch of M with the same weight. Now choose
a sequence vy of perturbation sections with ||vi|| — 0. There is a corresponding
nested sequence of neighborhoods By, (txc(X)) of the zero set X = 1x(X) C |V| with
intersection equal to txc(X). Then the zero sets Z'* map to B, (1x(X)) C V|, and
we showed in [12, Theorem 3.3.5] that for all £ > k the two branched manifolds
ZVt and ZVk are cobordant in By, (1x(X)) and hence represent the same homology
class in Bg, (tx(X)). It follows from the tautness property of rational Cech homology
(see property (h’) in the appendix) that the inverse limit of this sequence of classes in
Bg, (1x(X)) determines a unique element of I:Id (ie(X); Q) = I-vld (X;Q), which we
called [X ]Vlr and showed to be independent of all choices.

24For notation see (1.2.9).
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We now interpret this construction in the current setting. As above, fix a compact
neighborhood?> Ny of #;,'(0), so that

8o := inf{|.Zu (x)| : x € Fr(Np) := No~Np} > 0,
and choose a nested sequence Ny of compact neighborhoods of 5”];[1 (0) such that

(\Nk =73 0). FuWNi) CEgg,. where 8y <8 < do.

Choose a corresponding sequence of transverse perturbation sections v = (Vg ) such
that the perturbed zero set (s7 + v, 7)~'(0) is contained in V7 N ! (M) for all 1,
and for each k, consider the map

Vk: M — Eq,  Vr(mr(ea~r.x)) = vi(x) € Ef C Eq.
This is well defined because vg: B ;C|;F —E ;C|;F is a functor. Then
pre, , ((Za + V1) (1 (ear. X)) =prg, , (Fu(nr(eass. X)) #0 if equs #0,

while

prg, (S + V) (w1 (eawrs. X)) = (s + vi 1) (x).

Therefore, we may identify the weighted branched manifold Z"* with the perturbed
zero set

(S + V%) "1 0) CNE C S5 (Easy)-

Given b€ HY (X;Q), choose a sequence by, € H4 Nk: Q) such that lim by = v*(b),
where V: S, 1(O) — X is the footprint map, and let (x: Z LN Ny be the inclusion.
We must show that

lim{pzvx . e (0)) = (a0« (p NY (D)) € Q.

Consider the diagram below, in which the top and bottom square commute while the
middle homotopy commutes:

250ne important difference between |V| and M is that the zero set |s|~1(0) does not have compact
neighborhoods in |V| by [14, Example 6.1.11], while it does in the branched manifold M.
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(M, M~ 771(0) =22 (E 4. E4 ~{0})

|

(M. M ~Ni) —22 s (E4, E4 ~1{0})

(M, M ~Ny)

|

(M, M ~ Zr)

ELIALLR (E4. E4~1{0})

M +vi
"

(E4. E4~{0})

Because ZVk is a weighted branched smooth submanifold of M with orientation and
weights compatible with that of E4 and M, its fundamental class pzvi satisfies

pzve = mm N (Sm +vi)*(0F)) € Ha (27, Q),
where op € HY™E4(E, E4 ~ {0}) is the natural generator.?® This immediately
implies that
(zve . (b)) = (M +vi)«(um N g (by)).oE) € Q.

Now note that the commutativity of the above diagram implies that

Wm (S +vi)s (tear NG () = (Fa)s (i NY* () € Haim E4 (M, M~ 7341 (0)).

The result follows. O

With a little more work, we can prove that our construction extends to atlases for
compact pairs (W, X) as in [15, Lemma 5.2.4]. The following lemma defines

Wi e HYS (W~ X) = Hom(H T (W ~ X): Q).

Note that H

d+1(W\X)=I:I§

+1 (W, X) by property (g’) in the appendix.

Lemma 2.3.5 Given an oriented (d 4 1)—dimensional Kuranishi atlas K" with bound-
ary on a compact pair (W, X := dW), there is an associated virtual fundamental class
[WIr e HSS (W ~ X) such that
(2.3.7) AWIE) = X e HP(X) = Hi(X).

26We can use singular homology since we can assume that Z"¢ and M are simplicial complexes

by [9].
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where 0 is the differential in the long exact sequence (A.5). In particular, the image of
(X1 in H3*(W) = HS(W) is zero.

Proof We define the notion of an oriented (d+1)—dimensional Kuranishi atlas
(K, dK) for the pair (W, dW) by replacing [0, 1] x X by W in the above definition
of a cobordism atlas. Thus, we take K0! =: K% to be an atlas for w, Kl =: KX an
atlas for X and K° to be empty, and assume the obvious analogs of (i)—(iii) above.
Then, given a branched manifold (M X, AX) constructed from KX, we may construct
a branched manifold (M", AW with boundary

dMW) = Egw _yx x MX,

and extend id x . from d(M") to a map .w: MW — E 4w that satisfies the
analogs of equations (2.3.4) and (2.3.5) above. Further, using the fundamental class
w M € H (MY < OMW) defined as in (2.3.6), we define an element

W e HE (W ~ X)
by setting
(W b) := (Fpw ) (b) € Haim By (Eqw . Egw ~{01: Q) = Q.
where b is defined as follows. Let
Y =MW, A=V, U= (Ew~{0}).
Then the pullback v *b € I:Id"'l(Y\(UUA); Q)ofbe I:Id"'l(W\X; Q) determines
b=l b e Hyyp (Y ~AUSAQ),

where N: HSS (Y ~ A) @ HP(Y ~U) — HS(Y.U U A) is as in (A.6) with 4 = 2.

p+q

To prove (2.3.7), note that in the diagram (with the same Y, U and A)

HE (Y ~A@HPTHY ~(AUU)) 5 H(Y ~A U~ A) —— HE(Y.U)

N T

A2 (A)® HP(ANU) ———— HE(A,AND)

we have
J(@ppp) ND') = tiugy N(8D") € He (Y, U)
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forall u e Hﬁq+1(Y\A) and b’ € I-VIP(A\U), where § is as in (A.1).27 Since y¥*

commutes with §, this implies
(8([W]V,Cir), b) = ([W]Vlr db) forall be ﬁd(X).

The result follows. O

3 Further details and constructions

In Section 3.1 we first define the notion of a compatible shrinking (4, €) and prove
Proposition 2.1.1. We then introduce the more intricate notion of a compatible reduction
(V, ¢), which involves not only the compatibility of V with a set of constants & but
also its compatibility with a suitable cover of the set of overlaps in |V|, properties
that are essential for the proof in Section 3.2 that Yy, j . has a collar that satisfies the
conditions listed in Proposition 2.1.4.

3.1 Shrinkings and the manifold Y

We assume given an ambient preshrunk tame?® atlas £ with chart domains /%%,
together with a tame shrinking &/ T 1%, and then choose a further shrinking F°
of the footprints F*° of &*°. For short we write ¥ ~1(F%) C «*® C ¢$. By the
submersion axiom and the precompactness of U g in U I%( for each I ¢ K, we may
choose a finite set of points zy € U IE}(’ constants &, > 0 and I}, —equivariant local
homeomorphisms

E . (17 Q
(3.1.1) ¢IK,Z(¥‘ EK\I,SDCXWIK,ZD( —>UK, 1<a <Ak,
where VI~/1 K,zy C U IS}( is open, such that

SK~I° BTk 2, (€, ) =e,

(3.1.2) Uxc |J Wikz cUfy forall I SK.

1<a<Arx

We may and will assume that each ¢F, TK.za is 'y —equivariant. (To do this, first shrink
the W] K.z, So that they have disjoint images under the group I'x / I, , and then replace
them by their orbit under I'x /I, .)

27This extension to property (B5) on [8, page 336] holds by combining properties (B4) and (B6).
28For terminology see Section 1.2.
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Our first task is to make a preliminary choice of shrinking so that the space Y/ s ¢ is
a manifold with boundary. In the following definition, condition (b) ensures that the
charts are compatible with a fixed shrinking of the zero sets, while conditions (a) and (c)
have already been used in the proof of Corollary 2.1.2. Some version of condition (d)
is an essential ingredient in the proof that Y, s . is a manifold with boundary; see
(3.1.4) below. As we saw in (2.1.4) and (2.1.5), the elements (e, x;17) € 051 Y, 7 ¢
have x € Uy and |le|| < Ker(x), Where I(x) C I € J. Therefore, in order for the
domain of the local chart in (3.1.4) to include all the boundary points of Yy, s ¢, we
do need the map ¢IEK’ . to be defined using a constant ¢ that is > ke, and we have
chosen to use (k + 1)e;7 for convenience and precision. Note also that we do not insist
that the image of the map quEK in (3.1.3) below is contained in & or even in &/*°. Such
a requirement comes later; see (3.1.9).

Definition 3.1.1 Given v~ (Fo) U CU2 as above, we will say that a shrinking I/
and set of positive constants ¢ := (ex)kez, are (Go, U)—compatible if the following
holds:

(a) O<ker <eg if I € K (see (1.3.2)).
b)) v H{FOY U u>.
(¢) s;(Uy) CEjpg, forall I.
(d) Forall I € K,eachz e l71K C Uk has a neighborhood 611( C (711( such that
one of the homeomorphisms qﬁfK’ Za in (3.1.1) restricts to give a map
(3.13) Ofx: Ex~r,(c+1)e, X O1x = UZ
that is a homeomorphism to its image, where x := max{|K|: K € Zx}.

For simplicity we call the pair (U, &) a compatible shrinking.

Lemma 3.1.2  Suppose given ¥~ (Go) C ¥ ' (Fo) CU>® T U as above. Then there
is an (Fo,U°°)—compatible shrinking (U, €).

Proof First choose any tame shrinking ¢/ such that ¥ ~1(F%) C &’ © 14*°, which is
possible by [13, Proposition 3.3.5]. Then each set U; is covered by a finite number of
the sets WI K,z, 1n (3.1.1) and we choose any set of constants ¢ satisfying (a) and also
so that &7 < &4/(k + 1) for all relevant «. Then, if we define Uy := U; N sI_I(EI’SI),
property (d) holds. Further, ¢/ := (Uy) is a tame shrinking of Z/*° because the coordinate
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changes commute with the section maps s; and preserve the norms |- || on E4. (More
precisely,

¢rx osroprx =sk: Uik — Ek,
where the canonical inclusion $IKI E; — Eg preserves | - ||, ie ||$1K(e)|| = |lell.)
Hence, U satisfies (c) and (b), as required. a

From now on, we fix (F°,2/*°), and hence cease to refer to them explicitly.

Lemma 3.1.3 If (U, ¢) is compatible, then for each J, Yy, j ¢ is a manifold of dimen-
sion D :=d +dim E4 + |J| — 1, with boundary equal to

YN prat OA) = | ) 0r1Vuge = | Jlle.x:0):x €Uyt €0y Ayl
1<y gy

Proof We show that each point (e, x;7) € ¥, 7 has a neighborhood homeomorphic
to an open subset of (Rzo)k xRP=* where k =#{j € J | tj =0}. Thus, the projection
pra: Yy,7,¢ — Ay is compatible with the boundary structure of A .

First consider a point (e, x;t) € Yy, 7, with #; #0 for all i € J. Then the coordinates e;
for j € J are determined by (x,?) via the requirement sy (x) = ¢ - e|; while the
components of e|4y := (e;j)iea~s can vary freely. Hence, the tuple (e, x;t) is
uniquely determined by the point (e|4s,X;t) € Eq4y X Uy xint Ay, and so has a
manifold neighborhood of dimension D.

It remains to define boundary charts at the points (€%, x%,1% ¢ Y7, with

%¢ oAy = U oy gAjy=: U intAy.
I<J IgJ
Suppose first that

I :={i:si(x) A0 =i : ) >0, = 1% =:1,

sothat x® e U 17 - By (3.1.2), there is a neighborhood Oof x®inU 77 thatis contained in
one of the sets W; J,zo 10 (3.1.1), and below we denote by ¢ the associated map ¢fj 2o
There is a corresponding neighborhood of (e?, x2, %) in

d7<1Yu,7.6 N{(e.x:1) ey =0}

given by

Of.7.6:={(eaxs +t7 s (x), x5t) | x €O, ty ~ D, Jleaws |l <ker} COyaYu e
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Now consider the map
(3.1.4) Vi Eyopwrne < 10.8)x 0 5 = Yya g

(esr.ry~r.(ea~y + 17 -s1(x), x:17))
P> (eaws +egr + (htr) s (x), X s At +ryaa),
where

x'i=¢(ryy-ejr.x) ford)::d)[EJ’Za and A:=1—|rjy|=1- Z rj.
jeJ~I

To see that ¥ does have image in Yo ; , for sufficiently small § > 0 and O, we check
the conditions in (2.1.1) as follows:

« By(3.1.2),

ry~1-ej~1 =Sj~10¢(ry<r-ejr,x) =sy1(x’),

so that the image (e, x;¢) of ¥ does satisfy the equation s (x) =¢-e if x’ ~ x°
and § > 0 is sufficiently small.

» Next, we check that sy (x") € Eg ¢ 1o To this end, note first that because we
started by assuming /(x°) = I, the definition of Yy, s . implies ||s7(x%)| <ey.
Second, because s7(x’) ~ s7(x°), we have s;7(x) < &7 for sufficiently small §
and O. Butif ry_; # 0 we have 1(x’) 2 I1(x?), so that e; < %81()«) by (1.3.2).
Therefore, because A &~ 1 and we use the sup norm on the product E4, we have

sr(x) =ejr+ )T - sprop(ryar-esr.X) € Eae,

for sufficiently small § > 0.

* Since elements in the domain of ¥ have |eq<s| < Kke; < e7(x), elements in
its image also satisfy this condition.

It is now easy to check that ¥ is a local homeomorphism that equals the identity map
when rj.; = 0 since ¢ (0, x) = x. Hence, its restriction to a suitable open subset of
its domain provides a local boundary chart for Yy, s at (%, x%,19).

It remains to consider the case when I = I(x°) € H = I(¢°). In this case, write
10 = t;) + t;)]\ ;- Then the above formula for ¥ must be modified as follows: Denote
the elements of 1(1°) by tj; =t} +1t}; ;. Then, for ry<s = 0, we define
(B.15) Yleswr.ru~r. (eaws + ()" - s1(x). x:1]))

= (ea~y +egr + () sp(x"), x5 1)),
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where

e X varies in a neighborhood O c Uyy of x°;

* A< 1ischosenso that t7 := ((t;)")ies has [t]]|:=},c;t/ =1, where

t'=At; ifiel, 1/ =Aty+rpifie H~N1,
t;’:rj if jeJ~H;

o x'"= qﬁ(Z’J’\I ey 1, x)€Vy.
Then one can check as above that im v is a neighborhood of (€%, x%,¢9) in ¥y, Joe-
This completes the proof. a
Corollary 3.1.4 Proposition 2.1.1 holds.
Proof Combine Lemmas 3.1.2 and 3.1.3. i

Remark 3.1.5 In (3.1.5) the coordinates rg; € RZ>1 parametrize directions tangent
to 07 H Yu,7,¢, While the coordinates 7y g € RI~H parametrize the directions normal
to the codimension-|J~H | face 07 g Y/, s 6. o

We now define and construct compatible reductions (V, ). In order to prove Proposition
2.1.4, it turns out that we need more control over the sets Ojg in Definition 3.1.1(d).
Indeed, because of the consistency requirements on the collar, it is not sufficient to
choose the Oy g separately for each pair / C K ; rather they must be chosen consistently
for all pairs, as we now describe. Further, because the collar has fixed width and image
in Yy j ¢, the product maps in (d) must have image in V rather than in VI? . Then, as
we will see in the first step of the proof of Lemma 3.2.1 below, they can be used to
provide local collars along the boundary of Yy s ..

Note first that because the local product structures
E . V4 Q
(3.1.6) Prk .z Ek~Ieo X Wik zo > Ug', 1=<a=<Ajk,

in (3.1.1) are equivariant and satisfy sg<y o (]5}51{ Za(e, y) = e, they descend via pgg
whenever I & H € K. More precisely, for such H,

¢IEK,za: Exte, X (Ugg N Wik 2,) — Uk = sg' (En)
is the lift of a well-defined map

(3.1.7) ¢fH,pHK(Za)3 En1,e, % prK Uk N WIK,za) — UE}-
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Before defining the notion of compatible reduction, we describe certain covers of the
set OL(|V|) of “overlaps” in |V|, which is the image in |V| of the relevant part of the
boundary of | J; Yy, s . See Figure 4.

Figure 4: Here OL(|V|) is shaded, and the sets VIQ are given by dotted lines;
note that sets |VIQ| and |VJQ| are disjoint unless / and J are nested.

Definition 3.1.6 Given a subset |W| C |V$| we say that W C VIQ is a lift of |W] if
ae W) =Wl W=VEnm (W),

ie W is a “full” inverse image of |W| in VIQ.

Lemma 3.1.7 If (U, ¢) is compatible, and V T V¥ T U is any nested reduction,

denote by

(3.1.8) oLV == | Vil c V9,
ICK

the closure of the set of overlaps in |V|. Then we may cover OL(|V|) by a finite number
of sets (|Wy|)1<a<N , Where for each « there is WIK,za as in (3.1.6) such that

Wy = 171% N JT,EI(|WD[|) C If}r/IK,zo[

is a lift of |Wy|. Moreover, we require that I is minimal and K is maximal in the
sense that

(i) Wy is an open subset of 171%,
i) |VglNn|Wyl#@ = 1 CHCK.

In this situation, we say that V is adapted to the cover (|Wy|)1<a<N -
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Proof Choose compatible shrinkings V C V! C --- C V¢ = V¥ C Y. Work by
downwards induction on |I| = £ <k — 1, so that at the {" stage we have a covering

(Wi Daep, of
U ikl

ICK (<|I|

with lifts W(f satisfying (i) and such that (ii) holds if |H|>£. When £ =k — 1, the
existence of the finite covering holds by the precompactness of |V| in |U/| while (ii) is
easy to arrange because the sets | Vg | with |H| = £ are disjoint. Now let us suppose
that this holds for £ + 1 with the sets (|[W,{™!|)qep,,, and consider the statement
for £.

The covering (| W‘f |) will consist of sets of two kinds:

o If [WET lifts to Wi c VS, where |I| > £ + 1 is as in (i), then we take the
set |W,| where
Wy =Witts ) ap.
|H|=¢
This is open in VIQ since we have removed a closed set, and satisfies (ii) for £.
These sets cover
( U |VI€K|) ~ ( U Cl(|V£1K|))-
ISK, t+1<|1| HCK,|H|=(
* Next add a finite cover of the compact set | g c g |mr)=¢ €I(( VIS x|) by sets [Wy|
whose lifts lie in V}SIZK’ where |H | = £. These obviously satisfy (ii).

This completes the proof. a

Remarks 3.1.8 (i) If V is adapted to the cover (|Wy|)1<a<n, and V' T V is any
shrinking, then V' is also adapted to the cover (|Wy|)1<a<n -

(i) If I ¢ H then in general I71H is not closed in Vg . Therefore, in order to cover
OL(|V]) by sets |W,| that satisfy condition (ii) in Lemma 3.1.7 one cannot insist that
each set |W,| lift to an open subset of some V7, but rather as in Lemma 3.1.7(i) that it
have a lift to an open subset of some VIS2 aVr. o

Definition 3.1.9 Suppose that ¥ ~1G° = V¢ = U/, where G° C F is a reduction of
the footprint cover (ie G? C Fy forall I and | J; G? = X ), and choose a shrinking
V® C V@ that is adapted to the cover (|Wy|)i<a<ny Where |Wy| C [V, With
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these choices fixed, we then say that the pair (V, €) is precompatible if the following
conditions hold:

(@) O<keyr<eyforal I CJ.

®) y= (G v y®.

(c") s;(Vy)CEjg, forall I.

(d) Forall o with Wy C V% and I S H C K,

(3.1.9) Ofr.o(En~r,w+1)e, x (Vi 0 prk Wa N VEk))) C Vi

Further, we say that (V, ¢) is compatible if it is precompatible and if (V,¢) C (V', &),
where (V' ¢’) is also precompatible and £ < &', ie &5 < ¢/, forall J € Z.

Remark 3.1.10 If (V, ¢) is compatible, so that it is a shrinking of the precompatible
(V',¢'), then we may assume that each set |W,| of the associated covering of |V| lifts
to some subset 171’ x - In other words, we can equivalently define (), £) to be compatible
if (V, &) C V™ is precompatible as above for some reduction V*° that is provided with
constants £*° > ¢ such that (a’) and (¢’) hold. o

The next lemma shows that the hypothesis in Proposition 2.1.4 can be satisfied.

Lemma 3.1.11 Suppose given ¥~ 1(Go) C ¥~ 1(Fo) C V™ C V¥ such that V> is
adapted to the covering (|Wy|)1<a<n » Where |Wy| C [V*|. Then:

(i) There is a precompatible shrinking (V, &) C V*°.
(ii) Any precompatible (V', ¢') has a compatible shrinking (V,¢) C (V', ¢').

Proof The proof of (i) is somewhat similar to that of Lemmas 3.1.2 and 3.1.7, except
that now we have to make sure that (d’) holds, ie that we can choose V so that the image
of ¢fH’ o liesin Vg forall I C H C K rather than just in the fixed ambient space UJQ
as in (3.1.3). Claim (ii) then follows by the same argument, with V*° replaced by V'

To prove (i), we first choose any reduction V¥ of U, where (U, ) is compatible,
so that (V, ¢) satisfies (a’), (b") and (¢’). We then work by downwards induction on
€:=|J|, so that after the £ stage we have chosen a reduction (V¢, &) with

w—l(gO) C VZ C VK, 8Z < §K

that satisfies (a’), (b") and (¢’) for all 7 and K, and satisfies (d’) for all I with |I|>£.
Since (d’) is vacuous when £ = «, it suffices to suppose that we have found suitable
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(VL gt*1) for some 1 < £+ 1 <k, and consider the construction of (V¢, gt). Our
method gives g, where sﬁj = SZJH if |J| > € and &¢ 7= 8§+1 if || < £. Further, for
|J| > £ we construct V‘Z by removing some points in Vlefl from VJZJF1 for |[I|=1¢.
Note that removing these points does not affect the validity of (d’) for pairs I € K
with [I|>£€+1.

Choose an intermediate reduction V' such that V0 = V' = V1. Because the subsets
mic(V7°) C IK| with [I] = £ are disjoint, we may work separately with each such 1.
Given x € Vy with I C K = Iyax(]x]), the set V’K =V{ Nt (me(V})) is precompact

VKJrl V‘Zle N n,gl(n;c(VHl)) and hence there is 0 < 86 < 8“1 such that for
each o with W, C VI and each / ¢ H C K we have

(3.1.10) ¢17 (Er~r.Gc+ner < (Vg 0 o1 (Wa))) C VAT
For J with |J| > £ we now define

vi=vitts | (THEDNITISV)).
I1CJ,|I|=¢

{+1
VJ

Then VJe is an open subset of , since we have removed a closed subset. Now

choose sZJ for |J| < £ so as to satisfy (a’) and then define
VJK ={xe Vf“ | sg(x) < %813}, |J] <L.

Then (¢’) holds, and (b) still holds for J with |J| > £ because it holds for V’, and it
holds when |J| < £ because we did not change the zero sets s;l (0). Moreover, (d)
holds because when |J| > £ the only points in VJ“’1 that were removed to form VJ‘/Z
lie in s;l (Ey) for I = £. But this does not affect the validity of (3.1.10) (and hence
(3.1.9)) because

¢17 (Es<riet1ye, ~ {0 x {z}) N7 (Ep) =
by the first equation in (3.1.2). This completes the proof. a
3.2 Construction of the boundary collar

It remains to establish the existence of a collar with the properties stated in Proposition
2.1.4. Recall from (2.1.10) that Ay has a collar of the form®®

(3.2.1) B 0Ny x[0,8] > Ay, (1) (I —r|IDE? 41| T by,

29Here for the sake of clarity we write 19 for the coordinate of a general point in dA y, while ¢ could
be any pointin Ay .
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where by is the barycenter of Ay and 0 < § < 1; see Figure 5. It is convenient to
write

NR@y D) :={teAs|t; <8 forall j e J~T}.
Notice that

(322) cH(OANNL @1 A)) x[0,8)) C N (371 A);

ie the width-§ collar of the corner dA N NSA (071 A) lies in NZAS(aJ\] A). We now
show that for each J this collar lifts to a (partial) collar for dYy, s ¢ with the properties
stated in Proposition 2.1.4.

Lemma 3.2.1 Suppose that (V, ¢) is a compatible reduction. Then, for each J € I,
there is a constant wy > 0, subset 0'Yy, j o C dYy, j . and map c}/ as in (2.1.15) with
the properties detailed in Proposition 2.1.4.

Proof The proof has three steps.

Step I (construction of local collars) As in Remark 3.1.10 we will assume that
(V, &) C (V*°, &™) is precompatible, where each set |Wy| lifts to some 171013 In this
step, we fix o, I = I, and K = K, and define a local collar of width w, over a
subset (9}’(0, o Of 0Yyoo g coo. This subset is determined by the set Wy, C 171"12, and is
the inverse image of an open subset O | of the set of overlaps OL(|V>?]) in (3.1.8).

To this end, consider the coordinate chart for Yoo g ¢oo given much as in (3.1.4) by
(3.2.3) ¥ Egr (et )ey X Wa x[0,80] K> = Yyoo g poo,

(At X, Tk~1) > (eas + (Abp) sy (X)), X" Abr + rk<1),

where

X =¢h karek~1.x). Ai=1-lrgul=11- > 1.
jeEK~I

Foreach x e Wy := W, N 171°12, restrict to those rla<\ ;7 such that
Abr+ 1l este(x]) C 0Ak,

where the superscript 0 indicates that the corresponding point lies in the boundary. The
above map provides coordinates

(3.2.4) 8. (eq~1. X, r18<\1) — Y(eq-1, X, rla(\l) = (eq4~1 + e}/,x”; ta)
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for an open subset
(3.2.5) 0%, Cile.x;1?) 1% estg(|x|). 1? ~ 0}

of the boundary Yy k.. We will assume, as we may, that OF,, = prj,' (0%, 1),
where |O% | is open in OL(|V>°|) C |V|.

PR , / Abp +rivg = cg(t%.r2)

Figure 5: Here K = I U {1,2} and ¢’ lies on the boundary with #, = 0.
Hence, rg<; = (r1,72), where r; is the collar coordinate along the ray from
% to bk, while 18 = cé(bl, r) for r = (ts)l.

‘We now define a collar over (9?(0, o Of width wy < %&x (see (3.2.2)) as follows. Given
(%, r) € st@(|x]) x [0,8), where (t%,r) ~ (b1,0),

choose rla(\l and rgy (both &~ 0) so that

(3.2.6) 2= 402, B r)=Abr + 1k,

where 19 :=1— |r18<_1| and A :=1—|rg—_1|; see Figure 5. Then, with ¢% asin (3.2.4),
define

(3.2.7) Ckat OF o X [0, wa) = Yyoo K ¢

¢~ 1xid
((eaws +el x": 1%, 1) 2 (eqer x.rd ) r) > Wleawr. x. rr1),

)K\I

where rg.y € [0,8 is the function of rl’s(\l and § is as defined in (3.2.6). In

particular, if |K ~ I| = 1 then rg.; has only one component, and so is the same as
the collar variable r, while t¥ = b; . Therefore, the collar is simply given by ¥ :

(3.2.8) cfu{j},a: OO0t j1a X [0.wa) = Yyoo 10U} e

((egq~1 +e1,x;b1),7) > Yleqwyg, x,r).
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The next task is to extend the domain of this collar to

(3.2.9) SUOR,) = {(1p - (e.x:1) | (e.x:1) € O, ppr -t € StR(IX])}

by rescaling as follows. Consider a tuple g (as in (2.1.21)), where I C H £ K, and
point % € s_tIA<(|x|) N ({br} x[0,8]"K~11) such that

12 € ste(Ix]) N ({bry x [0, 81K,

and let pu7, - with (u}y); = 1 for i ¢ H give the corresponding rescaling in the
coordinates Ay x [O,(Sa]'K\I'. Thus, if CA(Za,I’) = (1 — |rg~11)br + rg~s as in
(3.2.6), we have

(32.10) e (ur - 1%,r) = g - by + rg1).

Note that this rescaling in the boundary dg g Ag does not affect the collar variable r
along this part of the boundary. Then the following diagram commutes, where we write
ef = ()" sy (x') and y := (ef. x;1) € 0Y :

v
(e~ Y, Tk~1) ——— (ea~y+e}, X' = p(rg~1-ex~1,%); Aby +7K1)

M/I-I.I M/I-I.I

_ v _
(W) easr. y. Wy rk~1) —— (W)~ (easr+e)). x's Wy -(Abr+rg 1))

because the rescaling on the left does not affect the image x' = ¢ (rx<y-ex~71.x) € Vg
on the right. Therefore, because c}g,a is a composite of ! (at r = 0) with v,
and because rescaling does not affect the collar variable r, the following diagram
commutes:

Y
c
((ea~r + ey, x":1%),r) s (e',x';t)

(3.2.11) MHI MHI

_ CK.a _
(g - eas + ), x" g - 12),r) —= ((up) ™ e/, X g -t')

In other words, if we apply the collar and then rescale (a little) by wg, we get the
same result as rescaling by pg and then applying the collar. It follows that we can
unambiguously extend the domain of the local collar to st(O%,,) by defining

(3:2.12) cka(leass +ef, x"0),r) = gt - cg o (ua - (¢, X', 1),
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where g is chosen so that ug - (¢/, x’,1’) lies in the domain of the map in (3.2.7).
Note that c}g o 18 equivariant because the maps in (3.1.6) and (3.2.3) used to construct
it are equivariant.

Although we assumed in the above construction that K was maximal, so that W, C Ve
this condition was not used in any essential way in the above construction. Thus, for
any J such that I ¢ J C K, by using the map in (3.1.7) instead of (3.1.6) we can
define a collar c}/’ o Oover

(3.2.13) ¢F ot SUOT) X [0.wg) = Yyoo g go0,
where

SHOT,) = (e, prx (x),17) € Voo s oo | X € Vg N Wa, (e, x:1%) € SUOFE )},
and st(OF ) is as defined in (3.2.9).

Further, we can restrict these collars to the corresponding subsets st(Oy 4) of dYy ¢
forall / € J C K, obtaining a set of locally defined collars of width wg . Note that this
collar still has width w, because we used the constant g7 in (3.2.3) rather than 8?0.
Hence, although & < £*° in general, when we restrict the domain of ¢ in (3.2.3) to the
points in 0Yy, k. the image of ¢ lies in Yy g . by condition (d’) in Definition 3.1.9.

We claim that these collars satisfy all the conditions in Proposition 2.1.4. In particular,
if I € H ¢ K the domain of CIE o contains the image of the collar c}; o by (3.2.5).
They are compatible with projections and invariant under rescaling by construction.

The domains st(Oy ) of these collars are not open in dYy, s, because of the restriction
te ﬁ§(|x|), and because the condition that (e, x;1%) € st(Ok ) places certain extra
(but unimportant) restrictions on |prg,_, e[ when 19 has been rescaled far from by .
However, modulo these provisos, for each such J they consist of the full inverse image
in 0Yy, s, of the open subset |Oy| := |OI°§a| of the “boundary” 9|Vg°| of [V¢°[,

(3.2.14) 0| 1= |0, | COIVRl:= () VK| € OL(IV™),
HCK

where O, is as defined in (3.2.5).

Step 2 (construction of a global collar from a covering by local collars) We now
explain a method from [4, Proposition 3.42] that combines local collars

(Ca: Uy X [0, wg) — Y)15a§N
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defined over open subsets U, C dY of the boundary of a manifold Y into a global
collar over 9'Y of width w, where 9'Y is any precompact subset of | J, U and
w < ming %wa.

To this end, choose a partition of unity (Aq)e subordinate to the covering of d'Y by
the sets (Uy)q , and define

Y :=Y Ug (@'Y x [~w, 0]),

where 6 identifies 'Y x {0} with 0’} in the obvious way. We claim that there is a
homeomorphism

(Y, 0Y x [~w, 0)—>( Uca(uoc x [0, 2w)))

Granted this, we define the collar by
T dY x[0,w) =Y, (y.r) = Yy, r—w).

The homeomorphism W is a composite

U=UYyo---0P
of homeomorphisms

Y’(—l + Zxa) — Y/(—l +y Aa),

a<tl a<tl

where for any function o: 9'Y — [0, 1] we define
Y'(=140):=Y Ug{(y.r) |y €Y, (=1 +0(y)w <r <0}

To define Wy, first extend the product structure of the external collar dY x [—w, 0] via
the local collar ¢y to obtain an extended collar neighborhood
Co: Up X [—w, wy) — Y.
Then define
We(Ce(y.r) =ce(y. fyu(r)).

where

fri [(—1 n Zxa(y))w,zw} - [(—1 i Zka(y))wﬂw}

a</t a</l

is a homeomorphism that translates by A¢(y) if r <), _; Ae¢(y)w. This completes
the construction.
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Remark 3.2.2 If each local collar ¢, lifts a map prp: (¥, 9Y) — ([0, 1), {0}), then
the global collar does as well; ie we have

praoc(y,r)=r.

This holds because each f), ; is a translation by A¢(y)w on the relevant part of its
domain, where ) ,A¢(y) = 1. Further, if for some map prz: ¥ — E we have
ca(y.7) = prg ()., then the global collar also satisfies ¢ (y,7) = prg (»). o

Step 3 (completion of the proof) Once the cover and partition of unity are chosen,
the construction in Step 2 depends only on the ordering of the sets in the cover. Even
though we saw in Step 1 that the local covers satisfy all the compatibility conditions
required in Proposition 2.1.4, we will have to organize the construction rather carefully
in order to achieve this for the global collars.

Recall from the discussion of (1.2.7) that because the atlas K is assumed tame and
preshrunk and hence good, the subspace topology on |[V*°| (considered as a subset
of |K]) is metrizable, and so we may fix a metric on |V°°|. Since the sets | V7| and |V |
have disjoint closures unless I C J or J C I, we may choose

(3.2.15) 80 > 0 smaller than half the distance between any two such sets.

We next order the sets |Wy|1<q<n of the cover of OL(V) so that as « increases the
cardinality |/y| of the minimal set / in Lemma 3.1.7(i) increases. Thus, we assume
that there are numbers 0 =ng <n; <n, <---<ng—1 = N such that

Nii <a < Ny = |Iy| =k.

By (3.2.14), the sets (|Og|)1<a<n cover aneighborhood of the compact subset OL(|V|)
in |V*°|. Further, by condition (ii) in Lemma 3.1.7 and our choice of N, if o > Ny,
the set |Oy| does not meet any | V7| with |I| < k. Hence, we may choose &9 > §; > 0
so that for each k, the sets (|O«|)1<a<n, cover the closed §;—neighborhood

Nsl(k):zml( U |V1L|)cc7:<|w)

|I|§kaL€IK

of the compact subset U| I|<k, LETy |V 1k|. By shrinking the sets O to O.,, we may
then assume in addition that for some 0 < §5 < §; we have

(3.2.16) (@ > Ny) = |0,|NNg,(k)=2 forall k.
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For each k < k', choose a partition of unity (/\]0‘[)150,5 N, for V. s, (k) with respect to
the covering by (O, |)1<a<n, such that

(3.2.17) l<a <Ny = Ak =2k1

Finally, choose w’ > 0 such that

(3.2.18) 2w’ < min wy.
o
Now define
(3.2.19) Frp e= |J {le.xin)|(e.x:)est(O) )}
1<a<Ng

where st(O0’; ) is defined as in (3.2.13) but with O%°, replaced by O , N T (|OLD).

Then, for each I & J with |I| = k, we may use the local collars c}/ o together with
the partition of unity on 9% Yy, j ¢ obtained by pulling back (/\]o‘[) to construct a collar

Y . qk /
c.’,k' a YV7J7§ X [O’ wJ) - YV,J,§

as in Step 2. Condition (3.2.17) implies that c}’ . agrees with c§ %1 On their common
domain of definition. Hence, the collars fit together to give a well-defined collar

(3220) XYy e x[0,w)) = Yy e, where dYy g, = U Yy s,
k<|J|

Note that c}/ lifts ¢ JA by Remark 3.2.2. Thus, it does have the form required by (2.1.15).

It remains to check that we can choose collar widths w; < w’; so that the resulting
collars have all the required properties.

e The maps c}/ are equivariant, because the local collars are, and the partition of

unity is pulled back from |V*°|.

¢ To see that the c}/ are compatible with projection to E 4., suppose that / & J has
|| =k < |J|. Then c}’ has the properties in (2.1.17) because all the local collars do.
Further, the points tgy (e, x) = (bI_1 -e, x; br) mentioned in (2.1.18) lie in ok Yy Je-
Therefore, C}/(t Ev (e, x),r) is made by combining the local collars (c}i o)a<N; - But
we saw in Step 1 that all these local collars satisfy (2.1.18) for E4-j. It follows that
the combined collar formed in Step 2 must also satisfy (2.1.18) for E4-y.

e Similarly, the fact that the relevant local collars that form c}/ are invariant under

rescaling as in (2.1.21) implies that c}’ also satisfies (2.1.21).
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e To prove that the pairs (c}/, wy) are compatible with covering maps we need to
check two things:

(a) that their domains are large enough (ie that (2.1.19) holds forall 7 € H & J), and

(b) that when H < J, the collar CZI has a natural lift to Yy .

Claim (b) again follows because the local collars used to form c}; (as well as the
partition of unity) can be lifted in this way. (This is just a consequence of equ1var1ance )
Claim (a) has two parts. The first claims that if (e, x;7) € 'Yy j . has x € V] N VH 7,
where I C H € J, then (e, pg s (x): 1) is in the domain 9'Yy g, of ‘H' To see this,
note that &Yy, j . is the union over k of the sets 3 Yy, . of (3.2.19). But we have

8ka’j’§ N{(e,x;t) | x € 17][-1 N I7H_]} = 8|H|YV’J’§ N{(e,x;t) | x € 171[-1 N I7HJ}
={(e.x:n) | (e.pmr (x):1) € 311y 1 ),

where the first equality holds by (3.2.16), while the second holds because the sets
st(OF°,) are compatible with the covering maps pgy by (3.2.13).

The second part of (a) concerns the choice of suitable widths wy < w}i for all
H € Tx. Since the domains of the collars are by now fixed, we can choose each wy
independently: its choice depends only on the domains of the collars ¢ y for J 2 H.
Notice that by the definition of the set (’)?, o 10 (3.2.5), it holds (with wy = %80, for
example) for the original domains O%’, o Of the local collars. Moreover, because &> < Jo
(where § is the separation distance in (3.2.15)), this property is not affected by the
shrinking from |(’);’<°’ ol 10104 in (3.2.16). Hence, it is easy to see that one can choose
suitable wy for the global collars.

e We must check that this collar restricts to any compatible shrinking (V', ") C (V, €).
But this is immediate since the above construction depends only on the choice of
coordinate charts in (3.2.3), which restrict to (), &) by the definition of compatibility,
and the choice of an appropriate partition of unity, which we can also restrict to .

¢ Finally we must check that if XC is oriented, the collar map c}/ preserves the natural
induced orientation on its domain and range. But this is clear from its construction.

This completes the proof of Lemma 3.2.1. a
Corollary 3.2.3 Any reduction V' has a collar compatible shrinking (V, €).

Proof By Definition 2.1.5, it suffices to construct a compatible (Vy,ey) such that

(e) for all pairs I & J we have g7 < w%, where wy is the collar width for V.
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Without loss of generality, let us suppose that (V’, ¢’) is compatible, with collars c}[

of widths w’;. As in the proof of Lemma 3.1.11 we work by downwards induction
on |J|. Hence, at the k' stage, we assume that we have compatible (VK+1, gk+1)
such that condition (e) holds for all / & J with |/| > k + 1, and aim to construct
compatible Vk ek w J) so that (e) holds whenever |I| > k. As before we take
( 8J,wJ) = (VkJrl ’}H k+1) if |J| >k + 1. The key point is this: if we
shrlnk the set (Vk+1 Jrl) where |I| < k, by decreasing sk *1 and hence Vlk +1
(because of condition (c) in Definition 3.1.1), then this does not decrease the collar width
c}’, ks Of any VJk *1 with 1 C J, since this change only affects points that either lie
in the boundary of Yyu+1 J gk+1 or are interior points with 7(x) = {i | s;(x) #0} C [
that do not occur in im(c¥ Tk +1) because of its construction. Hence, it makes sense
to choose sk < sk *1 for the elements || = k so that condition (e) holds at level k,
and then shrink Vlk 1 0 a set Vlk that satisfies (a)-(c). As usual, this can be done
independently for each I at level k. To complete the inductive step, we then make
appropriate choices for lower-level / as in Lemma 3.1.11 to obtain a compatible

shrinking (V¥, £¥) that satisfies (e) at levels > k. This completes the proof. a

Appendix Rational Cech cohomology and homology

We briefly describe the properties of the (co)homology theories in [8] that are based on
the properties of Alexander—Spanier cochains. We do not need the full generality of this
theory because the space M = |M |4 is locally compact and Hausdorff. Throughout
we assume that Y is locally compact and Hausdorff, with A C Y closedand U C Y
open, and take coefficients in Q. Further, we denote these theories by H to distinguish
them from singular (co)cohomology.3?

We need the following properties of the cohomology theory:

(a) [8, Theorem 3.21] If Y is a connected orientable n—dimensional manifold then
I—vli(Y) =0 unless i = n, in which case ﬁ”(Y) =Q,ie H* is like rational singular
cohomology with compact supports.

(b) [8, Section 1.2] If f: A — Y is proper, there is an induced map f*: I:Ii(Y) —
Hi(A).

301n [8, Chapter 10] the theory we call H* below is denoted by H} to distinguish it from another
theory that does not concern us here.
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(c) [8, Section 1.3] If U CY is open, there is an induced map fs: H' U)— H' (Y).
Further, if Y is as in (a) and U is an open n—disc, then f is an isomorphism.

(d) [8, Theorem 1.6] If A C Y is closed then there is an exact sequence

(A1) i HI(Y N A) = HI(Y) > H(A) L Ay ~A) >,

ie the group H! (A) plays the role of the relative group H'(Y,Y ~ A).

The dual homology theory developed in [8, Chapter 4] is denoted by HZ° in [8,
Chapter 10] to emphasize that it is analogous to locally finite singular homology; we
shall call it H 2. It follows from the universal coefficient theorem [8, Theorem 4.17]
that

(A.2) HX®(X) = Hom(H* (X); Q).

Further, because Y is locally compact and Hausdorff, it follows from the uniqueness
property for bvlc* stated in [8, Section 6.7] that the dual theory H ©° is isomorphic to
rational Borel-Moore homology.

As shown by the following, the functorial properties of H >° are different from the
usual singular theory.

(@’) If Y is a connected orientable n—manifold, then ﬁl.°°(Y) = 0O unless i = n, in
which case H, >°(Y) = Q; more generally, any orientable n—manifold has a fundamental
class

(A.3) py € H®(Y).

(') [8, Section 4.6] If U C Y is open, there is an induced restriction
(A4) py.u: HX(Y) — HP®(U);

moreover, for Uy C U, C Y we have py,y, = pu,,u, © PY,Us-

(c’) [8, Section 4.6] If f: A — Y is continuous and proper, then there is an induced
pushforward f: IT-VII.oo (A) — I—vIl.°°(Y); moreover, given a proper inclusion ¢: 4 — Y,
there is a functorial long exact sequence

(A5) o> H®(A) 2 HO(Y) 22254 ooy < 4) 25 H®(A) — -
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(d) [8, Section4.3(3¢c)] If f: A—Y isproper and U is open in Y, then the following

diagram commutes:

. F .
H(4) —— H(Y)

lpA,Aﬂf—l(U) lPY.U

Heo(An f71U)) —L A2W)

(e/) [8, Section 4.9(6)] If Y = U UV, where U and V are open, then there is an
exact Mayer—Vietoris sequence of the form

= HX (UNV)— HXY) = HXU)® HX (V) — HXP(UNV) — -
In particular, if U is the disjoint union of a finite number of sets of U;, then
HX(U) = &; HE(U)).
(f') [8, page 334] If U C Y is open while A C Y is closed, there is a cap product
(A.6) N: H,(Y ~A) @ H? (Y ~U) - H (Y. U U A).

This takes values in compactly supported Cech homology, a theory whose functorial
properties are analogous to those of the usual singular homology. In particular, if the
triple (U U A: U, A) is excisive for H (ie HE(A,U N A) = HE (U U A, U)), then there
is a commutative diagram

- n
H;‘_’i_q+1(Y\A)®Hp(Y\U)—>

(A7) a®(—1)m*l ‘Sl
(A)® HP(A~U) —— HE(A,U N A)

HE (Y. U U A)

p+q

Note that the above diagram exists when Y is locally compact, A is closed and ¥ ~ U is
compact. To see this, choose a nested sequence N of precompact open neighborhoods
of Y ~U in Y with

Y\U:ﬂ./\/k, U:U(Y ~Ng).
k k

Since by definition

H{(Y,UUA) =lim H{(Y. (Y ~No) UA). HL(A.UNA) =lim H{ (A, AN Np),
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and the triple of closed sets (Y, Y ~ N}, A) is excisive by [8, Corollary 9.5], it follows
that (Y, Y ~ U, A) is excisive, as required.

(g) [8, Exercise 5, page 272] If X is Hausdorff and X ~ A is a precompact open
subset of X, then I-VI,,?O(X ~A) = I—vlf(X, A).

(h") This homology is taut; ie if X C Y is closed, where Y is locally compact and
Hausdorff, and N1 C N is a nested sequence of closed neighborhoods of X in Y,
then (by [8, Theorem 6.4])

HZP(X) = lim(H(Ny)).

List of symbols

I Related to atlases

Theorem A K, X, Eq, T4, Sm: M — Ey4
Theorem B [X ]V,Cir
Section 1.2 K, A, Ix

fOI‘IEIK, KI:(UI9E17F17S171/II)7 FICX
for 1 CcJ,Upy CcUy, Uy CUp, pry: Uy —Upy

(1.3.4) vl Ta

(1.2.3) oL

(1.3.2) e

(1.3.1) Ergfor I C A

(1.2.5) K'EK, U CU=Urer,

Section 3, beginning F=(Fr)rez,

(1.2.6) ff By and E

(1.2.7) K| :=|Bx|, mc: U — |K]|

(1.2.8) ff reduction V = (V7), Gy, Bil|y

(1.3.3) Vig C Vi, Viy € Vy and mic: Vi — |K|

II Related to wnb manifolds

Definition 1.3.1 (G,Ag), |Glu, nz;"
Proposition 1.3.3 (M, Ap), (M, AN), My, Mgy, Mgy, 117, Sy, %, M
Theorem 1.3.4 M =|M|y, M|, | My|
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IIT Related to the manifolds Y

Section 3.1, beginning trelAy,dj gy, iy, t-e, k
(2.1.2) I(x), I(t)

(2.1.1) (e,x;t)eYy =Yy e

2.1.7) Yv.Je

(2.1.3) PrE s Pry > Pra

(2.1.5) dy~1Ys

(2.1.6) by € Ay

Corollary 2.1.2 LEU

(2.1.8) LEV

IV Related to the collar

(2.1.10) c?

(2.1.15) XYy g x[0,w) > Yy g e
(2.1.13) st5 (| x])

(2.1.11) vy

(2.2.6) Fr, cl

Acknowledgements I thank Mohammed Abouzaid, Helmut Hofer and Katrin Wehr-
heim for enlightening conversations, and Eleny Ionel and Brett Parker for very helpful
comments on an earlier version of this paper. I also warmly thank the referee for a very
careful reading and many pertinent comments that helped to improve the exposition and
the accuracy of some of the lemmas. Finally, I thank the IAS Women and Mathematics
program and the Newton Institute for Mathematical Sciences for their hospitality during
the writing of this paper.

This work was partially supported by NSF grant DMS 1308669.

References
[1] R Castellano, Smoothness of Kuranishi atlases on Gromov—Witten moduli spaces,
preprint (2015) arXiv

[2] R Castellano, Genus zero Gromov—Witten axioms via Kuranishi atlases, preprint (2016)
arXiv

[31 K Fukaya, K Ono, Arnold conjecture and Gromov—Witten invariant, Topology 38
(1999) 933-1048 MR

Algebraic & Geometric Topology, Volume 19 (2019)


http://msp.org/idx/arx/1511.04350
http://msp.org/idx/arx/1601.04048
http://dx.doi.org/10.1016/S0040-9383(98)00042-1
http://msp.org/idx/mr/1688434

238

(4]
(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

Dusa McDuff

A Hatcher, Algebraic topology, Cambridge Univ. Press (2002) MR

HH W Hofer, Polyfolds and Fredholm theory, from “Lectures on geometry” (NMJ
Woodhouse, editor), Oxford Univ. Press (2017) 87-158 MR

H Hofer, K Wysocki, E Zehnder, Applications of polyfold theory, I: The polyfolds of
Gromov—Witten theory, Mem. Amer. Math. Soc. 1179, Amer. Math. Soc., Providence,
RI(2017) MR

H Hofer, K Wysocki, E Zehnder, Polyfold and Fredholm theory, preprint (2017)
arXiv

W S Massey, Homology and cohomology theory: an approach based on Alexander—
Spanier cochains, Monographs and Textbooks in Pure and Applied Mathematics 46,
Dekker, New York (1978) MR

D McDuff, Groupoids, branched manifolds and multisections, J. Symplectic Geom. 4
(2006) 259-315 MR

D McDuff, Notes on Kuranishi atlases, preprint (2014) arXiv To appear in “Virtual
fundamental cycles in symplectic topology” (J Morgan, editor), Mathematical Surveys
and Monographs 237, Amer. Math. Soc, Providence, RI

D McDuff, Strict orbifold atlases and weighted branched manifolds, J. Symplectic
Geom. 15 (2017) 507-540 MR

D McDuff, K Wehrheim, Smooth Kuranishi atlases with isotropy, Geom. Topol. 21
(2017) 2725-2809 MR

D McDuff, K Wehrheim, The ropology of Kuranishi atlases, Proc. Lond. Math. Soc.
115 (2017) 221-292 MR

D McDuff, K Wehrheim, The fundamental class of smooth Kuranishi atlases with
trivial isotropy, J. Topol. Anal. 10 (2018) 71-243 MR

J Pardon, An algebraic approach to virtual fundamental cycles on moduli spaces of
pseudo-holomorphic curves, Geom. Topol. 20 (2016) 779-1034 MR

MF Tehrani, K Fukaya, Gromov—Witten theory via Kuranishi structures, preprint
(2017) arXiv To appear in “Virtual fundamental cycles in symplectic topology”
(J Morgan, editor), Mathematical Surveys and Monographs 237, Amer. Math. Soc,
Providence, RI

D Yang, The polyfold—Kuranishi correspondence, I: A choice-independent theory of
Kuranishi structures, preprint (2014) arXiv

Mathematics Department, Barnard College, Columbia University
New York, NY, United States

dusa@math.columbia.edu

Received: 16 October 2017 Revised: 5 September 2018

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


https://www.math.cornell.edu/~hatcher/AT/ATpage.html
http://msp.org/idx/mr/1867354
http://msp.org/idx/mr/3676594
http://dx.doi.org/10.1090/memo/1179
http://dx.doi.org/10.1090/memo/1179
http://msp.org/idx/mr/3683060
http://msp.org/idx/arx/1707.08941
http://msp.org/idx/mr/0488016
http://dx.doi.org/10.4310/JSG.2006.v4.n3.a2
http://msp.org/idx/mr/2314215
http://msp.org/idx/arx/1411.4306
http://dx.doi.org/10.4310/JSG.2017.v15.n2.a3
http://msp.org/idx/mr/3683790
http://dx.doi.org/10.2140/gt.2017.21.2725
http://msp.org/idx/mr/3687107
http://dx.doi.org/10.1112/plms.12032
http://msp.org/idx/mr/3684105
http://dx.doi.org/10.1142/S1793525318500048
http://dx.doi.org/10.1142/S1793525318500048
http://msp.org/idx/mr/3737511
http://dx.doi.org/10.2140/gt.2016.20.779
http://dx.doi.org/10.2140/gt.2016.20.779
http://msp.org/idx/mr/3493097
http://msp.org/idx/arx/1701.07821
http://msp.org/idx/arx/1402.7008
mailto:dusa@math.columbia.edu
http://msp.org
http://msp.org

	1. Introduction
	1.1. Statement of main results
	1.2. Basic definitions and facts about atlases
	1.3. The weighted branched manifold (M,Lambda)
	1.4. Examples

	2. The main arguments
	2.1. The collared manifold Y
	2.2. Construction of the category M and functor S:M->E_A
	2.3. Proof of Theorems A and B

	3. Further details and constructions
	3.1. Shrinkings and the manifold Y
	3.2. Construction of the boundary collar

	Appendix: Rational Cech cohomology and homology
	List of symbols
	References

